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ABSTRACT

The clustering properties of faint (23 < B < 27) galaxies were investigated, with the
aim of obtaining information about their redshift distribution, N(z), and therefore about
the processes of galaxy evolution causing the steep rise in the galaxy number counts at
B > 23. We calculated the angular correlation function, w(6), for galaxies detected
on a CCD survey reaching a blue magnitude of B,y = 25.0 and a red magnitude of
R..q = 23.5, and on a smaller area reaching a very faint limit of B,y = 27.0.

The w(§) amplitude of galaxies was found to decrease much more steeply between
magnitude limits of B,y = 23 and B,y = 25 than predicted by models in which galaxy
clustering is stable in proper co-ordinates and the galaxy redshift distribution possesses
a no-evolution form. At a B = 24.5 limit the w(f) amplitude was found to be only
~ % that expected from a non-evolving model, enabling us to reject such a model at the
40 level. The red-limited sample, R,y = 23.5, also gave a w(f) amplitude lower than
the non-evolving prediction, although the difference was less significant (~ 20). A pure
luminosity evolution model, which accounts for the excess in the galaxy number counts
by enabling galaxies undergoing rapid star-formation at 1 < z < 4 to become visible
at B > 23.5, gave a good fit to the w(f) results without requiring any departure from
stable clustering.

The By < 24.5 galaxies with redder (B — R > 1.5) colours gave a significantly
higher w(f) amplitude than the bluer galaxies at the same limit, consistent with a stable
clustering model with no luminosity evolution. As these red galaxies would lie at z < 1,
within an approximately non-evolving N(z), this result suggests that galaxy clustering
is indeed stable out to at least z ~ 0.5. The low w(8) amplitude of the B,y < 24.5
sample was found to be associated only with the bluer galaxies, supporting the PLE
model interpretation of the drop in w(f) amplitude at B > 23.5 as being caused by the
appearance of blue star-forming galaxies at high redshifts. If all the blue galaxies seen
at B ~ 24.5 are instead at z < 1, they must belong to a separate population of dwarf
starburst galaxies, which must be intrinsically clustered extremely weakly compared to
normal galaxies.

The combination of our w(8) results at B..y = 25.0 and Byg = 27.0 limits with those
obtained by Efstathiou et al. (1991) at B = 26 gave some indication that the steep drop
in w(f) amplitude at 23 < B < 25 levels out at 25 < B < 27. This would be expected if
galaxies with L* luminosities are seen out to some maximum redshift at B ~ 25, so that
N(z) becomes no more extended at fainter magnitudes. The amplitude of w(6) at this
limit would depend only on the value of the maximum redshift, on ¢g, and on the rate
of evolution of clustering. The observed amplitude of w(f) ~ 4 x 10~ %(deg) %8 would
be consistent with 3 <z < 4, stable clustering and any value of § from 0 to 1.

If galaxies are seen out to their maximwumn redshifts at B ~ 25, the gradient of the
differential galaxy number counts at even fainter magnitudes would follow the faint end
slope of the galaxy luminosity function. The galaxy number counts from our deep CCD

survey are much higher at B > 24.5 than the predictions of go = 0.5 PLE models,

and appear to rise more steeply at 25 < B < 27.5, with d I((IJ;(jnN) ~ 0.3, than even our

go = 0.05 PLE model would predict. The observed number count gradient at B > 25,
in combination with the levelling out of the w(f) scaling, would then suggest that the
luminosity function steepens to c >~ —1.75 at high redshifts, in addition to undergoing
the strong brightening of the L* luminosity predicted by PLE models.

We also investigated the X-ray properties of faint (18 < B < 23) galaxies, by cross-
correlating their positions with those of X-ray sources (without identifications as either



QSOs or stars) detected on deep ROSAT images. The results indicated that ~ 1% of
all B < 21 galaxies were detected above a 40 threshold on the ROSAT X-ray images,
with the cross-correlation between sources and galaxies being of 3o significance. As the
detected galaxies would possess Lx /L p ratios higher than those typical of local galaxies
by factors of ~ 100, these results suggest a wide dispersion of o ~ 0.8 in the distribution
of log (Lx/Lp) for galaxies.

Spectroscopic investigation of the galaxies identified as probable X-ray sources indi-
cated that they included both star-forming and early-type galaxies, with a mean redshift
of z ~ 0.22, and were mainly of L ~ L* luminosity in the blue band, but possessed very
high X-ray luminosities of Lx ~ 10%? ergs s~1. On one ROSAT image we also detected
a rich galaxy cluster at a high redshift of z = 0.561, and estimated its X-ray luminosity
as Ly ~ 5.4 x 10* ergs s~1, which is only about ~ 30% of that expected for a cluster
of the same richness seen locally.

The number counts of galaxies in the 0.5-2.0 keV band were estimated as 27.18 +
10.35 deg™2 at a flux limit of 107144 ergs cm~%s~!. The number counts of detected
QSOs appear to level out at ~ 10714 ergs cm™2s™1, suggesting that QSOs faintward
of our detection limits would produce only ~ 30% of the unresolved X-ray background
(XRB).

The autocorrelation function (ACF) of the unresolved 0.5-2.0 keV XRB was mea-
sured on 3 ROSAT images (totalling 1.05 deg?), and was found to show no significant
signal — we obtained a 20 upper limit of w(§) < 1.4 x 1073(deg)~%® on its amplitude.
This would be consistent with normally clustered galaxies as the origin of most of the
XRB, if their X-ray luminosity increases with redshift sufficiently that a large proportion
of the X-ray flux is produced by galaxies at z > 1.

A very significant (> 50) cross-correlation was detected between 18 < B < 23
galaxies on AAT photographic plates and the fluctuations in the unresolved XRB on
the same 3 ROSAT images. The cross-correlation amplitude, after applymg corrections
for the effects of galaxy clustering, indicated that these 18 < B < 23 galaxies produced
16.8+2.1% of the unresolved 0.5-2.0 keV background, corresponding to a volume X-ray
emissivity of p(0.5-2.0 keV) = (5.27 £ 0.65) x 10%® ergs s~!Mpc=3. This is about an
order of magnitude higher than the emissivity expected from the Ly /Lp ratio typical
of normal galaxies, but a o ~ 0.8 dispersion in log Lx/Lp ratios could account for this.
The number counts of X-ray detected galaxies and the galaxy/XRB cross-correlation
amplitude are both consistent with a slightly smaller dispersion in log (Lx/Lp) of
o = 0.7, if combined with an exponential increase with look-back time of the X-ray
luminosity of galaxies, with a timescale of 7 = 0.4H; !.

Extrapolation of our estimate of the galaxy X-ray emussivity to higher redshifts,
predicts that non-evolving galaxies would account for ~ 35% of the unresolved 0.5-2.0
keV background, with most of the galaxy contribution produced at z < 1. However,
with a 7 = 0.41:1'0—l rate of X-ray lununosity evolution, the predicted contribution of
high-redshift (1 < 2 < 4) galaxies to the XRB is greatly increased, accounting for the
lack of signal in the ACF. Galaxies out to z ~ 4 would then produce in total ~ 70% of
the unresolved XRB, accounting for the entire non-QSO component.
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Chapter 1

Introduction

1.1 Aim

In this thesis, we first present an investigation of galaxy evolution through studies
of the clustering properties, in addition to the number counts, of very faint and distant
galaxies. This may provide information about the evolutionary processes causing the
large excess observed in their numbers compared to the predictions of non-evolving
models. Our dataset includes very deep CCD images, on which we detected several
thousand galaxies in total, to blue magnitudes as faint as B = 27.5 on one field and to
B = 25.0 over a larger area.

Secondly, we present an investigation of the X-ray properties of faint galaxies, using
high-resolution X-ray images recently obtained using the ROSAT satellite, and photo-
graphic plates of the same areas of sky. Our dataset includes lists of X-ray sources to a
flux limit of S ~ 5 x 10715 ergs s~1, the X-ray background intensity imaged with ~ 25
arcsec resolution, and the positions of all galaxies brighter than a magnitude limit of
B = 23, over a total area ~ 1 deg?.

The principal techniques employed are the calculation of autocorrelation functions
of both optical and X-ray data, and cross-correlations between the two. This will enable
us to measure the scaling with depth of galaxy clustering to the faintest and remotest
limits currently reached by CCD surveys — possibly to the epoch of galaxy formation -
and to estimate the contribution of faint galaxies to the X-ray background (XRB).

In the remainder of this Chapter we briefly review the current evidence for galaxy
evolution, as given by the number counts and colours of galaxies as functions of appar-
ent magnitude in many previous surveys. We describe in some detail the ingredients of
various galaxy evolution models which have been used to interpret these observations.
We then discuss how the clustering of galaxies can also provide information about the
extent and nature of their evolution, briefly reviewing past investigations of the clus-
tering of galaxies and describing the methods by which we aim to distinguish between
the previously described evolutionary models through measuring the clustering of the
galaxies on our deep CCD frames.

In this Chapter we shall further review the current status of research into the ori-
gins of the XRB. We describe briefly the nature of the individual X-ray sources which
have been resolved out of the background, and the constraints which may be set on
the surface density and clustering properties of the fainter unresolved sources, through
measurements of the small-scale fluctuations in the XRB intensity. As our investigations
will address in particular the question of whether a large fraction of the XRB is pro-
duced by faint galaxies rather than QSOs, we describe briefly the known mechanisms of
X-ray emission from galaxies, and the predictions of the galaxy contribution to the XRB
given by various models. We then describe the methods by which we aim to estimate
the clustering of the sources of the XRB, to compare with the known clustering of faint
galaxies, and the methods by which we aim to estimate the galaxy contribution directly
by cross-correlating the positions of several thousand faint galaxies with both individual
X-ray sources and the fluctuations in the unresolved XRB.



1.2 The Faint Blue Galaxy Excess

Number counts of galaxies as a function of magnitude, as obtained from a number of
CCD and photographic surveys, are significantly higher faintward of a blue magnitude of
B ~ 22 than would be expected if a galaxy population identical to that observed locally
1s simply seen out to greater distances.

In a Universe with a low deceleration parameter (ie. qo ~ 0), look-back time T'(z)
relates to redshift z approximately as

T(z) = Hy'(1 - (1 +2)7) Gyr
where the Hubble time H;! (the approximate age of the Universe), is equal to 19.56
Gyr for the value of the Hubble Constant assumed hereafter in this thesis of Hy = 50
km s~ !Mpc~1.

If galaxies typically formed at z ~ 4 or z ~ 5, then from the above equation, the
local galaxy population is observed at an age of ~ 16 Gyr. Galaxies at B ~ 22, with
a mean redshift z ~ 0.25, are typically observed at epochs approximately 4 Gyr earlier
than local galaxies. An excess in the numbers of B > 22 galaxies would therefore
indicate that galaxies at epochs ~ 4 Gyr ago and earlier were typically more luminous
than present-day galaxies and/or existed with a higher comoving number density than
galaxies seen locally.

At 22 < B < 26 the galaxy counts in successive magnitude intervals rise more

steeply, with ﬂ%’%v) ~ 0.45 (where N is galaxies counted per square degree per unit
magnitude interval and m is magnitude), than non-evolving model predictions for this

magnitude range (ﬂ%l =~ 0.34). Hence the ratio between the observed galaxy counts
and non-evolving predictions becomes larger for even fainter galaxies, increasing by

~ 30% with each successive magnitude interval faintward of B ~ 22.

Tyson (1988) found from a deep CCD survey reaching B = 27 and comparable
depths in R and I passbands that the excess in the galaxy counts exceeded a factor of 5
at 26 < B < 27 — and also that the increasingly large excess in the galaxy number count
on going to fainter magnitudes was accompanied by a strong trend towards blueness in
the mean colours of the galaxies. The effect of this colour evolution on the number counts
is to produce a steeper increase in galaxy counts with magnitude for shorter wavelengths
of observation. Tyson found the differential count gradients of faint galaxies to steepen

from 2099Y) — 0.34 at A ~ 90004 (the I band) to dloaN) _ .45 at A ~ 45004 (the

dm dm
B band). Similar counts of galaxies, and a very similar variation in '—l%ogl—N) with the

wavelength of observation, were seen in the deep CCD surveys of Metcalfe et al. (1991,
hereafter MSFJ); Lilly, Cowie and Gardner (1991, hereafter LCG); Neuschaefer (1992)
and Driver et al. (1994). Galaxy counts in the near ultraviolet U-band rise even more
steeply than in the blue band at comparable depths (Guhathakurta 1989). In contrast,
galaxy counts in the infra-red IK-band, centered on 2.2um, show the least evolution

(LCG, Glazebrook 1991).

One of the principal aims of this thesis is to obtain information about the redshift
distribution, N(z), of galaxies as faint as 24 < B < 27. Although the form of the N(z)
faintward of B ~ 22.5 remains uncertain at present, it is probable that many of the the
galaxies detected at 24 < B < 27 are at high redshifts of z > 1. Galaxies with z > 1
would be observed at look-back times exceeding 10 Gyr, and would therefore be seen less
than 6 Gyr after their formation. Hence 1if galaxies evolve rapidly during their first few
Gyr, the B > 24 galaxies may differ greatly in their typical properties from those seen
locally, or even those at B ~ 22. The high number counts and blue colours of B > 24
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galaxies suggest that changes in the observable properties of galaxies with time/redshift
are indeed very significant, and we now consider the nature and cause of this evolution.

1.3 Star-Formation Histories of Galaxies

The steep number count gradient of faint galaxies observed in blue and ultravio-
let passbands, and the trend towards blueness in 0.3-2.2um colours at fainter magni-
tudes, both indicate a higher mean star-formation rate for galaxies at earlier cosmo-
logical epochs. Galaxies undergoing very rapid star-formation activity will contain a
large component of newly formed stars. The distribution of stellar masses within this
‘instantaneous-burst population’ has been found in local galaxies to approximately follow
the power-law

(M) oc M~233

known as the Saltpeter Initial Mass Function, over a very wide range of stellar masses,
from M ~ 0.1Mg to M ~ 100 M (see e.g. Bruzual 1981). A star-forming galaxy
will therefore contain significant numbers of massive, blue giant stars which, on account
of their high temperatures (Tef fective = 20000L), are very luminous at blue and near-
ultraviolet wavelengths, dominating the spectral energy distribution (SED) of the entire
galaxy at A < 40004A.

The relation between the main sequence lifetime of a star 7pr (M) in Gyr and its
mass in units of the solar mass (Mg) is approximately (Guhathakurta 1989)

log(Tars(M)) = 1.0 — 3.6log(M) + 1.0(10g(M))2

Stars of one solar mass will shine for 10 Gyr, but a star of mass M = 5 Mg, which
on the main sequence would have spectral type B6 and Tery = 14000K, has a much
shorter lifetime of 0.1 Gyr. For an even more massive M = 20 Mg star, with main
sequence spectral type B0 and T, sy = 27000K, the hifetime is only 0.01 Gyr.

The important point is that the lifetimes of massive, hot blue stars are very short in
comparison to Hy ! and the present ages of galaxies, whereas yellow or red dwarf stars,
with lower masses (M < Mg), survive for Hy'! timescales or longer. Consequently, if
a galaxy ceases to form new stars, its blue/UV luminosity will decrease and its 0.3-
2.2pm colours redden, over timescales much shorter than Hy 1 as all the massive blue
stars in the galaxy ‘die off’ in supernova explosions and the turn-off point in the main
sequence gradually moves downwards to the longer-lived, less massive stars, with lower
luminosities and redder colours. After several Gyr without forming new stars, most of
the energy output of the galaxy will be as red/IR light from the remaining red dwarf and
post-main-sequence red giant stars (see Bruzual and Charlot 1993, for graphs showing
the evolution of galaxy spectra over the whole 1000A to K-band range).

The spectral evolution of galaxies is essentially a convolution of the evolution of an
instantaneous-burst population of stars and the change with time of the star-formation
rate (SFR). The decline in SFR results from the gas available to form new stars being
used up in the star-formation process itself, being only partially replaced by supernovae
and other forms of mass loss from ‘dying’ stars. If the SFR at any time, ¥(t), is
approximately proportional to the amount of gas remaining in the galaxy, it must then
decrease as ¥(t) x exp(—t/7sFR).

If the flux at any wavelength A emitted by an instantaneous-burst stellar population
evolves after star-formation as f(#), a galaxy with a SFR evolving as ¥(¢) will emit a

3



total flux F)(t) where
¢
R = [ 2t - )h(n)dr

The convolution of ¥(¢) with fy(¢) spreads out its decline, initially very rapid at blue/UV
wavelengths, into a more gradual luminosity and colour evolution (F)(t)) for the galaxy
as a whole. Hence galaxies with longer SFR evolution timescales retain relatively blue
colours and high blue-band luminosities for a longer period after galaxy formation.
Galaxies for which the exponential timescale 7spg is a large proportion of their age
will still contain some massive blue stars at the present epoch, although with numbers
lower than the proportion in the initial starburst population. The wide range in present-
day galaxy colours can therefore be explained as resulting from a wide range of 7spp
timescales (see eg. Bruzual 1981, Koo and Szalay 1984, Charlot and Bruzual 1993).

We now consider the evolution of two representative types of galaxy at opposite
extremes of the Hubble sequence of morphological types, which runs from elliptical
galaxies (type E) through lenticulars (S0), bulge-dominated spiral galaxies (Sa), inter-
mediate spirals (Sb), ‘loose’ disk-dominated spirals (Sc and Sd) to Magellanic-type (Sm)
and irregular (Irr) galaxies.

The galaxies with the reddest colours (B—R ~ 1.5) at the present day are elliptical or
lenticular in morphology. For these galaxies (E/S0/Sab), described as ‘early-type’, 7spr
is very short in comparison to the age of the galaxies. A model with 75pg = 1.44 Gyr,
for example, (the u = 0.5 model investigated further in this thesis), gives a reasonably
good fit to present-day E/SO galaxy spectra at an age after galaxy formation of 16 Gyr.
Such a galaxy forming at z ~ 4.5 (~ 16 Gyr ago) would have undergone very rapid
star-formation in its first ~ 3 Gyr (the epochs corresponding to z > 2) but very little
since then, the supply of gas for star-formation having been used up. This accounts for
the very low gas content of early-type galaxies at the present day — the ratio of gaseous
to stellar mass is typically less than 0.02. However, the gas content of ellipticals 1s of
great importance, on account of its very high temperature (7 ~ 107 K), when we observe
these galaxies at X-ray rather than optical wavelengths (see Section 1.8).

When the age of the galaxy reaches several T¢pp timescales, star formation will
have effectively ceased and further spectral evolution is described as ‘passive’, as it
results simply from the ageing of an existing stellar population. After a few Gyr of
passive evolution, only low-mass (M < M) stars remain and the subsequent luminosity
and colour evolution are very slow. Hence early-type galaxies at 0.5 < 2z < 1 appear
only slightly bluer and more luminous than those at z ~ 0, their observed colour and
luminosity evolution being consistent with essentially passive evolution since the epoch
corresponding to z ~ 2 (see e.g. Aragén-Salamanca et al. 1993).

However, early-type galaxies observed at z ~ 2 or even higher redshifts would be seen
during their initial period of very rapid star-formation. Hence, high-redshift ellipticals
are expected to be very blue in colour, and visible at much brighter apparent magnitudes
than if no evolution had occurred. Although direct spectroscopic observations have yet
to confirm this, high-redshift early-type galaxies are obviously very plausible candidates
for explaining a large proportion of the ‘excess’ of very blue galaxies at B > 23.

Galaxies at higher redshifts will be observed in shorter wavelength regions of their
spectra, as well as at earlier cosmological epochs. A change in apparent magnitude,
known as the ‘k-correction’, results from the shift between rest-frame and observed
wavelength. At A ~ 20004 the flux f, will be lower by about an order of magnitude
than the 45007 flux for a galaxy containing only old, low-mass stars. The only stars of
low mass which produce significant amounts of flux at A ~ 2000A are the central stars of
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planetary nebulae, a very small proportion of the total at any one time due to the short
duration of this phase of stellar evolution. Consequently, a red E/S0 galaxy observed
in the blue band will be dimmed greatly at 2 ~ 1 if little evolution has occurred at
0<=2< 1.

Figure 1.1 shows the k-corrections for non-evolving E/S0 and Sab galaxies observed
in the blue passband, in magnitudes as a function of redshift. The k-correction ‘dimming’
evidently increases rapidly with redshift to ~ 2.5™ at z = 1. A ‘(k+e)-correction’
appropriate for early-type galaxies is also shown, where an ‘e-correction’ - the effect
of the evolution of the star-formation rate with time, converted into an evolution with
redshift — is combined with the k-correction produced by redshifting of the spectrum.
The k-corrections and (k-+e)-corrections used in this thesis are as given by MSFJ, and
the evolutionary models are as originally computed by Bruzual (1981), with a galaxy
formation redshift zgormation = 4.7, galaxy ages of 16 Gyr (Ho = 50 km s™!Mpc~! is
assumed), and the time-redshift relation for go = 0. The k-corrections for all galaxy
types, given by MSFJ ounly to a redshift of z = 1.5, are assumed to remain constant at
the z = 1.5 value at higher redshifts.

The (k+e)-correction shown here for early-type galaxies is given by the Bruzual
(1981) model with the exponential star-formation rate decrease parameterized as p =
0.5, equivalent to 7gpp = 1.44 Gyr. This evolution model predicts only a moderate
brightening of ~ 0.5™ at z = 0.8. However, at z ~ 2, corresponding to the epoch
of active star-formation, the enhancement of the UV (A ~ ISOOA) luminosity by the
presence of massive stars is expected to brighten the apparent blue magnitude by as
much as ~ 5™ relative to a present-day early-type galaxy placed at the same redshift.

In contrast, galaxies with the bluest present-day colours (B — R ~ 0.7) possess loose
spiral or irregular morphologies (type Sd/Sm/Irr) and still contain large quantities of
gas — the ratio of gaseous to stellar mass is typically ~ 0.5, and exceeds unity in some
cases. For these galaxies, described as ‘late-type’, 7spg ~ Hy! or longer, and therefore
star-formation continues at the present day at-a rate not much less than at early epochs.
The long rspr exponential timescale means that the increase in SFR with look-back
time will be approximately linear, and quite slow — if the A ~ 2000A luminosity is
roughly proportional to the SFR, the evolutionary brightening at high redshifts will
amount to no more than ~ 1™ (i.e. exp(~ 1)) relative to the blue apparent magnitude
of a present-day late-type galaxy placed at the same redshift.

The k-correction will be zero if a galaxy emits equal amounts of energy in successive
logarithmic intervals of wavelength A, or equivalently, successive logarithmic intervals of
frequency v, i.e. the SED is described by the power-law fy oc A~!. This can also be
expressed as f, o< v~1 where f, is flux per unit frequency/energy interval. The SEDs
of actively star-forming galaxies, containing stars ot a very wide range of masses and
temperatures, are reasonably well approximated by f, o< v~! over a very wide range
of wavelengths. For galaxies undergoing very rapid ‘starbursting’, so that the total
energy output is dominated by an initial burst stellar population, the power-law index
may be closer to f, oc #° — hence the bluest faint blue galaxies have been described as
‘flat-spectrum objects’ (see e.g. LCG).

In the SED of a black-body with effective temperature Tess, f, has its maximum
value at an energy E = 2.44 x 1074T,¢; eV, corresponding to a wavelength A = (5.1 x
107 /Tess)A. Hence the observed range of a factor of ~ 20 in wavelength of the flat or
power-law regions of these spectra, from A ~ 1000A to the K-band at A ~ 220004,
corresponds to the range of a factor of ~ 20 in the effective temperatures of the stars
found in star-forming galaxies (Tprp > 2800/ to Terp ~ 60000[K). We can see from
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this that the flat or power-law SED of starburst galaxies reflects the fact that the stellar
initial mass function also follows a power-law, from the most massive and hottest stars
to the least massive and coolest stars.

Figure 1.2 shows the blue-band k-correction for an Sdm type galaxy, and the (k-+e)-
correction given by the Bruzual (1981) ‘Irr’ model, which incorporates an almost constant
star-formation rate (7spr ~ 100 Gyr). As a result of the relatively flat SED, the k-
correction ‘dimming’ with redshift is much less than for an early-type galaxy.

The evolutionary brightening in the ‘Irr’ model is approximately linear with redshift
to z ~ 1, where it amounts to ~ 0.8™. Although the luminosity evolution of late-type
galaxies is expected to be moderate in comparison to that in early-types at high redshifts,
it may still play a part in explaining the blue galaxy excess. The more ‘linear’ late-type
evolution means that much of the brightening occurs at moderate redshifts where such
galaxies will tend to dominate the redshift distribution in a blue-limited sample, on
account of their small k-corrections.

Furthermore, the high present-day gas content of late-type galaxies would enable
bursts of very rapid star-formation to occur even at very recent epochs, perhaps triggered
by interactions between galaxies. Therefore a certain proportion of these galaxies may
be much brighter at low or moderate redshifts than the gradual evolution of the Bruzual
model would predict, and some of the faint blue galaxy excess could then consist of
these ‘late starburst’ galaxies at z < 1. However, the importance of low redshift, late
starbursts in comparison to initial starbursts at higher redshifts in explaining the high
number counts remains very uncertain in the absence of spectroscopic data at B > 24.

The majority of galaxies, including our own, are spirals with morphological types
Sb, Sbe or Sc and lie between the above extremes in colour (B — R ~ 1) and gas content
(ratio of gaseous to stellar mass 0.05-0.5). These galaxies possess a relatively blue spiral
or disk component and a redder bulge component, but the spectral evolution of the
galaxy as a whole can be reasonably well represented by intermediate SFR timescales
of 2 Gyr < 175pr < 7 Gyr (Charlot and Bruzual 1993), and the k-corrections and
(k+-¢)-corrections will also lie between those of E/S0 and Sdm types. Figure 1.3 shows
k-corrections for Sbc and Scd spiral galaxies together with a Bruzual (1981) ‘Scd model’
(k+e)-correction appropriate for the these approximate types.

In this thesis we shall be attempting to study the clustering and the X-ray properties
of star-forming and passive galaxies separately, and one way to do this would be to divide
our galaxy sample by B — R colours.

Figure 1.4 shows B — R colour as a function of redshift, 1e. the difference between
the blue and red k-corrections added to the local B — R,

(B = R); =(B = R):=0 + kp(z) — kr(2)

for non-evolving galaxies over the range of spectral types from E/SO to Sdm. For early-
type galaxies, the k-correction is mmnch smaller m the red passband than in the blue
passband out to z ~ 0.5 (where the observed red band corresponds to ‘blue’ in the
rest-frame). As these galaxies undergo little evolution at moderate redshifts, the B — R
colour of a red galaxy will become even redder with distance, from B—R~15at z =0
to B— R~ 2.5 at z = 0.5 (as has been observed by, e.g. Couch et al. 1985). The Sdm
galaxies, with very small k-corrections in either passband, will remain relatively blue
(B — R < 1) in the observed B — R colour out to z ~ 3.

Dividing a sample of galaxies at B — R = 1.5 would clearly be effective in separating
rapidly star-forming galaxies from passive galaxies at all 0 < z < 3 redshifts, but the
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separation of redshift from SFR effects may be less accurate for galaxies of intermediate
Hubble type. For example, a non-evolving Shc spiral would, on account of the A ~ 40004
break in its spectrum, appear as red at z ~ 0.5 as an elliptical at lower redshift. The
selection of a subsample of ‘passive’ galaxies as those with B — R > 1.5 would then
effectively set an upper limit on the SFR of the galaxies included — approximately that
of a present-day Sbc type — but may exclude some galaxies with even lower SFRs (e.g.
Sab type) at low redshifts. However, the fact that the excess in the number counts at
23 < B < 24 above no-evolution predictions is made up entirely of galaxies blueward
of this colour (MSFJ) suggests that such a division is still useful, and that the onset of
significant SFR evolution would shift the B — R colour to B — R < 1.5 in most or all
galaxies.

In addition to very blue colours, star-forming galaxies possess strong emission lines
in their spectra, in particular from OII at 3727A and OIII at 5007A, although the
lines are not broadened as in QSO spectra. Rapid star formation results in OII(37274)
equivalent widths as large as W[OII] ~ 20-100 A, whereas passive galaxies (i.e. those
with no ongoing star-formation) will have much weaker (W[OII] < 5A) emission lines.
It may also be useful to divide a galaxy sample by OII(3727A) equivalent width, e.g. at
WIOII] = 204, which is approximately the median value observed at depths of B > 21
where a sample becomes much more dominated by star-forming galaxies than at brighter
magnitudes.

Classification of galaxy types by W[OII] rather than B — R would avoid the redshift
dependence of the B — R colour caused by the difference in blue-band and red-band
k-corrections, but may suffer other problems. For example, OII observations of brighter
galaxies may be affected by selection effects if the spectroscopic slits only cover part
of the galaxy (as OII emission may be concentrated in the spiral arms and/or HII
regions), and for fainter galaxies W[OII| estimates would suffer larger statistical errors
than measurements of the colours, due to the small number of photons detected in
a single emission line compared to a broad colour passband. Indeed, with presently
available instruments it is very difficult to detect even a very strong emission line in the
spectrum of any galaxy as faint as B ~ 24, and if the galaxy lies at z > 1 the 3727A line
will be shifted into the near-infrared, where the much higher sky background imposes
somewhat brighter limits on spectroscopy. Consequently, for all galaxies at B > 24, and
any 23 < B < 24 galaxies which may be at z > 1, neither W[OII] nor the redshift can
be directly measured at present, and we are limited to the use of broad-band colours to
classify individual very faint galaxies.
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Figure 1.1 The blue-band k-corrections for early-type (E/S0 and Sab) galaxies, and the Bruzual (1981)
g = 0.5 model (k+e)-correction for the evolution of early type galaxies, in magnitudes as a function of
redshift.
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Figure 1‘.2 The blue-band k-correction for late-type (Sdm) galaxies, and the Bruzual (1981) ‘Irr’ model
(k+e)-correction for the evolution of late-type galaxies, in magnitudes as a function of redshift.







1.4 The Luminosity Function of Galaxies

In this thesis a number of models of galaxy evolution will be compared with various
types of observations. In order to compare with observations in which the apparent
magnitudes, but not the redshifts, of the faint galaxies are measured, we must convert
the evolution of the properties of galaxies (i.e. luminosity, colour, number density),
given by each model as a function of time/redshift, into a prediction of the distribution
of galaxy redshifts N(z) — and the total numbers of galaxies (i.e. the number counts) —
at any given apparent magnitude. To do this we need to incorporate in our models not
merely the evolution with redshift of galaxies with an ‘average’ luminosity, but also the
distribution of galaxy luminosities at each redshift.

Galaxies vary greatly in their luminosities, over a range exceeding a factor of ~ 1000.
The relation between the number of galaxies of a given luminosity found per unit volume
of space, and the galaxy luminosity — the galazy luminosity function (LF) - is usually
represented as the Schechter function

¢(L) = ¢*(L/L*)exp(—L/L")

which is parameterized by a characteristic luminosity L*, a faint-end slope « and a
density normalization ¢*. In terms of absolute magnitude M this can be expressed as

H(M) = 0.92¢*explexp(0.92(M — M*)) + 0.92(1 + a)(M — M*)]

the factors of 0.92 in this expression being 0.4 In (10).

The parameters of the zero-redshift LF for the models used in this thesis are listed
in Table 1.1, with separate normalizations (¢*), faint-end slopes («), and characteristic
absolute magnitudes (M} in the blue-band, M} in the infra-red K band) for each
morphological type.

The B-band LFs are as given by MSFJ, with small (< 0.1™), but colour-dependent,
corrections applied to convert by magnitudes into the By system used here (see MSFJ).
These B-band LFs were converted to equivalent I{-band LFs by adding mean Bj —
K colours for each morphological type (from Glazebrook 1991) to the respective blue
absolute magnitudes M} to give the M}, magnitudes listed in Table 1.1, while assuming
the same values of « and ¢* to apply in the two passbands.

With these luminosity functions, half the blue light emitted within a large volume
of space at the present day will be produced by the galaxies more luminous than Mp =
—20.6 (L ~ 0.6L*), which possess a number density of 1.0 x 1073 Mpc~3. For each one
of these ‘giant’ galaxies there will be, on average, 24 ‘dwarfs’ with —20.6 < Mp < —14.6
(ie. on the faint-end slope of the luminosity function), producing about the same total
luminosity. We initially assume the LFs to cut-off seven magnitudes faintward of M*,
but this is only a lower limit on the range of luminosities over which the power-law
faint-end slope extends. If, for example, the faint-end slope extends a further ~ 7
faintward (to globular cluster sizes), there would be even larger numbers of galaxies at
Mp > —14.6 than at all brighter luminosities, but the contribution of these very small
dwarf galaxies to the total luminosity density will be less than 5% if a > —1.5.

_ Hence, although the great majority of galaxies are dwarfs (L < 0.25L*), the total
luminosity density is dominated by the less numerous L ~ L* galaxies. As the more
luminous galaxies are seen out to greater distances than dwarfs at a given magnitude
limit, the galaxies in the peak of the redshift distribution N(z) of a magnitude limited
sample will also be those with L ~ L* huninosities (unless the faint-end slope is ex-
tremely steep, i.e. a < —1.8). This will be true for N(z) at all magnitude limits until
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galaxies can be seen out to their maximum redshifts, at very faint magnitudes of B ~ 25
or fainter, where N(z) and the number counts may then become dominated by dwarf
galaxies. (see Chapter 4).

1.5 Pure Luminosity Evolution Models

In this and the following Section we review a number of evolutionary models which
have been proposed to explain the excess of faint blue galaxies. In all these models, a sig-
nificant enhancement of star-formation processes at earlier epochs produces an increase
in the total luminosity density of galaxies, given by the summation [ L¢(L)dL over the
luminosity function, with redshift. However, as the shape of the LF is described by three
parameters (L*,¢* «), models of galaxy evolution can differ greatly in their assumptions
about which parameters (or combinations of any two or of all three parameters), evolve
to accomodate the increase in the total [ L¢(L)dL. We discuss the effects of the different
possible forms of galaxy evolution on the number counts and the redshift distribution,
N(z), of galaxies at a given apparent magnitude, briefly describe the effect of g on
the number counts, and show how N(z) may provide much more information about the
processes of galaxy evolution than number counts alone.

If we assume for now that the distribution of stellar mass into galaxies remains
constant with time, so that the increased star-formation rate at earlier epochs simply
brightens each individual galaxy, the effect on the LF is that L* increases with redshift
while ¢* and « remain constant. This is described as pure luminosity evolution (PLE).
In other words, PLE models of galaxy evolution are defined by the assumptions that:

(i) The number of galaxies per unit of comoving volume is conserved.

(ii) The star-formation histories of galaxies, and therefore their luminosity and colour
evolution, are independent of galaxy mass or present-day galaxy lununosity and relate
only to morphological type. Giant and dwarf galaxies of the same morphological type
would therefore have evolved, relative to their present-day luminosities, by the same
number of magnitudes when seen at a given redshift.

A brightening of L* with redshift would increase zmeq, and the maximum redshift
at which any galaxies are visible at a given apparent magnitude. PLE models therefore
predict that high redshift (z > 1) galaxies will be seen at significantly brighter apparent
magnitudes (and with bluer colours) than would be the case if galaxies did not evolve,
with the effects of increased star-formation in high-redshift galaxies being enhanced by
the redshifting of the UV wavelengths most sensitive to the SFR into the B-band.

Figure 1.5 illustrates this by showing the apparent magnitude as a function of redshift
for evolving and non-evolving Sab and Irr galaxies of absolute magnitude Mp = —21.0
(for Hp = 50 km s~™'Mpc™1), ie. L ~ L* luminosity, with the distance modulus-redshift
relation of a ¢y = 0.05 Universe. With the Bruzunal evolution, high redshift galaxies will
appear in the sample quite suddenly on going to fainter limits, over a narrow range of
magnitudes centred on B =~ 24, whereas if L* does not brighten with redshift they will
appear more gradually at B ~ 25. Furthermore, if L* evolves as strongly as this model
predicts, it should be possible to see galaxies out to 3 < z < 4, where they may be first
forming, within the limits of the deepest CCD swrveys (B ~ 27.5), whereas this would
not be the case without luminosity evolution. In this thesis we shall be investigating
both these consequences of L* evolution for the redshift distribution of faint galaxies,
by means of an analysis of faint galaxy clustering.

We now compute the galaxy counts expected in the absence of any form of evolution,
using the luminosity functions and k-corrections for the five galaxy types, as described
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above. A pure luminosity evolution model was also computed using the same luminosity
functions, with the three Bruzual (1981) model (k+e)-corrections described above — the
p = 0.5 (rspr = 1.44 Gyr) model used for E/S0/Sab types, the spiral evolution model
for Sbc and Scd types and the ‘Irr’ model for Sdm galaxies. As the (k+e)-corrections
were only tabulated by Bruzual (1981) to to z = 2.0, we here assume them constant
from z = 2.0 to z = 4.0, the redshift corresponding to the Lyman limit ‘cutting off’ the
blue band and the maximum galaxy redshift included in the models plotted here. The
non-evolving model and this ‘simplified’ Bruzual PLE model are essentially the same as
those used by MSFJ in interpreting their number counts.

In our non-evolving I-band model, the k-correction assumed for all galaxy types
was the Bruzual (1981) no-evolution K-band model. Our K-band PLE model used the
Bruzual (1981) p = 0.5 model (k+e)-corrections, as computed for the K band, for the
E/S0/Sab galaxies, but assumed the non-evolving k-correction for all later types.

Figure 1.6 shows the blue-band galaxy number counts from a number of photographic
and CCD surveys, compared with the no-evolution and PLE models, for both g9 = 0.5
and go = 0.05 cosmological geometries. Figure 1.7 shows the same comparison, again for
both ¢o = 0.5 and ¢o = 0.05, for the infra-red K band, using our non-evolving and PLE
models and the most recent K-band number counts as tabulated by Gardner, Cowie and
Wainscoat (1993).

The comparison of observations i these two passhbands will be particularly informa-
tive due to the very different stellar populations producing most of the flux in each case;
the K-band emission being dominated by the redder stars, which comprise most of the
luminous mass, and being increased very little by star-forming activity. The K-band
emission from a hot body will be increased little by raising its temperature above that
of a ‘cool’ M star (T ~ 3000K), whereas the corresponding temperature for blue-band
emission is T ~ 15000K, that of a massive B-type star. Hence the K-band luminosity
of a galaxy will approximately be proportional to the total mass existing as stars of
any type, whereas the B-band luminosity is very sensitive to the relative proportions of
hotter and cooler stars.

At the fainter magnitude ranges shown here, the Bruzual model L* evolution raises
the predicted count in the blue band to a much greater extent than in the K band, as
would be expected for a model in which the ‘extra’ luminosity added to high redshift
galaxies is mainly in the form of very hot blue stars. The observed counts appear to
confirm this — Bruzual’s PLE models giving a good fit to the counts in both passbands
over a very wide range of magnitudes. Indeed, in a low go Universe, PLE models fit
the number counts well from the shallowest large-area surveys to at least B ~ 26 and
K ~ 23. We can conclude from this that the same star formation history appears to
produce the required amount of evolution in both of these widely separated passbands.

Early type galaxies would he expected to redden from B — K ~ 4.0 at z = 0 to
B — K ~ 6.5 when they are seen at z ~ 0.5 because of k-correction effects, but the
= 0.5 model predicts that this reddening would be reversed at higher redshifts by the
increase in SFR, giving B — I ~ 4.0 again at = ~ 2. This 15 exactly the trend in median
B — K with K magnitude that is observed, the turn-over from reddening to bluening,
accompanied by a flattening in the count slope from ﬂl{;’f’TLNQ =~ 0.67 to ‘I(I(Z;f’f) ~ (.26
occurring at K ~ 17 — 18 (Gardner, Cowie and Wainscoat 1993). This K magnitude
corresponds to blue magnitudes of B > 22, where the appearence of excess galaxies with
blue colours keeps the blue-band count gradient relatively steep to much fainter limits.

The separation of star-formation from other effects achieved by observing in the
K-band allows us to check our local normalization ¢*, for which a relatively high value
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has been assumed in these models (see MSFJ). The blue-band counts might be well-
fitted by a model with a significantly lower (by as much as 50%) local ¢*, but stronger
luminosity evolution, especially at z < 0.5 (where the L* evolution is quite weak in
the Bruzual models used here), which would raise the counts as B ~ 18 and fainter
magnitudes sufficiently to compensate for the lower ¢*. However, in the K-band this
extra luminosity evolution, being associated with star-formation, would be much weaker
than in the B-band. Hence the extra evolution needed to fit the blue-band counts with
a low ¢* would not increase the number counts in the K-band sufficiently to compensate
for the lowering of the normalization, and if the local ¢* was reduced by as much as 50%
the observed I{-band counts would be significantly underpredicted.

The fact that the very moderate I{-band luminosity evolution expected from the
Bruzual models is sufficient to fit the K-band counts at faint (17 < K < 23) magnitudes
therefore appears to favour the high normalization used by, for example, MSFJ. This
would suggest that the lower normalization derived from some surveys at 14 < B < 17
may be an underestimate of the true large-scale local normalization — resulting from,
for example, large-scale structures and/or selection effects due to low surface brightness
galaxies being under-represented in brighter photographic surveys. We would not then
require any rapid evolution of galaxies between the shallower 14 < B < 17 surveys and
the low redshifts (z ~ 0.1) of B ~ 18 galaxies to fit the higher normalization at B ~ 18
(see MSFJ).

The PLE models with g9 = 0.5 fit the counts just as well as in a low-qo Universe at
B < 24.5 and I < 20, where the go-dependence is small, but significantly underpredict
the counts faintwards of these magnitudes. As shown by, e.g. Guiderdoni and Rocca-
Volmerange (1990), the high galaxy counts at B > 24.5 strongly favour a very open
Universe (go < 0.15), for any form of PLE model — adding even larger amounts of L*
evolution would overpredict the counts at brighter magnitudes instead of improving the
fit at B > 24.5. The sensitivity of the modelled counts of very faint galaxies to qo
results from the effect of the cosmological geometry on the comoving volume available
for galaxies. Figure 1.8 illustrates this by showing the differential comoving volume
element id";’m as a function of redshift for ¢o = 0.5 and ¢y = 0.05. At z = 0.4, ‘Wcz’" in
a qo = 0.05 Universe is larger than that in a ¢p = 0.5 Universe by a factor of only 1.39,
but this increases to a factor of 3.45 at z = 1.8, so the effect of ¢o on the galaxy number
counts will obviously become much greater at the magnitudes at which high redshift
(z > 1) galaxies become visible.

However, we cannot immediately rule out a @ = 1 Universe on the basis of faint
galaxy number counts alone. The possibility remains that additional (non-PLE) forms
of galaxy evolution may be contributing to the high number counts, as we now discuss
in the next section.
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Type o a Mg Mg

E/S0(7.61 x 10-%}-0.7} -21.0 | -24.93
Sab [4.35 x 10-4]-0.7-21.02} -24.80
Sbc 15.43 x 10~%|-1.1]-21.33| -24.84
Scd [2.83 x 10-%|-1.5]-21.45]| -24.35
Sdm [ 1.52 x 10-%|-1.5]-21.45|-23.71

Table 1.1 The luminosity function parameters, at zero redshift, assumed in all our evolving and non-
evolving models. The density normalization (¢*) in galaxies per cubic Mpc, the faint-end slope (), and the
characteristic absolute magnitudes in the blue-band (3}) and in the K-band (M};) are listed separately
for the luminosity functions of galaxies in each of five morphological types (into which the galaxies in these
models are divided). A Hubble constant of Hp = 50 km s~ 'Mpc~! is assumed.

20 22 24 26 28 30
Apparent B magnitude

Figure 1.5 Apparent magnitude as a function of redshift, in a go = 0.05 Universe, for galaxies with
absolute magnitude Mp = —21.0 at z = 0. This relation is shown here for Sab galaxies with no evolution
(solid line) and with Bruzual 4 = 0.5 model evolution (dotted line); and for Sdm galaxies with no evolution
(dashed line) and with Bruzual ‘Irr’ model evolution (dot-dash line).
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Figure 1.7 Observed galaxy number counts in the K band, from Gardner, Cowie and Wainscoat (1993,
GCW), Glazebrook (1991) and Mobasher et al. (1986). These are compared with a non-evolving model
(dotted lines) and our Bruzual pure luminosity evolution model (solid lines), both models being shown for
both ¢o = 0.5 (lower) and ¢go = 0.05 (upper) geometries.
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1.6 Merging and Luminosity-Dependent Evolution Models

The first indication that the galaxy luminosity function may have evolved in a more
complicated way than a simple brightening of L* with redshift came from the spectro-
scopic survey of Broadhurst, Ellis and Shanks (1988, hereafter BES). To by = 21.5 it was
found that the mean redshift (0.216) and the form of the redshift distribution N(z) were
as given by a no-evolution model, with no z > 0.5 galaxies detected. However, relative
to the non-evolving model used for comparison, the observations showed an excess in
both the number and the proportion of blue galaxies with a strong 3727A OII emission
line - i.e. galaxies undergoing rapid star-formation activity. In a deeper spectroscopic
survey reaching by = 22.5, Colless et al. (1990) also found a no-evolution N(z) with
Zmean = 0.31, and a similar excess of high-SFR galaxies.

The fact that these star-forming galaxies were found within the no-evolution N(z)
rather than, as PLE models would predict, as an extended ‘tail’ at higher redshifts,
appeared to suggest that present-day low-luminosity galaxies brighten to a greater extent
out to z ~ 0.7 than do L ~ L* galaxies — a luminosity-dependent luminosity evolution.

As a possible physical mechanism for this type of evolution, BES hypothesised that
short (duration ~ 0.1 Gyr) bursts of star-formation in gas-rich late-type galaxies oc-
curred much more frequently in the past, even at relatively recent epochs (z ~ 0.2),
with the important additional assumption that all these bursts involve approximately
the same fixed mass of gas. A ‘BES’ starburst would greatly increase the blue-band
luminosity of a dwarf galaxy, for a period of ~ 0.1-1 Gyr, but would produce much less
effect on the total luminosity if it occurred in a giant galaxy. These starbursts would
cause the absolute magnitude of L < L* galaxies to brighten by a greater number of
magnitudes than that of L ~ L* galaxies, resulting in a steepening of the faint-end slope
of the luminosity function («) with increasing redshift, with somewhat less evolution of
L* than in a PLE model.

However, the B < 22.5 spectroscopic results may still be consistent with Bruzual-
type PLE models if the luminosity function of blue galaxies possesses a significantly
steeper faint-end slope than that of redder galaxies, for which there is observational
evidence (Shanks 1989), and a high local normalization of the counts is assumed. Much
more serious problems are posed for PLE models by claims, on the basis of smaller and
less complete surveys, that a no-evolution N(z), with z,egien ~ 0.4, is seen even at
22.5 < B < 24 (Lilly, Cowie and Gardner 1991; Cowie, Songaila and Hu 1991; Glaze-
brook et al. 1993). In this range of magnitudes the excess in the counts is much greater,
a factor of ~ 2.5 abové non-evolving predictions even with our high normalization, and
a PLE model can only explain these counts by adding a large high-redshift component
to the redshift distribution, which would increase the median redshift to z,,egi0 ~ 1.0.

These results led to suggestions that the physical merging of galaxies, in addition
to the enhancement of star-formation at earlier epochs, is a major process in galaxy
evolution. The galaxies seen today would then have existed at earlier epochs as several
sub-components — at higher redshifts the comoving number density would be greater
and the mean galaxy mass correspondingly less. However, the increased SFR needed
to explain the blue colours would raise the luminosity per unit mass, as observed in
the blue band, so tending to compensate for the smaller masses of the sub-components.
In the blue band there might then be little change in L% with redshift, and a merging
model could resemble a pure density evolution model. The ‘excess’ galaxies could then
be accomodated in the smaller comoving volume elements existing at lower redshifts,
giving N(z) close to a no-evolution form, but with a raised normalization. Similarly, an
increase in ¢* with redshift could also enable an @ = 1 Universe to accomodate the high
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galaxy counts at B > 24.5.

A low median redshift at faint magnitudes could also result from the existence at
moderate redshifts of a large population of starbursting dwarf galaxies, which has some-
how ‘disappeared’ between z ~ 0.4 and the present day (Babul and Rees 1992). When
the total galaxy LF is considered, the effect of a luminosity-dependent density evolution
of this type would be a steepening of the faint-end slope with redshift, similar to that
produced by the luminosity-dependent luminosity evolution of the BES model. As the
faint-end of the total galaxy LF is a power-law extending over a very wide range of
magnitudes (to at least 7™ faintward of M*), luminosity and density evolution of the
dwarf galaxies only will be essentially equivalent in their effects on N(z).

For L << L* dwarf galaxies,
L
L ~ ¥( 77\«
M) = ¢*()

so that increasing L* to SL* has the same effect on ¢(L), and therefore on N(z), as
increasing ¢* to f7%¢*. In contrast, L* and ¢* evolution would produce very different
effects on N(z) when applied to L ~ L* galaxies, at the ‘knee’ of the LF. As the peak
of N(z) at a given magnitude normally consists of L ~ L* galaxies, the former would
increase the redshift at which the peak is seen, the latter would increase the height of
the peak with little change in its position.

However, the true form of N(z) at B ~ 24 remains very uncertain. Lilly, Cowie and
Gardner (1991) did conclude that two of the B ~ 24 flat spectrum objects they examined
spectroscopically, for many hours without detecting emission lines, were probably at
z > 1.25, and the Glazebrook et al. (1993) survey contained a proportion ~ 30% of
mainly very blue unidentified objects, which could also have been high-redshift star-
forming galaxies. As we shall discuss in more detail in Section 2.5, the constraints
from spectroscopic surveys on the relative numbers of high and low redshift galaxies at
B ~ 24, and therefore the relative importance of L* and ¢* evolution in explaining the
high number counts, are very limited with present data.

Obtaining a spectroscopic redshift obviously requires many more photons, by a factor
of ~ 100 even when strong emission lines are present, than does simply measuring the
position and broad-band magnitude of a galaxy. Although measuring the spectroscopic
redshift of any galaxy as faint as B ~ 24 is very difficult and time-consuming, imaging of
the galaxies in broad colour passbands is possible for galaxies several magnitudes fainter
than this. The presently observable properties of faint (24 < B < 27) galaxies therefore
consist of magnitudes, colours, and - through analysis of their positions on the CCD
images — their clustering.

Because actively star-forming galaxies possess flat or power-law SEDs in the range
of wavelengths accessible to ground-based observers (ie. U-band to K-band), their ob-
servable colours would be approximately independent of redshift out to z ~ 3. Therefore
high redshift and low redshift faint blue galaxies cannot be distinguished by their colours
alone, and spectral lines must be detected to provide a redshift for an individual galaxy.
In this thesis we resort to statistical methods which are less direct, but deeper-reaching,
than spectroscopy — as described in Section 1.7 following, analysis of the clustering of
very faint (24 < B < 27) galaxies does provide some information about their redshift

distribution.
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1.7 Correlation Functions of Faint Galaxies

We can obtain images containing large numbers (> 10%) of galaxies as faint as
23 < B £ 27, and from these calculate correlation functions for galaxies at the mag-
nitude limits where N(z) becomes very sensitive to the form of galaxy evolution (in
particular the degree of brightening of the L* luminosity at high redshifts), but spec-
troscopy becomes difficult or impossible. In this section we describe how the angular
two-point correlation function, w(§), can be used as a probe of the redshift distribution
N(z) of galaxies, with sufficient sensitivity to distinguish between different evolutionary
models, and therefore how the scaling of w(f) with magnitude limit proves to be a very
useful diagnostic of the processes involved in galaxy evolution.

The clustering of galaxies in three dimensions is described by the two-point correla-
tion function £(r), in which the intrinsic strength of this clustering (i.e. the £(r) ampli-
tude) is parameterized as the correlation radius rg, the distance at which the probability
of finding another galaxy is twice that expected from a random distribution. The value
of ro was estimated by Groth and Peebles (1977), from the Zwicky catalogue limited at
B ~ 15, to be approximately 4.3 h~! Mpc, where h = (H/100 km s~!Mpc~1).

We discuss the form and possible evolution of £(r) in Section 3.2, but galaxy redshifts
are required to determine rg and the form of £(r) directly. In this thesis we are primarily
concerned with the projection of the three-dimensional clustering described by £(r) onto
the two-dimensional sky, producing a two-dimensional clustering of the projected galaxy
distribution, which is described by the angular correlation function function w(f) and
is measurable without any redshift data. Observations have indicated that w(8) follows
a 78 power-law (Peebles 1980), out to angular separations corresponding to physical
separations of the clustered galaxies of 7 ~ 10 h™! Mpc, i.e. to at least § ~ 20 arcmin
even on the very deepest (zmean ~ 1) images, and that the index of the power-law
remains approximately constant to the faintest limits of photographic surveys (Jones,
Shanks and Fong 1987, hereafter JSF).

The amplitude of the w(f) power-law is related to the amplitude of the 3-dimensional
two-point correlation function £(r) by means of an integration over N(z) using Limber’s
formula. The derivation of Limber’s formula is described by, for example, Phillipps et
al. (1978) and Peebles (1990), and is also given in Appendix 1 of this thesis. Essentially,
Limber’s formula incorporates an integration over [N(z)]? weighted by a term which
decreases with increasing angular diameter distance d4(z). The result of the Limber’s
formula integration is therefore lowered if either

(1) The variance of the redshifts of galaxies in the sample is increased, and/or
(i1) The typical angular diameter distance of the galaxies is increased.

The angular diameter distance as a function of redshift for both ¢o = 0.5 and ¢ =
0.05 geometries is shown on Figure 1.9. At low redshifts da(z) o« z approximately, with
little go-dependence. Beyond = ~ 1 d,(z) increases little with redshift, but at these
depths shows a significant dependence on qo, da(z) at a given redshift being greater
for lower qo geometries. At such depths that zeqn > 1, the angular diameter distances
may not increase significantly on going to even fainter limits, but the w(8) amplitude will
still be affected by any increase in the variance of the redshifts. For a lower g, a given
N(z) will produce a lower w(f) amplitude, on account of the greater angular diameter
distances of the galaxies, but the dependence of w(#) on gy will only be significant at
such depths that zpmeqn > 1.

On going to fainter limits the variance and mean of the redshifts of galaxies in the
sample would both be expected to increase, giving through Limber’s formula a lower
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w(8) for a constant rg. Essentially, the wider the range of redshifts over which galaxies
are distributed the more the observable clustering will be diluted by projection, and
the clustering of more distant galaxies will contribute less to w(f) as their ro will be
projected to a smaller angle on the sky. Hence the scaling of the w(6) amplitude of the
galaxies with survey depth, from large-area shallow surveys such as the Zwicky catalogue
to the depest CCD images ever obtained, will relate primarily to the change of N(z)
with the magnitude limit.

The interpretation of w(#) results in terms of the N(z) of faint galaxies will depend
on a number of assumptions made in the models — in particular any evolution in the
intrinsic clustering of galaxies over the range of redshifts in the survey would influence the
scaling of w(8) (see Chapter 3) in addition to the effect of luminosity evolution. Despite
this, the great sensitivity of w(8) to N(z) enables the analysis of faint galaxy clustering
to provide more information about galaxy evolution than number counts alone.

Previously a number of authors have attempted to measure the clustering at in-
creasingly faint limits. Shanks et al. (1980) determined the w(f) amplitudes for five
UK Schmidt Telescope plates, reaching limits of by ~ 21. The amplitudes were found
to scale from the (15™ limited) Zwicky amplitude as predicted by Limber’s formula,
providing an important test of its validity over a wide range of magnitudes. However,
such depths as are attainable with UK Schmidt plates are insufficient to effectively probe
luminosity evolution.

Koo and Szalay (1984) determined the scaling of w(8) for two 0.2 deg? fields in the
range of 22 < J < 24. Comparisons were made with the predictions of a non-evolving
model and several PLE models. These authors concluded that the fall-off of clustering
amplitude with magnitude limit was greater than predicted by models which included
neither luminosity nor clustering evolution. The results were well-fitted by a model with
‘mild’ luminosity evolution (a mixture of Bruzual PLE models with low go and a high
galaxy formation redshift), with no need to invoke any evolution of the clustering.

Stevenson et al. (1985) obtained w(f) amplitudes from larger AAT plates to a
similar depth, in the red band as well as in the blue. When plotted against galaxy
number density the amplitudes for the two passbands were found to be very similar and
unexpectedly low, a little lower than those of Koo and Szalay (1984), but the slope of the
scaling is about the same. JSF (1987) and Infante (1990) obtained similar amplitudes
and scaling from even larger areas of sky (>2 deg?).

At fainter limits (B > 24, R > 23), where the effects of luminosity evolution on
the w(f) amplitude are likely to be greatest, surveys can only be carried out using
CCDs. At present, these unfortunately cover much smaller areas than photographic
plates. Efstathiou et al. (1991) analysed the clustering of the 24 < B < 26 galaxies
on the 12 deep CCD fields of the Tyson (1988) survey, covering a total of 107 arcmin?,
Couch, Jercevic and Boyle (1993), and Neuschaefer (1992) then published w(f) results
from CCD surveys covering larger areas than Tyson, but to slightly less deep limits. In
this thesis we present results from a CCD survey covering 284 arcmin? to B,y = 25.0,

331 arcinin? to Rgeq = 23.5, and 20 arcmin? to By = 27.0.

At the magnitude limits considered here, the dominant effect on the correlation
amplitudes is likely to be luminosity evolution - in particular the evolution of L ~
L* galaxies — which as discussed above may greatly modify the redshift distribution
faintward of B ~ 23. If L* evolution is the main cause of the excess in the number
counts of B > 23 galaxies, these faint galaxies will have a much higher mean redshift,
and therefore a much lower w(8) amplitude, than predicted by non-evolving models. In
contrast, as discussed in Section 1.5 above, the effect of merging-dominated evolution
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Angular diameter distance Mpc

on N(z) is to increase its normalization (relative to the no-evolution prediction) without
greatly changing its form (ie. both zjeqn and the variance of the redshifts). This would
give a w(f) amplitude much closer to the no-evolution prediction, if we assume that
the merging process itself does not greatly alter the intrinsic clustering of the galaxies.
Hence we initially (in Chapter 2) represent merging-dominated evolution simply by a
non-evolving model.

The difference between the w(8) amplitudes predicted by our PLE and no-evolution
models is greatest (a factor of ~ 4) at 24 < B < 25, the magnitude range best covered
(in terms of numbers of galaxies) by our CCD surveys. It is therefore hoped that
correlation analysis of our CCD dataset will enable us to exclude at a high level of
statistical significance at least one of these two models of N(z) at 24 < B < 25, and
therefore determine whether merging or L* evolution is the main cause of the high galaxy
count at these magnitudes.
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1.8 X-ray Studies of Faint Galaxies

In this thesis we shall also be using correlation techniques to investigate the X-
ray background (XRB), as observed in the 0.5-2.0 keV energy range with the ROSAT
satellite, and in doing so obtain information about the X-ray properties of faint galaxies.
The aim is both to identify individual galaxies as X-ray sources, and to study the bulk
X-ray properties of large samples of faint galaxies by estimating their total emission in
the range of energies considered.

The high resolution imaging capabilities of orbiting X-ray telescopes such as Einstein
and more recently ROSAT have enabled the origin of the XRB to be investigated by
resolving as much of the flux as possible, on very deep images, into discrete sources.
The source positions are then matched with objects visible on photographic plates, with
the aim of identifying the optical counterparts to the X-ray sources which can then be
examined spectroscopically using ground-based telescopes.

In this way, deep imaging of the Pavo field with the Finstein Observatory found most
of the detected X-ray sources to be QSOs at zpeqn ~ 1, with these QSOs accounting for
15% of the total X-ray flux (Griffiths et al. 1992). The superior resolution and lower
background noise of the ROSAT PSPC in comparison to the Einstein IRC has enabled
larger numbers of sources to be resolved out of the background. Shanks et al. (1991)
found that, in a long 30 ksec ROSAT exposure of a 0.35 deg? field, used previously for an
optical/UV QSO survey (Boyle et al. 1990) and known as QSF3, about 35% of the 0.5-
2.0 keV flux could be resolved into individual sources. Follow-up spectroscopy with the
AAT identified 24 out of a total of 39 X-ray sources as being QSOs with z,,edian ~ 1.5,
a QSO surface density more than twice that found on the earlier deep Finstein images,
and similar results were obtained from the QSF1 field. Evidently, QSOs dominate the
component of the XRB resolvable at present into individual sources, and the Shanks et
al. (1991) results give a lower limit of 30% on their contribution to the total 0.5-2.0 keV
background intensity.

However, three of the Pavo field X-ray sources, and a total of seven of the X-ray
sources on QSF1 and QSF3, appeared to be associated instead with either early-type
or star-forming galaxies with 19 < B < 21 and typical redshifts of z ~ 0.3 (Griffiths et
al. 1993). In this thesis it is this probable non-QSO component of the XRB we shall be
investigating, in particular that which may be produced by B < 23 galaxies i.e. those
visible on photographic plates and within the reach of faint-object spectrographs.

We shall be cross-correlating new lists of X-ray sources with galaxies on photographic
plates, with the aim of finding more X-ray emitting galaxies. Our dataset includes a new
ROSAT image almost twice as deep as the QSF field images used previously, enabling
very faint (X-ray flux S ~ 3 x 1071 erg em™2%s71) sources to be detected. The deeper
limit will obviously improve the probability of detecting some galaxies together with
what would be expected to be an even higher surface density of QSOs. On the basis
of earlier results most of these QSOs should be bright enough in the optical bands to
be identified by spectroscopy, and hence excluded from the lists of X-ray sources to be
cross-correlated with galaxies, thus improving the statistics of our analysis.

Normal galaxies will have a much higher density in the sky than QSOs, and faintward
of B ~ 21 it will become increasingly difficult to match individual galaxies with the
sources as their mean angular separation falls to less than the width of the ROSAT
point-spread function (~ 25 arcsec). Even so, it may still be possible to detect an overall
correlation, by comparing the total number of galaxies seen within the point-spread
function radius of any of the unidentified sources with that expected by chance. In most
cases, follow-up spectroscopy will be carried out on the optical galaxy or stellar image
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closest to the source position, and our cross-correlation would provide an indication of
how many of these source ‘identifications’ are genuine as opposed to chance co-incidences.

Galaxies in general, including our own, are much weaker sources of X-rays than
QSOs. A typical L ~ L* spiral or elliptical galaxy produces an X-ray luminosity in the
ROSAT band of Ly ~ 103941 ergs s~1, compared to Ly ~ 10*~%5 ergs s~1 typical of
high-redshift QSOs. Stars of all types emit some X-rays from their coronae, but normal
stars such as the Sun possess relatively low X-ray luminosities of Ly ~ 1027=28 ergs s—1,
and a larger proportion of the X-ray emission of most galaxies is produced by smaller

numbers of much more luminous sources.

These include O-type blue giant stars (Lx ~ 103273 ergs s~1), supernova remnants
(Lx ~ 1034737 ergs s~1), and various accreting binaries. Low-mass X-ray binaries are
typically composed of a star of mass M ~ My accreting onto a neutron star, producing
an X-ray luminosity Ly ~ 1034737 ergs s~1. Massive X-ray binaries (MXRBs), in which
a giant star of mass M ~ 10Mg or greater accretes onto a black hole, can produce very

high X-ray luminosities of Ly ~ 1038739 ergs s71.

Diffuse thermal bremsstrahlung emission, from very hot (T ~ 107-108K) gas, may
also be an important source of X-rays, particularly for giant ellipticals (gas temperature
kT ~ 1.5 keV) and galaxy clusters (kT ~ 7 keV). In general, the X-ray emission of spiral
(Sb/Sc/Sd) galaxies appears to be dominated by discrete evolved stellar sources, mainly
accreting binaries, while in early-type (E/S0) galaxies the hot gaseous component is a
more significant source, and bulge-dominated (Sa) spirals contain a mixture of the two
types of emission (Kim, Fabbiano and Trinchieri 1992).

Some of the discrete X-ray sources found within galaxies — O-type stars, supernova
remnants and MXRBs - will only be found in regions of active or very recent star-
formation. The MXRBs are of particular interest due to their very high luminosities
(a few such binaries may dominate the X-ray emission of an entire galaxy), and very
flat/hard spectra (f, oc #~ %3 approximately, up to energies of ~ 20 keV). Hence the fact
that Sc/Sd spirals galaxies possess harder X-ray spectra (kT > 3 keV) than ellipticals
(kT ~ 1.5 keV) favours the hypothesis that massive binaries account for a significant
fraction of their X-ray emission. MXRBs are formed from very massive stars with short
lifetimes, and their X-ray emitting lifetimes are even shorter (~ 10° years), so if they
dominate the total X-ray emission of late-type galaxies, the evolution of the total X-ray
luminosity of these galaxies may quite closely trace the evolution of the star-formation
rate. However, this may not be the case for elliptical galaxies where X-ray emission is
not primarily associated with ongoing star-formation.

Despite the differences in the dominant emission mechanisms, elliptical and spiral
galaxies tend to show similar ratios between their X-ray and optical luminosites at
the present day. Most galaxies have been found to follow an approximate linear relation
between X-ray and blue-band luminosity (see eg. Fabbiano 1989, Giacconi and Zamorani
1987) which corresponds to a monochromatic flux ratio f,(2keV)/f,(B) ~ 10766, As
will be discussed in more detail in Section 6.6, if this ratio is typical we would expect
most galaxies as faint as 18 < B < 23 not to be individually detectable on our ROSAT
images.

However, it 1s known that some galaxies, particularly cluster-dominating ellipticals
such as M87 in Virgo, have Lx /L g ratios higher than this typical ratio by factors of order
~ 100, and as noted above, the enhanced star-formation rates at higher redshifts are
likely to be accompanied by increased X-ray emission from MXRBs (see eg. Griffiths and
Padovani 1990). It is therefore possible that a proportion of the galaxies in our dataset,
perhaps including those of both elliptical and spiral/irregular morphology, could possess
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very high Lx/Lp ratios, and would therefore be individually detected on our ROSAT
images. Follow-up optical spectroscopy will enable the properties of any very X-ray
luminous galaxies which may be detected to be studied in more detail.

A further possibility is that rich clusters of galaxies, which may be comparable in
their X-ray luminosities to QSOs (for a Coma-type cluster, Lx ~ 10%*~%5 ergs s71),
could be detected at high redshifts, perhaps providing information about the nature and
extent of their evolution.

1.9 The Contribution of Faint Galaxies to the X-Ray Background

Even if normal galaxies and rich clusters are not found to be significantly correlated
with the bright X-ray sources it seems certain that they must contribute at some level
to the ~ 65% of the XRB which remains unresolved in our data.

The origin of this diffuse component has not as yet been fully explained. The hy-
pothesis that a diffuse inter-galactic medium of very hot gas is the principal source can
now be excluded, as this would produce distortions in the cosmic microwave background
spectrum which are not detected by the COBE satellite (Wright et al. 1993). Upper
limits on such distortions require a uniform gaseous medium hot enough to fit the XRB
spectrum (kT ~ 40 keV) to have a density no more than ~ 1% of that needed to gener-
ate the entire background flux. The diffuse background must then be produced by large
numbers of faint discrete sources, the weakness of its small-scale fluctuations requiring
these to have a surface density exceeding ~ 5000 deg=2 (Hamilton and Helfand 1987)

As the resolved ~ 35% of the XRB flux is so greatly dominated by AGN emission
there seems little doubt that less luminous AGN must account for a significant fraction
of the remainder. The X-ray and blue-band luminosities of AGN increase strongly with
redshift, but as the rate of evolution is now fairly well determined, at least for the more
luminous AGN (Boyle et al. 1993, Boyle et al. 1994), their total contribution to the
XRB can be estimated reasonably accurately by integrating the expected X-ray enussion
from AGN out to high redshifts. In this way Boyle et al. (1994) estimated the X-ray
flux from QSOs out to z = 4 would account for 34-53% of the total 1-2 keV flux. As
galaxies are generally less luminous than AGN, less is known about their properties at
high redshifts, particularly when we are considering X-ray evolution rather than that
seen in the optical bands, so that an equivalent estimate of the XRB contribution from
galaxies will be more model-dependent.

By assuming a constant X-ray/B-band flux ratio, the mean value for a sample of local
elliptical and spiral galaxies observed using Einstein, and normalizing the blue flux using
the B-band number counts of Tyson (1988), Giacconi and Zamorani (1987) estimated
that B < 27 galaxies would produce at least 13% of the 2 keV background. Griffiths and
Padovani (1990) estimated that star-forming galaxies at z < 3 could account for 20-30%
of the XRB at 2 keV, with a ‘moderate’ rate of X-ray luminosity evolution derived from
the far infra-red evolution of IRAS galaxies, and > 50% of the XRB if they evolve as
rapidly as AGN.

Some indication of the relative AGN and star-forming galaxy contributions to the
unresolved background may also be given by its spectral energy distribution. This has
been found to possess a flatter spectral index (between f, o< »~%4 and f, o< ¥~7) than
most of the individually studied QSOs resolved on the same areas (typically f, o< v1).
However, the SED of the XRB at 1-10 keV energies can be reasonably well fitted by
a summation of a component with (f, o r~1), typical of the detected QSOs, and
another with a flatter MXRB-like spectrum (f, o »~93), with these two components
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being approximately equal at 0.5-2.0 keV energies (Shanks et al. 1991, Treyer et al.
1992). The autocorrelation and cross-correlation functions described below may provide
another, independent, estimate of the two components.

As with our attempts to investigate the redshift distribution of B > 24 galaxies,
when the sources in question are too faint to be studied (or in this case even detected)
individually, correlation techniques can still provide useful information.

After removing all sources above the ~ 40 level from the ROSAT images, an auto-
correlation function (ACF) can be calculated for the fluctuations between the photon
counts in the remaining pixels. X-ray sources outside our galaxy (i.e. galaxy clusters,
QSOs and galaxies) are all clustered on some scale, and we would expect this cluster-
ing to produce a signal in the diffuse background ACF comparable to the w(8) of its
components. In general, rich clusters of galaxies are themselves more strongly clustered
than QSOs which in turn appear to be more clustered than galaxies. The rich clusters
are expected to be a relatively minor component of the total XRB flux, so the ACF
amplitude will depend approximately on the size of the QSO contribution relative to
that of galaxies, as well as on the redshift distribution of both types of source.

Georgantopoulos et al. (1993), calculated the ACF of the unresolved XRB for the
two QSF fields imaged with ROSAT, and found significantly less signal than would be
expected if the background was produced entirely by AGN (at 0 < z < 4). These
results appeared to set an upper limit of 40% on the AGN component at 0.5-2.0 keV,
and required the remaining 60% or more to be produced by sources no more clustered
than normal galaxies. However, as we shall discuss later (Chapter 6), some uncertainty
remains about the true clustering strength of QSOs at high redshifts relative to that of
galaxies.

In this thesis we shall perform a sinular ACF analysis on the unresolved XRB -
the inclusion of our new deeper image should improve the statistics — and compare the
results with models of QSO clustering and with the w(f) of galaxies on AAT plates of
the same areas of sky. Georgantopoulos et al. (1993) estimated that if the non-QSO
component of the XRB was composed of normally clustered galaxies, these could only
dilute the fluctuations in the XRB to produce a sufficiently weak ACF if distributed
out to at least z ~ 3. As a similar N(z) is predicted by PLE models for the faint
blue galaxies producing the excess in the number counts, it may be particularly useful
to compare our ACF results with our faint galaxy w(f) ampitudes, in order to verify
whether faint blue galaxies (which may possess very high X-ray luminosities as a result
of their rapid star-formation rates) are sufficiently weakly clustered on the sky to be
able to account for the non-QSO component of the XRB.

A more direct estimate of the X-ray flux from B < 23 galaxies not detected as
discrete X-ray sources can be found by cross-correlating the galaxies on these AAT
plates with the unresolved XRB. If a signal is seen in this cross-correlation the existence
of a faint galaxy contribution would be established directly, rather than as an inferred
‘non-QSO component’, and its strength could then be used to estimate a mean X-ray to
B-band flux ratio and an X-ray volume emissivity for the galaxies in the sample.

An analysis of this type was recently performed by Lahav et al. (1993), who cross-
correlated z < 0.06 galaxy catalogues with the XRB fluctuations on the same area of
sky. By extrapolating an emissivity derived from their cross-correlation amplitude to
z = 5.0, Lahav et al. (1993) estimated that non-evolving galaxies could account for

30 4+ 15% of the XRB.

Ideally, an estimate of the X-ray flux produced by faint galaxies would combine
deep X-ray imaging with optical CCD imaging to sufficient depths to detect galaxies
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to their maximum redshift. In the absence of such data at present we must similarly
extrapolate our result to high redshifts, but the fainter limit (B = 23) of our galaxy
dataset should lead to an estimate of the total galaxy contribution less dependent on
the evolution model than that of Lahav et al. (1993). Additionally, the comparison of
the two sets of cross-correlation results may give some indication of the evolution in the
X-ray properties of the galaxy population between 0 < z < 0.06 and the z ~ 0.6 limits
reached by our AAT plate galaxy dataset.

1.10 Outline of Thesis

Chapters 2, 3 and 4 are concerned with an analysis of the clustering of galaxies on
deep CCD images, and comparison of the results with various models.

In Chapter 2 we derive the w(§) amplitude of galaxies, and its scaling with magnitude
limit, from a CCD survey detecting several thousand faint galaxies to limits of B, =
25.0 and R..q = 23.5. These results are compared with the predictions of simple PLE
and non-evolving models, assuming stable clustering.

In Chapter 3 we also consider models in which galaxy clustering evolves with look-
back time, and the possible effects of galaxy merging on N(z) and the w(f#) amplitude.
The results from the previous Chapter, together with an analysis of the dependence of
w(f) on galaxy colour, are compared with these models.

In Chapter 4 we calculate a w(#) amplitude of the galaxies on one of the deepest CCD
images ever obtained, extending our investigation of the scaling to a limit of B..q = 27.0.
We compare both the clustering and the number counts of very faint galaxies with various
models to obtain information about N(z) at faint limits, the maximum redshift to which
galaxies can be detected 1n the B-band, and the form of the galaxy luminosity function
at high redshift.

In Chapters 5, 6 and 7 we discuss ROSAT X-ray observations, including the cross-
correlation of ROSAT data with photographic datasets. As less 1s known at present
about the X-ray properties of faint galaxies than is known about galaxy clustering, the
emphasis of this section is more on the presentation of new results than comparisons
with detailed models.

In Chapter 5 we investigate in detail the cross-correlation between individually de-
tected X-ray sources and faint galaxies, to determine what proportion of these are suf-
ficiently X-ray luminous to be detected along with QSOs. We present the results of
spectroscopic investigation of a number of candidates for X-ray detected faint galaxies,
together with an assessment of how many of these are likely to be the genuine sources.

In Chapters 6 and 7 we consider the X-ray background in three deep ROSAT images
with the detected sources removed, leaving only the unresolved component.

In Chapter 6 we analyse the fluctuations in this background, which will reflect the
strength of clustering of the main sources of the lux. We compare our results with the
clustering properties of faint galaxies and QSQOs in an attempt to set constraints on the
relative contributions of these two types of source to the total unresolved X-ray flux.

In Chapter 7 we investigate the contribution of faint galaxies to the X-ray background
directly. Cross-correlating several thousand B < 23 galaxies detected on AAT plates
with the unresolved background will enable us to estimate the total X-ray emussion
of B < 23 galaxies. This will be compared with previous results at shallower limits
to estimate the rate of X-ray luminosity evolution, and extrapolated to high redshifts
and/or faint optical magnitudes to estimate the total contribution from all galaxies,
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to the faintest limits, to the X-ray background. This estimate will be compared with
the constraints set on the background’s composition in the fluctuation analysis of the
previous Chapter. The mean X-ray/optical flux ratio derived from the cross-correlation
will also be compared with the Lx/Lp ratios of the detected X-ray luminous galaxies
investigated in Chapter 5. Comparison of the two sets of results will be used to derive
information about the X-ray luminosity function of galaxies, the proportion of galaxies
with very high X-ray luminosities being indicated by the numbers individually detected,
and the Ly distribution of the galaxy population as a whole being investigated by means
of its cross-correlation with the unresolved background.

In our concluding Chapter (8) we review the results obtained in both sections of
the thesis, and discuss their implications about the processes of galaxy evolution. We
discuss the possible connections between the galaxy clustering and X-ray results, and
suggest ways in which we might better verify our results and interpretations, extend
our investigations to fainter and/or more distant objects, and address some of the new
questions about galaxy evolution which will inevitably be raised by the results presented
here.
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Chapter 2

Galaxy Clustering to B=25 and R=23.5

2.1 Introduction

In this Chapter we investigate the angular two-point correlation function, w(6), of
the galaxies observed in a CCD survey reaching limits of B,y = 25.0 and R,y = 23.5.
The aim is to determine whether the large excess observed in the numbers of faint
(B > 23) blue galaxies relative to non-evolving predictions results from an increase in
the L* luminosity with redshift, enabling high redshift (z > 1) galaxies to be seen within
our survey limits — or from an increase of the number density, ¢*, of galaxies at somewhat
lower redshifts, giving an approximately non-evolving redshift distribution with a raised
normalization.

We therefore interpret our w() results by comparing them with models representing
these two ‘extreme’ possibilities — a model in which the galaxy redshift distribution
maintains a no-evolution form at all magnitude limits, and a pure luminosity evolution
model in which a much larger proportion of the galaxies in our dataset would be at
z > 1. We also compare the pure luminosity evolution model with recently published
redshift data, and with the w(8) amplitudes of our B,y < 24.5 galaxies divided by colour
at B — R = 1.5 into red and blue subsamples.

2.2 Observational Data

Our sample consists of 4540 galaxies observed in the blue passband and 3627 ob-
served in the red passband, the magnitude limits of the survey being B,y = 25.0 and
R..q = 23.5. The magnitudes and positions of each galaxy used in the following analysis
were taken from a data catalogue of observations made in 1986 using the 2.4m Isaac
Newton Telescope (INT), with the RCA chip at prime focus giving a pixel size 0.74 arc-
sec. The number counts from this data were presented and discussed by MSFJ. Twelve
fields were observed in both the blue and red passbands and two more in the red only.
The CCD frame size is 0.1033 x 0.0638 degrees, giving a total observed area of 284
arcmin? in the blue and 331 arcmin? in the red. The data catalogue listed all galaxies
with ‘total’ magnitudes brighter than B, = 25.0 or R.q = 23.5, incompleteness be-
coming significant only in the faintest half-magnitude intervals, where it 1s estimated as
25% by MSFJ. The fields are generally widely separated (with a minimum separation of
40™ of R.A.) and at intermediate galactic latitudes (41-63°). Their positions, chosen at
random, are given in Table 1 of MSFJ.

Our magnitudes relate to those obtained using photographic passbands approxi-
mately as Beqg =~ by + 0.09 and R..q >~ rp + 0.13, for the mean colours of our survey
galaxies. For details of the photometry, we refer the reader to MSFJ.
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2.3 Calculating w(9)

The correlation function, w(f), was calculated for each of the CCD frames separately.
For each frame, the centroid positions and magnitudes of all N, galaxies brighter than
a chosen magnitude limit were read from the data catalogue. The separations of all
%Ny(Ng — 1) possible pairs of galaxies were calculated and counted in logarithmic bins,
each of width A(log ) = 0.2.

In addition 10000 points were assigned random positions in a 2-dimensional co-
ordinate space corresponding to the frame area. The separations between the galaxies
and the randoms, taking the real galaxies as the centres and so giving 10000V, pairs in
total, were similarly binned.

The estimate w,(8y) for each bin was then calculated as

Ny (6) 2N,

Nor(6) (N, 1)

We (‘911) =

where Ngy(68,) = number of galaxy-galaxy pairs in bin n,

Ngr(6r) = number of galaxy-random pairs in bin n,

Ny = number of galaxies on the frame brighter than the limiting magnitude,

N; = number of random points (10000 in this analysis),

and the bins of angular separation are defined as 100-2(n=1) < g, < 10%2" arcsec.

The individual frame we(6,) values were then averaged at each 6, point to give a
mean correlation function. The error bars assigned to this mean w,(f) are simply the
standard deviations of the mean of the individual frame we(6,) values at each angular
separation §,. Figure 2.1 shows the angular correlation functions for all B,y < 25.0 and
all R..g < 23.5 galaxies in this survey. A log-linear scale is used, as the observed w.(6)
becomes negative at the largest angles considered due to the ‘integral constraint’ effect
discussed below.

In deriving w(#) amplitudes from our data, we assume in this thesis that the true
w(6) follows a 798 power law, as estimated from a number of previous surveys, over
the range of angular separations covered by our estimate we(f). A significant departure
from this power-law form has only been observed at angular separations significantly
larger than our CCD frame size of ~ 0.1 deg (see, e.g., Infante 1990). However, for
the small area of a CCD frame the bias in the estimate for w(f) due to the well-known
‘integral constraint’ is a large effect. This results from the need to use the sample itself to
estimate the mean density of galaxies at that magnitude limit (see, e.g., Peebles 1980),
and causes the estimate, we(f) to be biased low relative to the true w(8) by the amount
C where

1
C = ﬁ_5//w(a)dnl(mz

On the basis of previous surveys, we assume
w(f) = 49708

Using this form for w(§), and taking into account the difficulty of distinguishing galaxies
that are separated by less than a few arcsec, a numerical integration of the above equation

over the CCD frame area {2 gives
C =16.14
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Figure 2.1b Observed angular correlation function, with field-to-field errors, for all R..q < 23.5 galaxies
on the 14 CCD fields imaged in the red band. The closest-fitting function of the form ‘A(6798 —16.1)’, used
as described in Section 2.3 to estimate the w(d) amplitude, 4, is shown as a dotted line.
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Figure 2.2 The same angular correlation function data and best-fitting functions as shown on Figure
2.1, with an integral constraint correction of ‘16.1 A’ added on to each data point. The functions fitted to

the data then become simply §=%8 power-laws of amplitude 4, and are shown on this log-log plot as straight
dotted lines. ‘
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2.4 w(8) Results

Our survey is sufficiently large that meaningful constraints can be placed on the w(6)
amplitudes from brighter subsets of the catalogue, enabling us to investigate the scaling
with depth of these amplitudes over magnitude limits in the range 23.25 < B,y <
25.00 and 22.00 < R..q < 23.50. For the magnitude limits chosen in the blue and red
passbands, the integral number counts and the correlation amplitudes are given in Table
2.1.

Figures 2.3 and 2.4 show our w(f) amplitudes for the blue-limited and red-limited
samples, together with previously published w(6) amplitudes from photographic surveys.

The photographic by and rr magnitudes have been approximately converted to the
equivalent B, or R..4y. Additionally, for 5 of the 8 UKST plates used by Stevenson et
al. (1985) a correction of +0.21 has to be made to the by magnitudes (see Jones et al.
1991); the UKST data plotted in Fig. 2.3 are then the mean correlation amplitudes of
these 8 plates, with a mean correction of +0.™13 applied to the published magnitude
limits. The UKST and AAT Jones amplitudes are as given by JSF, where the results
have been corrected for the effects of star contamination, but were plotted against galaxy
number density rather than against limiting magnitude.

Additionally, the more recent w(f) results from the CCD survey of Couch et al.
(1993) are plotted on Figure 2.4, which shows the mean correlation amplitudes of the
two areas surveyed. The V R magnitude system used by these authors was converted,
using our mean colours, into our red magnitude system as R..q = VR — 0.35.

It can be seen that our results are in agreement with all of the photographic surveys
in the blue band to within the statistical errors. In the red band the scatter between
observers is a little higher — JSF obtained rather lower amplitudes than Infante. Our
own red-band results are intermediate, and very similar to those of Couch et al. (1993).
Overall it is clear that our correlation amplitudes, as well as our number counts (see
MSFJ), lie in the middle of the range previously encompassed by photographic data to
the faint limits of such surveys.

B..q Limit | Density deg™? | w(8) amplitude ‘ R.cq Limit | Density deg™2 | w(f) amplitude
23.25 9091 24.62 + 13.72 22.00 10610 19.97 + 11.74
23.50 12594 20.32 £ 7.98 22.25 13428 13.67 + 6.02
23.75 16577 16.88 + 4.81 22.50 16658 15.98 + 4.89
24.00 22090 12.81 + 4.77 22.75 20755 13.95 + 3.44
24.25 29563 7.665 + 2.621 23.00 26174 14.83 + 3.43
24.50 38123 5.568 + 2.157 23.25 32568 11.75 + 3.35
24.75 47480 4.127 £ 2.209 23.50 39310 9.086 + 2.843
25.00 57406 4.214 + 2.044 l

Table 2.1 The integral galaxy number counts, in galaxies deg~?, and w(6) amplitl‘ldes (w1th ﬁ(j,ld-to-
field errors), in units of 10~4 (deg)~%%, of the galaxies brightward of a series of magnitude limits in our
B..q <25.0 and R..q < 23.5 CCD datasets.
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Figure 2.3 Galaxy w(6) amplitudes obtained from the AAT photographic surveys of Jones et al. (1987),
Infante (1990), Koo and Szalay (1984), from the UKST data of Stevenson et al. (1985), and from the 12
CCD frames of our B.q < 25.0 survey (RSMF). These are comnpared with the predictions of a non-evolving
model (upper curve) and our Bruzual pure luminosity evolution model (lower curve), over a range of blue
magnitude limits. The models shown here assume stable clustering, go.= 0.05 and znqe, = 4.
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2.5 N(z) and w(8) from No-Evolution and PLE Models

Figures 2.3 and 2.4 also show the w(#) amplitudes predicted by the no-evolution
(upper) and PLE (lower) models described in Section 1.4. The blue-band PLE model in-
corporates the Bruzual (1981) x = 0.5 model of exponentially decreasing star-formation
rate for the early type galaxies, giving very strong L* evolution at z > 1.5. The red-band
PLE model, as used by MSFJ, incorporates somewhat stronger evolution for early-type
galaxies than Bruzual’s g = 0.5 model. As the evolving and non-evolving models differ
only in the evolution corrections applied to L* as a function of redshift, they converge
in the bright or shallow limit, but differ greatly at our faint limits. The models plotted
here are computed using go = 0.05, as we require a low (< 0.15) value of g to fit the
faint (B > 24.5) galaxy counts with any PLE model, and we are aiming to determine
whether L* evolution alone can fit all the observational data.

Figure 2.5 shows N(z) as given by the no-evolution model for a series of magnitude
limits. Non-evolving models underpredict the number counts at the depth of our survey,
in both passbands. However, as far as the w(f) scaling is concerned, such a model
can approximately represent some models in which galaxy evolution is dominated by
merging and/or starbursting in low-redshift dwarf galaxies — resulting in N(z) at B ~ 24
limits possessing a similar form to a non-evolving galaxy N(z), being increased only in
normalization (see Section 1.6).

Figure 2.6 shows N(z) as given by the Bruzual PLE model for the same magnitude
limits. The strong luminosity evolution of this model enables high redshift galaxies to
be seen at relatively bright apparent magnitudes. The resulting N(z) is bimodal at
23 < B < 25, with a very broad second peak, centred on z ~ 1.85, composed of L ~ L*
galaxies undergoing initial starbursts. According to this model, the very blue ‘flat-
spectrum objects’ appearing at B ~ 24 would be the high redshift galaxies comprising
this second peak. In MSFJ’s red band PLE model, there is similar but slightly weaker
luminosity evolution, producing a second peak in N(z) which is smaller at the faint
limits of our survey than in the blue-band model, but lies at a similar redshift.

The modelled correlation amplitude is derived from the modelled N(z) using the
Limber’s formula integration, as described by e.g. Phillipps et al. (1978). We assume
a 3-dimensional two-point correlation function of the form (r/r)~7, with ¥ = 1.8 (see
Groth and Peebles 1977 and Peebles 1980, also Section 3.2), and a normalization of
the clustering strength given by a fit of our models to the Zwicky catalogue results,
which corresponds to a correlation radius of 7y = 4.3h~!Mpc, where h = (Hp/100km
s~IMpc™!), consistent with the estimate of 7 given by Peebles (1980).

In deriving a w(6) amplitude from N(z), it was also assumed that clustering is stable
in proper (physical) co-ordinates, as would be expected for gravitationally bound and
virialized systems, and that galaxies of all morphologies and intrinsic luminosities have
the same strength of clustering. It must be emphasized that any conclusions about the
redshift distribution on the basis of correlation amplitudes depend on these assumptions.
Possible departures from these assumptions (e.g. the gravitational collapse of clusters)
are likely to have less influence on w(f) at these limits than the very strong effects of
luminosity evolution, but clustering evolution will be considered further in Chapter 3.
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2.6 Comparison with Models

It is clear from Figures 2.3 and 2.4 that our correlation amplitudes do not follow the
no-evolution scaling in either passband, being lower at B..q > 23 and at R..; > 22. The
non-evolving N(z) model is strongly rejected by at least 40 at B,q = 24.5.

In the blue band our results are fitted reasonably well by the Bruzual PLE model.
In the red band where there is more scatter between the results of different observers,
our amplitudes fall off with magnitude limit a little less steeply than the PLE model
prediction. Our results therefore suggest that MSFJ’s red-band model may have some-
what overestimated the amount of evolution at z ~ 2 for early types. However, the
non-evolving model is still rejected by 20 at R,y = 23.5 and therefore the w(f) results
suggest that some luminosity evolution is seen in the red band (assuming no evolution
of clustering) as well as in the blue band, confirming the conclusions of MSFJ based on
the galaxy counts.

Our conclusions are essentially in agreement with those of Koo and Szalay (1984),
Stevenson et al. (1985) and JSF, in that the w(#) amplitude at the faint limit of pho-
tographic surveys is significantly lower than would be expected for a model in which
clustering is stable in proper co-ordinates and the redshift distribution maintains a no-
evolution form. We find the w(f#) amplitude to fall even further below no-evolution
predictions faintward of the photographic limits of B ~ 24 and R ~ 23. The PLE
model described above would explain this dilution of clustering as resulting from the
appearance of a population of high redshift galaxies at these magnitude limits. We find
the scaling of w(#) with magnitude limit to be as expected if the rise in galaxy number
counts above the no-evolution prediction is primarily a result of luminosity (L*) rather
than density (¢*) evolution.

2.7 Comparison with B < 24 Galaxy Redshift Surveys

To a limit of B < 24, the excess in the galaxy number counts above no-evolution
predictions is a factor of ~ 2.5, even with the relatively high normalization of our models.
As can be seen by comparing Figures 2.5 and 2.6, the PLE models explain this excess
as being made up almost entirely of galaxies at higher redshifts than the median of a
no-evolution N(z). For this particular model, a significant extension of N(z) beyond
the no-evolution form is only expected faintward of B ~ 22.5, the limit of the ~ 95%
complete redshift survey of Colless et.al. (1990). This survey found a no-evolution N(z),
with Zedian = 0.32, which is consistent with both our models at this magnitude limit.
However, a number of observers have recently obtained redshifts for significant numbers
of galaxies as faint as B = 24, where the models differ greatly. We now consider whether
the high proportion of z > 1 galaxies at B,y = 24 in our pure luminosity evolution model
is consistent with these spectroscopic results.

Firstly, Lilly, Cowie and Gardner (1991, hereafter LCG) examined three small (70
arcsec square) and widely separated regions in which a total of 22 galaxies were detected
to Bap = 24.1 (approximately B.q = 24.14); spectroscopic redshifts were given by
Cowie, Songaila and Hu (1991) for 11 of these. The other redshifts were estimated from
U'BVI colours. The median redshift for Bap < 24.1 was estimated at the surprisingly
low value of 0.40, only slightly higher than our no-evolution prediction of 0.36. Four
galaxies in the sample were thought on the basis of their colours to be at z > 1, three of
these being ‘flat-spectrum’ objects with a very blue B — I colour. Such a colour would
result from active star-formation at 1.3 < z < 3 (see eg. Koo 1990).
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We now compare these results with our Bruzual model N(z) for B,y < 24.14. We
can predict not only the expected number of galaxies in a chosen redshift interval but
also the field-to-field variance, which is higher than the Poisson value because of galaxy
clustering. A w(#) amplitude is estimated for the galaxies in each interval by performing
the Limber’s formula integration for that portion of the modelled N(z) in the relevant
interval. If the mean number of galaxies observed on each field is N and the galaxy w(8)
amplitude is A, the field-to-field variance in N will be

A
pr = N+ N* 5 //w(&)dﬂldﬂz
integrated doubly over the field area §2, which for a square field of side 6 degrees gives
pa = N +2.24N* A8

where N and A are provided by our model for each redshift interval. For the total of
three fields the prediction will be 3N & (3u3)%® galaxies observed.

Our PLE model predicts that there will be 14.4444.75 z < 1 galaxies and 16.23+4.23
with z > 1, whereas LCG observed 18 and 4 respectively. The resulting x? is 8.92, and
for two degrees of freedom the probability of xy? > 8.92 is 1.16% (ie. approximately a
2.50 rejection in Gaussian terminology).

Glazebrook et al. (1993) more recently presented the results of a much larger but
less complete galaxy redshift survey. This covered the magnitude range 22.5 < B < 24.0
on two fields, 22.5 < B < 23.3 on a third and 22.5 < B < 23.0 on a fourth, the faint
limits being chosen to give ~ 70% completeness on each field. The survey identified 58
galaxies at z < 1 and only one at z > 1, together with two z > 1 objects thought to
be QSOs, and four stars. The median of the measured galaxy redshifts was 0.46, again
only a little higher than the no-evolution prediction.

Glazebrook et al. (1993) interpreted their results as favouring a merging-dominated
model, in particular the ‘b=4 Q=4" model described by Broadhurst, Ellis and Glazebrook
(1993). We discuss models of this type in more detail in Chapters 3 and 4. In this
particular model, the blue-band L* remains constant, resulting in a low median redshift
of zyedian = 0.51 at Glazebrook’s survey limit, but the very rapid increase in ¢* with
redshift (caused by merging), is sufficient in itself to fit the high number counts.

However, redshifts could not be obtained for 24 objects examined in the survey, and
therefore a substantial (~ 30%) high-redshift component at 23 < B < 24 could still
have been present. As in the LCG survey, the unidentified objects were generally very
blue in B — R colour, indicating that they are star-forming galaxies, so that the failure
to detect the expected OII(3727A) emission line anywhere blueward of A ~ 8000A (the
reddest wavelengths observed in the galaxy spectra) suggests high redshifts of z > 1.1.
Interestingly, the highest galaxy redshift obtained in the survey was z = 1.108 for a blue,
star-forming galaxy with its strong OII 37274 emission line shifted close to the red limit
of the observed spectral region.

As the dimensions and magnitude limits of the fields examined by Glazebrook et al.
differ, to compare their results with our PLE model we predict the numbers of z < 1 and
z > 1 galaxies expected, with corresponding variances including the clustering term, for
each field separately. The total of these means and variances was then normalized to
the number of objects (85 excluding stars) in the survey.

Our PLE model then predicted 40.37+18.08 galaxies to be at z < 1.0 and 44.63+8.70
to be at z > 1.0. If all unidentified objects are assumed to be at z > 1 the resulting
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x? is 5.057. As we have normalized the model to give the same total number as the
survey, the x? test is left with only one degree of freedom, for which the probability of
x% > 5.057 is 2.45% (ie. a 2.250 rejection).

Hence, although both surveys do suggest that the proportion of z > 1 galaxies is
lower than the 50-55% predicted by our PLE model at these magnitude limits, in neither
case is the rejection of this model very strong (i.e. > 30). If most of the blue galaxies
at 23.0 < B < 24.0 for which redshifts could not be measured are indeed at z > 1.1, as
the authors of both redshift survey papers consider most likely, a model in which ~ 30-
35% rather than 50-55% of the galaxies in a B < 24.0 sample are at z > 1 is entirely
consistent with spectroscopic observations. As our PLE model actually underpredicts
slightly the observed w(6) amplitude at B, < 24.0, a slightly smaller high-redshift
component (eg. 30-35% at 22.5 < B < 24) could still explain the low w(#) amplitudes
without invoking any departure from stable clustering.

Further faintward, in the range 24.0 < B,y < 24.5, the w(f) amplitude continues to
fall steeply, decreasing by a factor of ~ 2 when 24.0 < B < 24.5 galaxies are added to
a B < 24.0 sample. Under the assumption of stable clustering, which is still consistent
with observations, a very large proportion (~ 50%) of 24.0 < B < 24.5 galaxies must
be at z > 1.0, and therefore the true brightening of L* at high redshifts can only be
slightly (< 0.5™) less than that in Bruzual's 4 = 0.5 model. We therefore predict that
future spectroscopic surveys will find large numbers of 1 < z < 3 flat-spectrum galaxies
less than 0.5™ beyond the limits reached by the redshift surveys described above.

We conclude that a PLE model with slightly more moderate L* evolution than
Bruzual’s ¢ = 0.5 model could be consistent with the redshift data, the w(§) scaling,
and (at least in a low ¢op Universe) the high number counts.

2.8 The Colour Dependence of w(f) at B = 24.5

The w(f) analysis of a galaxy sample divided by colour may provide information
about galaxy evolution additional to that given by the scaling of w(#) with magnitude
limit. Luminosity evolution in galaxies is always associated with colour evolution, as a
result of the shorter lifetimes of hotter, bluer stars. The colours of the reddest galaxies
in our sample, those with (B — R).q > 1.50, indicate that these are observed while
undergoing little star formation. These ‘passive’ galaxies cannot be much more luminous
than their present-day counterparts, so we would expect the redshifts of the reddest
galaxies to lie approximately within a no-evolution N(z), regardless of the evolutionary
model. Hence the extension of N(z) to high redshifts, and therefore the steep decline in
the w(#) amplitude, predicted by PLE models at B ~ 24 would be associated only with
the galaxies of bluer colours.

To verify whether the colour dependence of w(f) in our galaxy dataset, as well as the
scaling of w(#) with blue magnitude limit, agrees well with a stable clustering PLE model,
we now calculate w(f) separately for red and blue subsamples of our galaxy sample
limited at Bgq = 24.5, and compare our results with the w(§) amplitudes predicted by
our Bruzual PLE model for these two subsamples.

The B.q < 24.5 galaxies on our 12 CCD frames (observed in both blue and red
passbands) were divided into two subsamples — the 701 ‘red’ galaxies with (B — R)ceq >
1.5 and a larger ‘blue’ subsample of 2314 galaxies with (B — R)¢q < 1.5. Galaxies with
B..q < 24.5 not detected at all in the red band were placed in the (B—R).cq < 1.5 subset,
i.e. were assumed to be at R..q > 23.0. This is not unreasonable as our incompleteness
is only significant at Reeq > 23.0 and Beey > 24.5 (see MSFJ). We then calculated w(6)
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separately for the blue and red subsamples, fitting 7%-% power-laws and obtaining field-
to-field errors for the resulting amplitudes, exactly as described in Section 2.3 for the
full magnitude-limited samples.

The red and blue galaxies were found to have significantly differing correlation func-
tions, as shown in Figure 2.7. For the red galaxies we measured

w(8) = (24.156 + 6.907) x 10~*(deg)"*

This is in good agreement with the no-evolution N(z), stable clustering prediction for
all B < 24.5 galaxies.

For the bluer galaxies, we obtained a much lower correlation amplitude of

w() = (5.016 % 3.745) x 107 *(deg)~*®

similar to that of w(f) = (5.56842.157) x 10~*(deg)~%# measured for the full B,y < 24.5
sample, and the Bruzual PLE model prediction at this limit.

The cross-correlation between the red and blue galaxies, taking the red galaxies as
the centres in the calculation, was consistent with zero, being best-fitted by a power-law
of amplitude (—0.134 £ 8.899) x 10™*(deg)~®.

Our analysis therefore indicates, at 2.50 significance (field-to-field errors), that red
galaxies at this limit are more clustered on the sky than are bluer galaxies, and at 2.2¢
significance that the red galaxies are more correlated with each other than with the blue
galaxies.

To compare these results with our PLE model, we must now consider in more detail
the effect of dividing the PLE model N(z) by galaxy colour. In the models of MSFJ,
galaxies were classified into five types with different rest-frame colours, k-corrections and
Bruzual model evolution corrections. We would observe colours as red as (B — R)¢eq >
1.50 for E/SO and Sab galaxies evolving according to the g = 0.5 model in the redshift
ranges 0.01 < z < 0.96 and 0.06 < z < 0.86 respectively. Sbc galaxies, following
Bruzual’s evolution model for spirals, would have (B — R)..q > 1.50 at 0.17 < z < 0.51,
whereas at no redshift would Scd or Sdm galaxies appear as red as this. Hence the red
(B — R > 1.50) galaxies will all be at z < 1, at any magnitude limit, as blue-band
luminosity evolution sufficient to enable z > 1 galaxies to be seen at B < 24.5 would
also shift their colours blueward to (B — R)eeq < 1.5.

The B < 24.5 galaxy N(z) given by our PLE model was divided, using these redshift
ranges, into the separate red and blue galaxy redshift distributions shown in Figure 2.8
(the sharp discontinuities result from the use of only five galaxy colour types). The red
galaxy N(z), with zmean = 0.45, is similar to that given by a no-evolution model at
this magnitude limit, so if clustering is stable, the w(§) amplitude for red galaxies only
should be similar to the no-evolution prediction. The blue galaxy N(z) given by our
PLE model at the same limit of B ~ 24.5 contains hoth late type galaxies at z < 1 and
giant galaxies undergoing their initial starbursts at 1 < z < 3. As blue, star-forming
galaxies would be seen at all redshifts from z = 0 to z ~ 3, the blue galaxy N(z) in our
PLE model is much more extended (with zpeqn = 1.48) than that of the red galaxies.
If the z > 1 blue galaxies correspond to the present-day L ~ L* galaxy population at
earlier epochs, we would expect the intrinsic clustering properties to be similar to the
z < 1 red galaxies, but as a result of their much more extended N(z), the blue galaxies
in a PLE model would give much lower w(#) amplitude than tlie red subsample.

Limber’s formula integration of the red galaxy N(z), assuming ¢p = 0.05 and stable
clustering, predicts a w(#) amplitude of 25.798 x 10~%(deg)~%*, and for the much more
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2.9 Summary and Conclusions

(i) The scaling of the w(8) amplitudes in both the blue and red passbands was
determined from CCD data. The model of pure luminosity evolution described in MSFJ, -
with a Bruzual g = 0.5 model of exponentially decreasing star-formation rate used for
the early types, was found to fit the blue-band w(#) scaling well. A model in which N(z)
maintains a no-evolution form at limits of B,y = 24 and fainter is strongly rejected, if
we assume no evolution of galaxy clustering relative to a stable clustering model.

(i1) Our w(8) results for red-limited samples suggest that some luminosity evolution
is also seen in the red band at R,.g > 22.

(iii) In the B4p < 24.1 redshift survey of LCG and the 22.5 < B < 24.0 redshift
survey of Glazebrook et al. (1993), fewer high-redshift galaxies were found than would
be expected from our Bruzual PLE model, which predicts ~ 50% of galaxies at these
magnitudes to be at z > 1. However, these redshift surveys, being relatively small
and/or incomplete, can only reject the Bruzual PLE model at the ~ 2.50 level. A
model predicting a slightly lower (~ 30-35%) proportion of 22.5 < B < 24.0 galaxies
to be at 2z > 1.0 would be consistent with both the spectroscopic results and the low
w(6) amplitudes, without invoking any departure from stable clustering. Our lower w(6)
amplitude at B..g < 24.50 suggests that, if clustering is stable, the proportion of z > 1
galaxies increases further to ~ 50% at this limit, and therefore the true brightening of
L* at high redshift is only slightly (< 0.5™) less than that in Bruzual’s 4 = 0.5 model.

(iv) Red, i.e. (B—R).q > 1.5, galaxies were found to be significantly more clustered
on the sky than the bluer galaxies at a limit of B,y = 24.5. The high w(6) amplitude of
the red galaxies is similar to no-evolution predictions, indicating that the clustering of
the galaxy population as a whole, or at least that of E/S0/Sab morphological types, has
been approximately stable since the epoch corresponding to z ~ 0.5. The bluer galaxies
possessed a much lower w(8) amplitude, similar to the PLE model prediction, and no
significant cross-correlation was detected between red and blue galaxies.

The simplest explanation of this colour dependence is that the N(z) of blue galaxies
at B < 24.5 is much more extended than both the red galaxy N(z) and that given by
a no-evolution model. In our Bruzual PLE model, the blue galaxy subsample would
consist of star-forming giant galaxies at 1 < z < 3 in addition to late-type galaxies at
lower redshifts, whereas the red galaxies would all lie at z < 1. With stable clustering,
this PLE model gives a very good fit to the w(f) amplitudes of both the blue and red
galaxies in our B,y < 24.5 sample.

(v) We conclude that both the scaling with magnitude limit and the colour depen-
dence of the galaxy w(f) amplitude are most easily explained if the very blue (flat-
spectrum) galaxies appearing at B > 23 are at 1 < z < 3. Flat-spectrum galaxies
would therefore be the progenitors of the present-day giant galaxies, undergoing rapid
star-formation at these earlier epochs as indicated by their colours (Tyson 1988, Koo
1990, MSFJ). An alternative explanation, discussed further in Chapter 3 following, is
that these blue galaxies are at somewhat lower redshifts and very weakly clustered in
comparison to other galaxies.
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Chapter 3

Clustering Evolution and non-PLE Models

3.1 Introduction

In the galaxy clustering analysis of Chapter 2, we found the w(#) amplitude of
faint (23 < B < 25) galaxies to be much lower than predicted by a model without
significant evolution of either the luminosity or the clustering of galaxies. We interpreted
this as indicating a very extended (out to z ~ 3) redshift distribution for galaxies at
these magnitude limits, resulting from strong luminosity evolution at z > 1. We now
consider the other possible explanation for the low w(6) amplitudes — that galaxies were
intrinsically less clustered at earlier cosmological epochs.

Our results are compared with the no evolution N(z) model considered previously,
but combined with a simple model of gravitational clustering evolution. We also de-
scribe models which have been proposed to explain the high number counts through an
increase in the number density of galaxies with redshift, rather than a brightening of the
luminosity L* as in the PLE models. We consider in particular the merging-dominated
model proposed by Broadhurst, Ellis and Glazebrook (1993), and a ‘disappearing dwarf’
model in which the excess blue galaxies lie at low redshifts. We compare these models
with our w(#) results, both the scaling with magnitude limit at 23 < B,y < 25 and the
colour dependence of w(f) at B,y < 24.5. We estimate the extent to which evolution
of clustering is required for non-PLE models with low median redshifts to be consistent
with our w(#) results, and discuss the other constraints which we may be able to set on
non-PLE models when the physical processes of galaxy and clustering evolution are also
considered.

3.2 Clustering Evolution

Consider the three-dimensional correlation function of galaxies in proper (physical)
co-ordinates r as a function of redshift z,

€(r,2) = (=2)7(1+2)70+
The correlation radius rg is the separation, at z = 0, at which the probability of finding
another galaxy is twice than expected from a random distribution. Observations have
indicated a power-law slope v = 1.8, and for galaxies the correlation radius has usually
been found to be 7y ~ 4.0-5.5 h~! Mpc.

Clustering analysis in three dimensions — using redshift data as well as positions on
the sky — has suggested that £(r) may have a somewhat more complicated form than
a simple power-law, but the observed variations in ry with radial separation are largely
smoothed out in the projection of £(r) into w(8), so that w(#) o« 798 remains a good
approximation at the small angular separations (6 < 0.1 deg) considered here (see e.g.
Shanks et al. 1989). Hence in this thesis we normalize our w(§) models with an ‘effective’
ro of 4.3 h™! Mpc determined by fitting the models to the w(#) amplitudes of nearby
galaxies (i.e. the Zwicky catalogue), rather than using ro obtained from ¢(r) analysis.




We now consider the possible change in £(r) with redshift, parameterized here by e.
More complicated models, in which the slope v also changes with redshift, are considered
by Neuschaefer (1992), but here we shall confine our discussion to the evolution of the
amplitude of £(r) on small scales (i.e. r < rp).

In a static Universe, small variations in density would tend to increase exponentially
with time for as long as the the linear approximation Ap << (p) remains valid. However,
as discussed by Peebles (1980), the expansion of the Universe will tend to slow this
process, so that in an = 1 Universe, low-amplitude inhomogeneities will increase with
time only as t2/3 ie. as (1 + z)~1, and the increase will be even slower than this in a
low-¢p Universe.

However, the small separations (r ~ 1 Mpc) probed by our w(8) analysis correspond
to r < rg in the correlation function (), where Ap > (p) and linear approximations
no longer apply. Dense clusters of galaxies will be approximately virialized and evolv-
ing very slowly in physical co-ordinates. If galaxy clustering in general is dynamically
bound and stable at small scales, the clustering pattern will remain fixed in proper co-
ordinates, neither expanding with the Universe nor collapsing. This gives € = 0 in the
£(r, z) formula, with the remaining change as (1 4+ 2)~3 being due to the change in the
background density.

The above equation can also be written as

(ra™) = () Ta"

7'(1_1

where a = (1+2)71, the scale factor of the Universe. In the comoving co-ordinate system
(ra=!) the background density does not change, so a = 0 corresponds to a clustering
pattern fixed in comoving co-ordinates. As o = 3 4+ € — v, for a power-law v = 1.8 the
comoving model corresponds to € = —1.2, and high redshift galaxies are significantly
more clustered than in the stable model. For example, at z = 1 the clustering in the
two models would differ by a factor

Ceomoving(1) _ (5 gy12 _ 9 3

fstable (7)

A comoving clustering model represents the extreme case in which gravity is ne-
glected entirely so that the pattern of galaxy clustering expands with the Universe,
which may be an appropriate assumption when we consider very large scale structures.
We might expect approximately comoving clustering, perhaps even on relatively small
scales, if the mean density is as high as 2 = 1, as this would require the galaxy distribu-
tion to be biased, i.e. more strongly clustered than the underlying distribution of mass.
If @ =1, dark matter must form over 90% of the mass of the Universe, and if this dark
matter is more uniformly distributed than the galaxies, the influence of the gravitational
attraction between the galaxies on the evolution of galaxy clustering evolution will be
diluted. On the basis of the n-body simulations of Davis et al. (1985), biased models of
galaxy formation in an = 1 Universe predict little growth of clustering relative to a
comoving model on scales larger than » ~ 1 h=!Mpe.

However, the observed low w(#) amplitude of faint galaxies obviously does not favour
a comoving model for the small-scale clustering of galaxies — if there is any evolution
relative to the stable model it must be in the opposite direction, as was concluded by
Efstathiou et al. (1991), Neuschaefer (1992), and Couch et al. (1993) from w(f) analysis
of various deep galaxy surveys. Phillipps et al. (1978) considered three simple models
of clustering evolution — comoving, stable and collapsing. Considering a departure from
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stable clustering in the opposite direction, weaker clustering at earlier epochs would
correspond to € > 0 or @ > 1.2. For example, in the collapsing (8 = —1) model
of Phillipps et al. (1978), galaxy clustering collapses at the same rate at which the
Universe expands, giving € = 1.2 and « = 2.4.

Melott (1992) derived a growth rate for £(r) of @ = 6/(n + 5), where n is the index
of the assumed primordial power-spectrum, P(k) < k", and obtained growth rates for
small-scale clustering in good agreement with this formula from numerical simulations
of gravitational clustering evolution in an € = 1 Universe. For n = 0 clustering is
approximately stable, whereas increasingly negative values (more power on large scales)
result in increasingly rapid growth rates. Melott (1992) favoured n = —1 as the P(k)
index most appropriate on small scales, which would give a more moderate growth rate
of € ~ 0.3. The more extreme (¢ = 1.2) collapsing model of Phillipps et al. (1978) would,
on the basis of Melott’s formula and simulations, require n < —2. Therefore it seems
reasonable to regard € = 1.2 as an upper limit to clustering growth rates produced by
gravitational collapse.

We now predict, using Limber’s formula, the w(6) amplitudes expected for our no-
evolution redshift distributions, with the addition of an € = 1.2 evolution of clustering.
Figure 3.1 shows this model, together with the w(#) results and stable clustering models
from Figure 2.3. It is clear that adding € = 1.2 clustering evolution to a non-evolving
model has much less effect on the predicted w(8) amplitude of 23 < B < 25 galaxies
than does strong L* evolution. Galaxies with a no-evolution N(z) would need to be
clustered only about ~ % as strongly as present-day galaxies (with ro ~ 4.3 h™'Mpc
and a stable clustering model assumed), to give the observed low w(f) amplitude at
B = 24.5. At the relatively moderate redshifts of the no-evolution N(z), (ie. z ~ 0.4),
this would require extremely rapid (¢ > 3) clustering evolution, far more than would be

expected from simple gravitational evolution.

However, in addition to the possible effects of luminosity evolution and gravitational
clustering evolution, it has been suggested that the influence of environment on the star-
formation histories of dwarf galaxies might also affect the w(f) scaling. For example,
Babul and Rees (1992) suggested that some dwarf galaxies might begin forming stars
at relatively late epochs, and that when this occurs in low-density regions, the first
wave of supernova explosions may be sufficient to blow away the entire gas content
of the dwarf galaxy. This would prevent further star-formation, so the dwarf galaxy
would fade rapidly after its initial starburst. Whereas, when dwarf galaxies form in
dense clusters the much higher pressure of the surrounding intergalactic medium might
contain the gas within the dwarf galaxy and allow star-formation to continue. Hence
in this model, the ‘unclustered’ dwarfs ‘self-destruct’ and fade from view while those in
clusters survive to the present day. The gradual disappearence of an intrinsically weakly
clustered population of galaxies could have the same effect on the w(8) scaling as a rapid
growth of the strength of clustering of all types of galaxy, and may produce an effective
rate of clustering evolution exceeding ¢ = 1.2, even if the clustering of each separate
galaxy population remains approximately stable.
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Figure 3.1 Galaxy w(6) amplitudes obtained from the AAT photographic surveys of Jones et al. (1987),
Infante (1990), and Koo and Szalay (1984), from the UKST data of Stevenson et al. (1985), and from the 12
CCD frames of our B.q < 25.0 survey (RSMF). These are compared with the predictions of a non-evolving
model (upper solid curve), and our Bruzual PLE model (lower solid curve), over a over a range of blue
magnitude limits, with stable clustering. The dotted line shows the no-evolution model with the addition of
€ = 1.2 evolution of the clustering. All three models shown here assume ¢o = 0.05 and z,q4; = 4.
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3.3 Merging Models

Up to this point we have simply represented models in which galaxy evolution is
dominated by merging as producing a no-evolution redshift distribution. However, the
stellar populations within merging galaxies are undergoing spectral evolution, as in PLE
models, but were distributed amongst a larger number of smaller galaxies at earlier
epochs. In comparison to galaxies in a PLE model, the smaller masses and correspond-
ingly lower luminosities of merging galaxies reduce the redshift to which they are visible
at a given magnitude limit, and consequently N(z) will tend to be less extended, but
will not necessarily be identical to a no-evolution N(z).

The merging process incorporated into the models of Broadhurst, Ellis and Glaze-
brook (1993, hereafter BEG) is essentially the ‘M* — ¢*’ evolution initially proposed by
Rocca-Volmerange and Guiderdoni (1990), to enable the high galaxy counts of Tyson
(1988) to be accomodated in an @ = 1 Universe. In models of this type, discussed in
more detail by Guiderdoni and Rocca-Volmerange (1991, hereafter GRV), the faint-end
slope of the luminosity function remains constant, but the comoving number density
increases as a function of look-back time

¢*(t) = f(t)do
The characteristic mass of the galaxy mass function decreases as
M*(t) = f(t)"' Mg

so as to conserve the comoving mass density of galaxies. The (L*/M*) ratio increases
with redshift — exactly as L* increases in a PLE model - as a result of the younger
stellar populations and/or more rapid star-formation at earlier epochs. The ‘GRV’
merging models incorporated a range of exponential timescales for SFR evolution ranging
from 1 Gyr for E/SO types to 10 Gyr for Sdm types — very similar to those in the
spectral evolution models of Bruzual (1981) and Bruzual and Charlot (1993) — but the
more simplified ‘BEG’ model used a single mean timescale for the blue-band (L*/M*)
evolution of all galaxy types.

It must be emphasized that, whereas the brightening of (L*/M*) with redshift in
Bruzual-type models 1s derived from the reasonably well-understood physical processes
of stellar evolution, the merging models of GRV and BEG are not based on any physical
model of the merging process, being merely parameterizations of the change in ¢* and «
with redshift which have been adjusted to fit the observed number counts and redshift
distributions. An alternative and complementary approach is to simulate the entire
physical process of the formation, merging and spectral evolution of galaxies from the
early Universe to the present day, within a chosen cosmological model, and from the
luminosity function of the galaxies in different time stages in these models derive number
counts and redshift distributions to compare with observations. Some recent attempts
to do this are described by White and Frenk (1991), Carlberg and Charlot (1993), Lacey
et al. (1993) and Cole et al. (1994). We discuss the results of these physical merging
models later, in Section 4.8, after first considering the simple parametric models.

In the ‘BEG’ model, both f(t) and (L*/M*)(t) were parameterized as exponential
increases with look-back time, and for = 1 BEG found the number counts and N(z)
observations to be best fitted if the (L*/M*) evolution and the merging both followed
T =0.25 Hy! timescales.

As these timescales are the same, the blue-band L* remains constant — the effects of
merging (M* decreasing with z) and spectral evolution (L/M increasing with z) cancel
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out. As only ¢* then increases with look-back time in the ‘BEG’ model, it can be
described as a pure density evolution model (for a blue-limited sample).

The mean K-band luminosity of the galaxies is more sensitive to the change in mean
galaxy mass than to increased star-formation activity, so L} might decrease with redshift
in a merging-dominated model. Hence a K-limited redshift survey might be a good test
of merging-dominated models, as these would predict that zy,eqan would be even lower
than the non-evolving prediction, for a sufficiently deep I-limited sample (see BEG).
However, K(-band observations with optical spectroscopy have yet to reach the depths
required (K ~ 20) to determine whether or not this is the case.

The ‘M* — ¢*’ evolution in the ‘BEG’ model is actually very extreme — each present-
day galaxy would have existed as, on average, 5.6 pre-merging ‘fragments’ at z = 1 and
this ‘breakup’ totally cancels out the effects of enhanced star-formation on the blue-band
L*. On the other hand, in the GRV version the galaxies are broken up into only 2.8
fragments at z = 1, and with this more moderate rate of merging some brightening of
L* with redshift can still occur.

We represent the ‘BEG’ model here using our non-evolving model, with the same
k-corrections and z = 0 luminosity functions as previously, but a density normalization
increasing as

¢3 = doexp(4T(2)/Hy' ")

where look-back time.
2 _ _ays
T(:) = SHy' (1~ (14 2)7)

for go = 0.5. For this model we assume ¢go = 0.5 in the modelling of N(z) and w(),
as the merging model fits the number counts with this value. The resulting redshift
distributions are shown in Figure 3.2. As density evolution increases the normalization
of a non-evolving N(z) by a larger factor in its high-redshift tail, the mean redshift
is somewhat higher than for the non-evolving model, increasingly so at fainter limits.
However, even to B = 25 the merging model N(z) is much less extended than that
produced by pure luminosity evolution, with most of the number count excess at z < 1

rather than at 1 < z < 3.

Figure 3.3 shows the observed w(8) amplitudes together with three models, all com-
puted using ¢ = 0.5.

(i) The no-evolution model.
(ii) The ‘BEG’ merging model with stable clustering.
(1) The ‘BEG’ merging model with the addition of e = 1.2 clustering evolution.

In comparison to the ¢p = 0.05 non-evolving model (shown on Figure 2.3), a higher
qo increases the predicted w(#) amplitude slightly at faint limits, as a result of the smaller
angular diameter distances of high redshift galaxies, but the go-dependence is weak for
non-evolving models as most B < 25 galaxies are still at z < 1.

The addition of even the ‘BEG’ model’s very rapid ¢* evolution to a non-evolving
model clearly has much less effect on the w(f) amplitudes than does the strong L* evo-
lution in the Bruzual models, although both enable the number counts to be fitted.
Neither gravitational clustering evolution nor density evolution alone appear to be able
to explain the low w(f) amplitudes. A model combining the two processes, as shown
here, can predict w(f) amplitudes at faint limits sufficiently low to be at least marginally
consistent with observations, but could be regarded as rather extreme. Only if the co-
moving number density increases with redshift at the maximum rate allowed by the
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number counts, and galaxy clustering becomes stronger with time at about the maxi-
mum rate predicted by any gravitational model, is it possible to explain the low w(8)
amplitudes without significant evolution of L*, and the resulting model still appears to
fit the overall scaling of w(6) over the whole 19 < B < 25 range less well than a stable

clustering PLE model.
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Figure 3.2 Redshift distributions predicted by the ‘BEG’ pure density evolution model, with go = 0.5,
for a range of blue magnitude limits from Beca < 22.0 to Beea < 25.0.
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Figure 3.3 Galaxy w(f) amplitudes obtained from the AAT photographic surveys of Jones et al. (1987),
Infante (1990), Koo and Szalay (1984), from the UKST data of Stevenson et al. (1985), and from the 12
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line), and the ‘BEG’ pure density evolution model with the addition of € = 1.2 evo

lution of the clustering
(dashed line). All three models shown here assume ¢o = 0.5 and 2,4, = 4.
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3.4 Constraints from the Colour Dependence of w(6)

We found in Chapter 2 that the steep decline of the w(f) amplitude as a function
of magnitude limit between B ~ 23 and B ~ 25 was well fitted by a PLE model with
stable (¢ = 0) clustering. We also found in Section 2.8 that the low w(6) amplitude at
B ~ 24.5 was associated only with the bluer galaxies in the sample, while the redder
galaxies were clustered as strongly as the no-evolution prediction, again as predicted by
a stable clustering PLE model.

However, in Section 3.3 above, we found that the scaling of w(8) amplitudes with
magnitude limit might also be consistent with a very different model — pure density
evolution — if the assumption of stable clustering is relaxed, although the required clus-
tering evolution is very rapid. Hence the scaling of w(#) with magnitude limit may not
be sufficient in itself to rule out non-PLE models. We now consider whether the ob-
served colour dependence of w(§), which is explained very well by PLE models, can help
to exclude or at least set additional constraints on non-PLE models.

In a model of galaxy evolution dominated by merging (e.g. the ‘BEG’ model),
the ‘excess’ blue galaxies would be those galaxies undergoing bursts of star-formation
triggered by merging. Each merger would cause a blue galaxy to ‘appear’ amongst
red galaxies, and then gradually redden again over much longer timescales after the
merger/starburst. In merging-dominated models we might expect the intrinsic clustering
properties of blue and red galaxies to be fairly similar, and we would also expect blue
galaxies to be intrinsically as correlated with red galaxies as the red galaxies are with
each other. The excess blue galaxies at B ~ 24.5 would lie at lower redshifts in a merging
model than in a PLE model, resulting in more similar redshift distributions for blue and
red galaxies. Hence merging models would predict less difference in w(#) amplitudes
between red and blue galaxies than would PLE models, and would also predict a cross-
correlation between the red and blue galaxies similar in amplitude to the w(8) of the red
and blue galaxy subsamples.

We assume for now that red and blue galaxies possess the same intrinsic clustering
properties, not being segregated into ‘separate populations’, and consider in more detail
the ‘BEG’ density evolution/merging model. Dividing the N(z) given by this model at
a B < 24.5 limit by colour, assuming the evolution of galaxy colours with redshift to be
the same as given by the Bruzual models, gives the redshift distributions shown in Figure
3.4. Limber’s formula integration of these two redshift distributions, with ¢o = 0.5 and
¢ = 1.2 clustering evolution, predicts a w(§) amplitude of 28.069 x 10~*(deg)~%® for the
red galaxies and 7.822 x 107*(deg)~%® for the blue galaxies.

As a result of the rapid merging process, the excess blue galaxies in the BEG model
generally lie at lower redshifts than in a PLE model. However, N(z) for blue galaxies
in the BEG model is still significantly more extended (zyeqn = 0.78) than that of the
red galaxies (zmeqn = 0.41), at limits as faint as B = 24.5. This results from the effect
of the strong density evolution on blue late-type galaxies, which dominate the sample
at 0.5 < z < 1.2 as a result of their small k-corrections, increasing their numbers in this
redshift range. In combination with strong clustering evolution, reducing the amplitude
of £(r) by a factor of ~ 2.3 at z = 1, this strong density evolution can produce a
significant colour dependence of the w(#) amplitude, which is less than that predicted
by the PLE model, but sufficient to be consistent (x* = 0.88) with observations.

Furthermore, even if red galaxies are intrinsically as correlated with blue galaxies as
they are with each other, as might be expected in a merging model, the ‘mismatch’ of the
redshift distributions would reduce the observed (projected) cross-correlation between
the two subsamples to an amplitude lower than the red galaxy w(8). As our 20 upper




limit on the cross-correlation amplitude, 17.664 x 10=*(deg) =8, is only 27% lower than
our red galaxy w(f) amplitude, merging models in which the blue galaxy N(z) is even
moderately more extended than the no-evolution form (eg. with zjpeen = 0.78 as given
by the ‘BEG’ model) may still be consistent, within the large statistical errors, with our
failure to detect any cross-correlation between red and blue galaxies.

However, if we simply divide the no-evolution N(z) for B < 24.5 galaxies by expected
colour, the resulting redshift distributions for blue and red galaxies are quite similar,
as shown in Figure 3.5. With extremely rapid clustering evolution of € = 3, about
the minimum necessary for a no-evolution N(z) to be consistent with the low w(8)
amplitude of all B < 24.5 galaxies, Limber’s formula integration of the no-evolution
redshift distributions gives 16.862 x 107*(deg)™9® for the red galaxies and 10.495 x
10~*(deg) %8 for blue galaxies, much less of a dependence on colour than is observed.
Hence if both blue and red galaxies lie within a no-evolution N(z) at this magnitude
limit, we would require that either:

(1) The rates of clustering evolution must differ greatly between types of galaxy, with
extremely rapid (e > 3) growth of clustering for blue galaxies but approximately stable
clustering (e ~ 0) for red (passive) galaxies. However, it does not seem plausible that
gravitational evolution of the clustering could be so strongly dependent on the properties
of the galaxies involved, or as rapid as ¢ = 3 for any form of galaxy.

(i1) Most of the blue galaxies producing the excess in the number counts at B ~ 24
must be members of an additional population of blue dwarf galaxies (‘hidden’ within
the no-evolution N(z), but no longer visible at the present day) which are intrinsically
much less clustered than other galaxies and uncorrelated with the redder galaxies at the
same redshifts. We discuss this possibility in more detail in Section 3.5 below.
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3.5 Low Redshift Dwarfs vs. High Redshift Giants at B ~ 24.5

Although our w(f) results may be insufficient to exclude the ‘BEG’ merging model
if we allow the possibility of very rapid (e > 1.2) clustering evolution, there are consid-
erable doubts about whether clustering could evolve as rapidly as this, particularly in
combination with merging. Roukema and Yoshii (1993) recently found that in their N-
body simulations, galaxy merging slowed the growth of clustering — a relatively moderate
process of merging, giving an approximately ¢* o< (1 + z) density evolution, resulted in
clustering evolution of e = —0.4+0.3 — i.e. clustering which is stable or slightly stronger
at earlier epochs, whether the power spectrum is n = 0 or as negative as n = —2.

If these models of clustering evolution combined with merging are correct, the w(6)
results would quite definitely exclude the ‘BEG’ merging model (see the ¢ = 0 ‘BEG’
model in Figure 3.3). Furthermore, as we shall discuss in more detail in Section 4.8, the
rapid merging in the ‘BEG’ model acts on all galaxies equally, those of high luminosity
(L ~ L*) as well as dwarfs. It is difficult to reconcile such a rapid merging of L ~ L*
galaxies at relatively recent epochs with the observation that the majority of present-day
L ~ L* galaxies possess spiral arms and thin disks, which would have been disrupted by
recent major merging events.

It might seem that a model in which late starburst processes cause a population of
unclustered low-redshift dwarf galaxies to dominate the galaxy counts at B > 23 but
‘disappear’ at brighter magnitudes might be able to explain the high number counts and
the low w(#) amplitude of faint blue galaxies, more easily than merging models for the
following reasons:

(1) No drastic departure from stable clustering for each galaxy population is required
to give the steep w(8) scaling, which would result instead from a change with magnitude
limit in the ratios of two populations with different clustering properties.

(i1) Even if red and blue galaxies lie at the same redshifts at B ~ 24, we can explain
a strong colour dependence of w(f) if the environment in which a dwarf galaxy forms
influences its luminosity evolution and therefore its colour, so that the galaxy populations
which are seen with red and blue colours at = ~ 0.4 possess significantly different intrinsic
clustering amplitudes. A difference in 7y hetween the two galaxy populations at all
redshifts since the time of their formation seems more physically plausible than requiring
more rapid gravitational clustering evolution for the bluer galaxies — instead it is the weak
clustering of the blue dwarf population which causes their rapid luminosity evolution
between z ~ 0 and z ~ 0.5, and therefore their very blue colours at the z ~ 0.4 redshifts
where they are bright enough to be seen.

(iii) If the blue galaxies producing the excess in the number counts at B > 23 can
‘disappear’ from shallower surveys through a ‘self-destruction’ process in which they
remain physically separate from the ‘normal’ galaxies which survive to the present day,
the total number density of galaxies could decrease greatly between z ~ 0.4 and z = 0
without producing any changes in the ‘surviving’ galaxies, whereas the removal of the
excess galaxies through physical merging into the ‘surviving’ galaxies could alter their
colours and morphologies to an extent which might be in conflict with the observed
morphologies and colours of galaxies at the present day.

With many free parameters (i.e. different clustering strengths for different galaxy
populations), a ‘disappearing dwart’ model of this type, cannot easily be excluded by
w(f) analysis in the absence of complete redshift data. However, our results provide
additional constraints on such models - requiring that if N(z) still has a no-evolution
form at B < 24.5, the disappearing dwarf population must be very weakly clustered,
and would have to comprise at least ~ 50% of all galaxies seen at B ~ 24 (i.e. most or

58



all of the excess in the number counts) to reduce the overall w(6) amplitude sufficiently,
ie. to ~ % the non-evolving prediction. A sufficiently large population of unclustered
low-redshift dwarfs to explain the w(f) scaling and number count excess would have to
undergo a very extreme degree of fading in the blue band since z ~ 0.35 epochs to fit
within the present-day luminosity function of galaxies. If these galaxies instead merged
into ellipticals, the blue stellar populations in these dwarfs would still have to fade very
rapidly, or the present-day colours of ellipticals would be bluer than observed.

According to Dalcanton (1993), if all the excess in the galaxy number counts at
B ~ 24 was made up of dwarf starburst galaxies with redshifts as low as the no-evolution
N(z), their stellar populations would have to fade by AB =~ 3.5™ between z ~ 0.35 and
the present day, regardless of whether these dwarf galaxies subsequently ‘self-destructed’
or merged with larger galaxies. Even for a galaxy forming all its stars in a single
burst, such rapid fading would not be possible unless the Initial Mass Function of the
stellar population generated in the starburst was extremely ‘top-heavy’, with a power-
law closer to (M) oc M~%3% than to the ‘normal’ (M) x M~%3% IMF. An initial burst
population formed with a ‘normal’ IMF would take at least 9 Gyr after the halting of
star-formation to fade by AB ~ 3.5™. Hence if all galaxies possess the normal IMF,
then starbursting blue galaxies at z < 1 can only account for part of the excess in the
number counts.

Large numbers of ‘disappearing dwart” galaxies at redshifts of z ~ 1 or higher, with
the same IMF's as other galaxies but with much longer timescales in which to fade, do
remain a possibility. However, these would only be seen at rather fainter magnitudes of
B ~ 27 (see Chapter 4). Any z > 1 star-forming galaxies with apparent magnitudes as
bright as B ~ 24 would be much more massive and intrinsically luminous objects — the
progenitors of present-day giant ellipticals and spirals, rather than starbursting dwarf
galaxies destined to fade to invisibility.

Both the w(f) results and considerations of stellar evolution timescales suggest
strongly that, unless positive evidence is found for either large numbers of weakly
clustered blue dwarf galaxies undergoing starbursts with ‘top-heavy’ IMFs, and/or for
a combination of large amounts of recent merging with a rapid growth of clustering
(i.e. € > 1.2), most of the excess blue galaxies at B ~ 24.5 must lie at high redshifts
(1 < z<3), as predicted by our PLE model.

?

3.6 Summary and Conclusions

(i) As alternatives to pure luminosity evolution models, we considered clustering
evolution and an increase in ¢* with redshift as possible explanations for the low w(6)
amplitude of B ~ 24.5 galaxies. Both processes were found to have relatively small
effects on w(#) in comparison to those of strong L* evolution at high redshifts. However,
a combination of very rapid clustering evolution (¢ = 1.2) with very rapid ¢* evolution
(an exponential increase with 7 = 0.25H 1) could reduce the w(#) amplitude at B ~ 24.5
sufficiently to be consistent with observations, although this fits the overall scaling of
w(f) over the 19 < B < 25 range less well than the Bruzual PLE model.

(ii) If rapid merging processes convert the lnminosity evolution caused by increased
star-formation activity into an effective density evolution, as in the ‘BEG’ model, the
excess blue galaxies will lie at somewhat lower redshifts (0.5 < z < 1 rather than
at 1 < z < 3). However, the blue galaxy N(z) given by this pure density evolution
model still extends somewhat more deeply than either a no-evolution N(z) or the N(z)

of red galaxies, at limits as faint as B ~ 24.5. Although the colour dependence of
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N(z) 1s much less in the ‘BEG’ model than in the Bruzual PLE model, the addition
of clustering evolution will increase its effect on w(#). With the addition of ¢ = 1.2
clustering evolution, the ‘BEG’ model predicts a colour dependence of the w(6) amplitude
which, although less than that predicted by a PLE model, is sufficient to be consistent
with our results within the statistical errors. Furthermore, the more extended N(z)
for blue galaxies in the ‘BEG’ model may enable this merging-dominated model to
remain consistent with our upper limit on the cross-correlation between the red and
blue subsamples.

However, it is clear that all our observations — the dependence of w(f) on colour,
the lack of a red galaxy/blue galaxy cross-correlation, and the steep scaling of w(8) of
all galaxies with magnitude limit — are most easily explained if the excess faint blue
galaxies lie at high redshifts. As pure density evolution models predict these galaxies
to be at lower redshifts than do PLE models, they inevitably explain our results less
easily than PLE models, requiring very rapid clustering evolution to be even marginally
consistent with observations. If, as argued by Roukema and Yoshii (1993), merging
processes would slow the growth of clustering, giving € < 0, our w() results can exclude
merging-dominated pure density evolution models, and require either strong L* evolution
at z > 1, or strong density evolution caused by the rapid fading of an unclustered blue
dwarf population.

(1i1) Our results are only consistent with a no-evolution N(z) for the blue galaxies at
B ~ 24.5 if they belong to a separate ‘blue dwart’ population, intrinsically very weakly
clustered and uncorrelated with ‘normal’ galaxies at the same redshifts. With a no-
evolution N(z), these unclustered galaxies would have to comprise at least ~ 50% of the
galaxies seen at B ~ 24.5 (i.e. most or all of the excess in the number counts) to produce
the observed low w(f) amplitude, and to ‘disappear’ from shallower B < 22.5 surveys
where the w(6) amplitude is ‘normal’. Being neither the progenitors of present-day giant
galaxies, nor their pre-merging components, these blue dwarf galaxies must instead have
faded to invisibility after undergoing starbursts.

However, if the entire number count excess is made up of galaxies undergoing star-
bursts at redshifts within the no-evolution N(z), it is doubtful whether these galaxies
could fade sufficiently within the relatively short period of time since z ~ 0.35 epochs
to fit within the present-day luminosity function and colour distribution of galaxies (see
Dalcanton 1993). Such rapid fading would only appear to be physically possible if these
low-redshift starburst galaxies formed stellar populations with an extremely ‘top-heavy’
Initial Mass Function compared to the (M) oc M =235 IMF of other galaxies. When
both the low w(6) amplitudes of faint blue galaxies and the timescales of stellar evolution
are taken into account it seems more probable that most of the very blue galaxies seen
at B ~ 24 are starbursting at much higher redshifts (1 < z < 3), giving an extended
N(z) for blue galaxies much closer to that predicted by PLE models.

60




Chapter 4

Galaxy Clustering and Counts to B = 27

4.1 Introduction

In this chapter we extend our analysis of faint galaxy clustering to B,y4 = 27.0,
using a sample of 1442 galaxies detected on a single CCD frame to this limit. The
data consisted of a large number of short (25-30 minute) exposures on the INT, stacked
together to give an image with a total effective exposure time of 21 hours. Our survey
reached even fainter limits than the previous deep CCD survey of Tyson (1988), although
covering a smaller area. The surface density of detected faint galaxies reached 3 x
10°deg™2, with the differential number counts continuing to rise as i(%l ~ 0.3 at our
faint limit.

Here we calculate a w(6) amplitude for the galaxies on this deep image, again with
the aim of investigating the redshift distribution. We compare this with our w(f) results
from the B,y < 25.0 survey discussed in the previous two Chapters, and with the results
of the Efstathiou et al. (1991) analysis of the galaxy clustering on the deep Tyson (1988)
CCD frames, at an intermediate limit of B = 26.

In Chapter 2 we discussed the steep fall in w(6) amplitude observed for magnitude
limits in the range 23 < B < 25. We now examine the possibility that the w(8) scaling
levels out at a minimum amplitude, which would indicate that galaxies are seen out to
their maximum redshifts, at magnitude limits of B > 24.5. This might be expected if
galaxies undergo the strong L* evolution already implied by the steep decline in w(8)
amplitude at 23 < B < 24.5. The minimum amplitude reached by w() would depend
on ¢o and on the maximum redshift, hence we compare the observed 24.5 < B < 27.0
w(f) amplitudes with those expected for a range of values of these parameters.

Once the maximum redshift has been reached, N(z) cannot become any more ex-
tended at even fainter limits, and so the differential number counts of galaxies can only
continue to rise beyond this point with a gradient following the faint-end slope of the
luminosity function. For the faint end slope of @ = —1.25 typically seen locally, PLE

models predict that the steep counts gradient of %} ~ (.5 seen at B ~ 24 should

flatten to only ﬂl(lo—iw ~ 0.1 at B ~ 26. However our deep count data show a steeper
slope of 202s1) o~ 0.3 at 25 < B < 27.5.

As possible explanations for this discrepancy, we then consider — taking into account
both the number counts and w(#) scaling — the ‘BEG’ pure density evolution/merging
model, and an alternative model combining Bruzual’s L* evolution with a steepening
with redshift of the faint-end slope of the luminosity function. Finally, we discuss the
results of new physical simulations of galaxy formation and merging.

4.2 Observational Data

The observational data discussed in this Chapter consisted of a total of 60 individual
25-30 minute exposures of a single field, obtained using the RCA CCD camera at the
prime focus of the Isaac Newton Telescope. This configuration is the same as that used
for the B,y < 25.0 survey of MSFJ, giving a pixel size of 0.74 arcsec, and the field
chosen was the same as Field 13 of the earlier survey, centered on
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RA = 00%20™00°, Dec = 00°02'58" (equinox 1950.0).
In equinox 2000.0 co-ordinates this is
RA = 00"22™33.79%, Dec = 00°19/35.8".
Galactic longitude and latitude are 107.57° and —61.68° respectively.

The reduction of this data is described in more detail by Metcalfe, Shanks, Fong and
Roche (1994). The individual CCD exposures were stacked to give a single CCD frame
with an effective exposure time of approximately 21 hours, and an area of 0.0950 x 0.0545
deg (i.e. slightly smaller than each frame in the B < 25.0 survey). On this area, 1595
images were detected to an estimated 3o limit of B.,y = 27.0. However, the dataset
used for this w(f) analysis excluded four 41 x 41 pixel areas centred on bright stars, as
these could have been contaminated by spurious faint images. This reduced the number

of objects in our dataset to 1442, within the remaining area of 4.927 x 10~ 3deg?.

The surface density of these galaxies, 2.93 x 10°deg™2, is a factor of 5.1 greater than

was detected to B..g = 25.0 in our earlier survey. These very high number counts are
discussed further in Section 4.6. A further 689 images were detected at 27.0 < B,y <
27.5, but these are not included in the w(f) analysis, as spurious detections, patchy
incompleteness, sensitivity gradients etc. may become serious faintward of the 3o limit
and w(#) would be quite sensitive to such effects.

Simulations of deep CCD images were generated, using our ¢o = 0.05 PLE model, in
order to test the image detection routines etc., as described in more detail by Metcalfe
et al. (1994). The results suggested that less than 5% of our B.,q < 27.0 images are
spurious noise detections, but also that our incompleteness exceeds 10% faintward of
B..q = 24.5 and may be as high as ~ 40% in the 26.5 < B,y < 27.0 interval. Metcalfe
et al. (1994) concluded that this data is reasonably reliable (i.e. that almost all detected
galaxies are genuine) to the 30/Bq = 27.0 limit, and that the true surface density of
B < 27.0 galaxies is ~ 4 x 10%deg 2.

4.3 Calculating w(8) and Estimation of Errors

The correlation function w(f) of the 1442 galaxies on the deep CCD frame was
calculated as described in Section 2.3 for the less deep frames, with the number of
random points used in the analysis (/V;) increased to 30000 so as to remain much larger
than the number of real galaxies (Ny). The random points were scattered over the deep
frame area, excluding the four ‘holed’ areas swrrounding bright stars. The integration
used to estimate the integral constraint (see Section 2.3) gave C' = 17.5A4, which is
slightly higher than the value of 16.1 used for the MSFJ data as a result of the slightly
smaller area of the deep frame.

As our deep dataset consisted of ouly one field, we cannot, as previously, derive
errors for each w(#,) value and the fitted w(§) amplitude from their observed field-to-
field variation. We therefore devised a simple clustering simulation program which could
be adjusted by trial and error to generate a set of 1442 (x,y) co-ordinates with a simlar
w(#) to the data, and then run repeatedly so that statistical errors could be estimated
from the variations in w(f#) within a series of simulations. The program generated a
six-level hierarchy of clustering, using the methods described by Shanks (1979), except
that only 1 in 10 of the clustered points generated by the simulation was included in
the simulated dataset so as to weaken the clustering to a similar level as seen in the real
data.

We then calculated w(f) from 8 simulated datasets, obtaining a mean simulation
w(B,) with a simulated field-to-field error given by the scatter in the 8 w(f,) values at
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each angular separation 6,,. The function ‘A(67%% —17.5)" was fitted to the w(#) of each
of the 8 simulated fields, using the simulated field-to-field error bars for weighting, to
give a set of 8 amplitudes A. The field-to-field error on the amplitude obtained from
a single-field sample can then be estimated as the oy,_; standard deviation of these 8
simulated field w(6) amplitudes, giving +1.525 x 10~%(deg) 8.

The error bars from the simulations were then assigned to the w(#8,) values from
the real data, and used in weighting a least-squares fit of the function ‘A(67%8 — 17.5)’,
which gave the w(§) amplitude of our real B,y < 27.0 galaxy dataset as

w(8) = (2.791 & 1.525) x 10~*(deg) 0.

4.4 w(8) Results at 24.5 < B < 27.0

Figure 4.1 shows w(§) calculated from our B,y < 27.0 data, with the simulated
field-to-field error bars and the fitted power law 2.791 x 1074(§=08 — 17.5),

Contamination of the data by randomly distributed noise images would dilute the
clustering of real galaxies, but as noise detections are thought to comprise < 5% of
the images at this limit, the resulting underestimation of the true w(8) amplitude will
not exceed ~ (1 — 0.95%2) ~ 10%. Hence the real galaxies at these faint limits must be
clustered on the sky very weakly — if we assume the simulation error to be reasonably
accurate, our detection of any clustering above w(#) = 0 is only ~ 20 for the small
area of the survey. However, our B, < 27.0 result is also similar to, and within 1o of,
the w(#) amplitudes we measured at considerably brighter limits of B,y = 24.75 and
Beea = 25.0, ie. (4.127 £ 2.209) x 107%(deg)™%® and (4.214 £ 2.044) x 10~ *(deg) 08
respectively.

The deep CCD survey of Tyson (1988) is intermediate between our By < 25.0
and Bgg < 27.0 data in both depth and area, covering 107 arcmin? (equivalent to
approximately 5 of our frames), on 12 small CCD frames.

Efstathiou et al. (1991) analysed the clustering of the 3631 galaxies with 24.0 <
Bj; < 26.0 detected in the Tyson survey. After correction for the integral constraint,
w(f) was estimated as 0.0191 & 0.006 (field-to-field errors) for an interval of angular
separation centred on 30 arcsec. For a §7%#% power-law, this corresponds to

w(8) = (4.157 + 1.303) x 10~*(deg)~08,
almost identical to our results at Boog = 24.75-25.0 limits. Efstathiou et al. (1991) sim-

ilarly interpreted their results as suggesting that N(z) for 24 < B < 26 galaxies extends
out to z ~~ 3, and that small-scale galaxy clustering 1s stable rather than comoving.

Figure 4.2 shows the w(§) amplitudes from our deep survey and the Tyson (1988)
data, together with the B < 25 results discussed earlier. The non-evolving and PLE
models plotted here show the effects of varying ¢o, and the cut-off redshift discussed in
Section 4.5 following.

Neuschaefer (1992) examined the clustering of galaxies on another CCD survey
reaching B ~ 25, and also concluded that w(8) for 24 < B < 25 galaxies was significantly
lower than predicted by models without evolution of either luminosity or clustering. As
the galaxies were divided into magnitude slices and w(8) fitted with varying power-laws
(not 8798, the Neuschaefer results are difficult to compare exactly with our own, and
are not plotted on this graph. However, the Neuschaefer (1992) w(8) appeared to reach
a minimum at magnitudes of B ~ 24.5-25, where its value at 1 arcmin separations is
approximately 0.02, corresponding to w(f) ~ 7.5 x 10™*(deg) ¥ for a 708 power-law,
and although Neuschaefer’s w(f#) amplitude at B ~ 25 appears to be a little higher than

63



our result, the general trend in w(#) amplitude with magnitude limit is obviously similar
to that seen in our own data.

In summary, while the statistics.on w(6) estimates for B > 24 galaxies are poor at
present, the combination of all available data does suggest that the w(8) amplitude as a
function of magnitude limit falls steeply in the range 23.0 < B < 24.5, but at B~ 25 a
minimum value of w(#) ~ 4 x 10~%(deg)~%# is reached. As the statistical errors on w(f)
from our single deep field are large, the most significant indication of this trend may be
given by the comparison of our B,q < 25.0 results with those from the Tyson fields.
We assume for now that a levelling out of the w(8) scaling is genuinely observed, and
discuss the interpretation of this result in the following Section.
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Figure 4.1 The angular correlation function w(#) of the B.q < 27.0 galaxies on the deep 21hr CCD
frame, shown with error bars from simulations and the fitted function ‘A(7%8) — 17.5".
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4.5 Interpretation of the 24.5 < B < 27.0 w(d) Results

If galaxies undergo strong luminosity evolution at high redshifts, as in Bruzual’s
PLE models, with the effects on N(z) produced by any merging processes being much
less significant, the observed w(#) scaling is exactly as would be expected. In such
models, giant early-type galaxies in their initial phases of rapid star-formation would
become visible at 1 < z < 3 within a fairly narrow range of magnitude limits centred
on B ~ 24 (see Figure 1.5). Consequently, the w(f) amplitude declines steeply in this
range. However, once a magnitude limit is reached where galaxies are seen out to their
maximum redshifts, N(z) cannot become any more extended on going to even fainter
limits, and so the w() scaling levels out at a minimum amplitude.

In Figure 4.2 we compare the observed w(f) amplitudes with our PLE model pre-
dictions for zmar = 4, Zmaez = 3 and zmqez = o0 (i.e. no-cut off), with both ¢o = 0.5 and
qo = 0.05. In our PLE models with 3 < zp,4, < 4, galaxies would become visible out to
the cut-off redshift at B ~ 25, so the modelled w(#) scaling levels out at this magnitude
limit. The asymptotic minimum value of the w(8) amplitude at faint magnitudes will be
lower for lower values of gg, and lower for higher maximum redshift limits. The ampli-
tude at which the measured w(f) scaling levels out is evidently in the range we predict
for stable clustering, 0 < ¢p < 0.5 and 3 < 2z, < 4.

For Hy = 50 km s™'Mpc~! and ¢o = 0.05, an angular separation of 1 arcmin
corresponds to 0.72 Mpc at z = 2, but with ¢¢ = 0.5 1t would correspond to ounly
0.49 Mpc. At 0.49 Mpc, &(r) will have twice its 0.72 Mpc value, so the effect of ¢ on
the w(#) amplitude becomes quite strong for the evolving models at faint limits, where

Zmedian ~ 2.

If the clustering is assumed to be stable, the asymptotic low value of the w(6)
amplitude at faint limits could in principle enable an estimation of ¢o. Unlike the
constraints on ¢p from number counts, this would be independent of both lumuinosity
evolution and density evolution, but the statistical errors of present data may be too
large to set useful constraints. Efstathiou et al. claim that their result may be too low
for =1 and a redshift cut-off at z = 3, unless the faint blue galaxies are intrinsically
weakly clustered, whereas we find the w(f) results cannot exclude any value of ! from
0 to 1. However, Efstathiou et al. have used a higher normalization of the clustering,
ro = 5.5h~!Mpc, in their model as opposed to our 7 = 4.3h~'Mpc, and it is probably
this which accounts for the difference in interpretation.

For a blue-limited sample, a reasonable value for the maximum redshift to which
we would expect galaxies to be seen is zpqez = 4 (as used in most of the models in this
thesis). Star-forming galaxies are very luminous at 1000 < A < 4000A but emit much
less light at wavelengths shortward of the Lyman limit of 912A (see e.g. Guhathakurta
1991), so would not be visible in the blue band at z > 4 where the A < 912A region of
the spectrum would be redshifted into the blue (A ~ 45004 ) passhand.

Additionally, a cut-off in N(z), sharp or more gradual, must occur at the typical
redshift of galaxy formation. In the Bruzual models used here zfopmation = 4.7, but the
true value is very uncertain and may not necessarily be higher than the Lyman cut-off
redshift for the blue band. Guhathakurta (1989) found that most of the B < 27 galaxies
detected in the blue-band by Tyson (1988) were also visible in the near-ultraviolet U-
band, where the Lyman limit cut-off would occur at z ~ 3, and so concluded that no
more than ~ 7% of these faint galaxies could lie at z > 3. This result may therefore

SuggeSt Zformation < 4.
On the other hand, a lower limit on 2fermation Mmay be set by the observed upper
limits on the diffuse extragalactic background light at ultraviolet wavelengths. It has
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been claimed (Pagel 1993) that the upper limits at A ~ 2000A require most of the
metal content of the Universe to have been produced at z > 1, so that Lyman limit
cut-off in the spectra of the star/metal-forming galaxies would be redshifted to longer
wavelengths of A ~ 3000A, where the upper limits on the UV background intensity are
much higher. Therefore UV observations also suggest 1 < z < 3 for the flat-spectrum
(initial starburst) objects, with 3 < zp4; < 4, although the nature and cause of the
redshift cut-off remain uncertain at present.

Figure 4.3 shows median redshift plotted against w(6) amplitude for our PLE models
computed over a wide range of magnitude limits with both go = 0.05 and ¢o = 0.5, but
with no cut-off in N(z) at high redshift, i.e. zq = 0.

Although the angular diameter distance of galaxies increases little beyond z ~ 1,
and indeed decreases at z > 1.25 for ¢o = 0.5 and at z > 2.84 for g9 = 0.05 (Figure
1.9), the w(f) amplitude as a function of the median redshift of the sample continues to
decrease even when z,,.4;4n > 2, as the variance of the redshifts is still increasing and so
causing further dilution of the clustering by projection. However, the median redshift
itself tends to an upper limit at faint magnitudes — for these models never exceeding
Zmedian = 2.16 1n the go = 0.5 geometry, whereas for gop = 0.05 1t can reach z,egian ~ 5.

The cause of this is apparent from Figure 1.8. In the shallow (Euclidean) limit
the comoving volume element increases with redshift as i‘%—z‘ﬂ o 2% in all cosmological
geometries, but in a gg = 0.5 Universe it increases much more slowly than this beyond
z ~ 1, and reaches a maximum at z = 1.78. In low-¢o geometries the volume element
reaches its maximum at much higher redshifts, but still increases much more slowly with
redshift than the Euclidean relation beyond z ~ 2. Indeed, in all cosmologies except
that dominated purely by a cosmological constant (ie. & = 0, A = 1, g = —1) the
increase in volume element with redslhift must fall below ‘”:i‘—;'” o 2% at sufficiently high
redshifts.

Hence an ‘effective’ N(z) cut-off is reached at the magnitude limit where z,edian ~ 2,
for qo = 0.5, and at somewhat higher but still finite redshifts if ¢o 1s low. If, at very
faint limits, the sample becomes dominated by z > 2 galaxies, the w(f) scaling with
magnitude limit must level out eventually even without a sharp cut-off in N(z), as can
be seen from the z;,4; = 0o models plotted in Figure 4.2.

The levelling out of the w(f) scaling at B ~ 25 therefore indicates that an upper
redshift limit for galaxies has been reached, and/or that for galaxies at this magnitude
limit zpedian > 1.5. The low w(8) amplitude at 24.5 < B < 27 limits also indicates that
(if clustering is assumed stable), zyedian > 1 for galaxies at B > 24.5, and that these
galaxies must also be broadly distributed in redshift, from z = 0 to 2z ~ 3.

This is in good agreement with the observations, described by Tyson 1991, that
most of the faint blue galaxies seen close to two high-mass clusters at z = 0.39 and
z = 0.46 appear gravitationally lensed, with the degree of lensing indicating z;eqn > 0.9
for galaxies at 24 < B < 27. Therefore, on the basis of both our w(f) results and the
lensing observations, N(z) for the B < 27 galaxies on our deep CCD frame is likely to
resemble our PLE model N(z) shown in Figure 4.10.
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Figure 4.2 Galaxy w(6) amplitudes obtained from the AAT photographic surveys of Jones et al. (1987),
Infante (1990), Koo and Szalay (1984), from the UKST data of Stevenson et al. (1985), from the Tyson
(1988) deep CCD survey, from the 12 CCD frames of our Beq < 25.0 survey (RSMF) and the single frame
we extended to B..q = 27.0. These are compared with the predictions of a non-evolving model with go = 0.5
(solid line) and with go.= 0.05 (dot-dash line), both assuming znas = 4, and with our Bruzual PLE models
. The three dashed and three dotted lines show the Bruzual PLE models with ¢o = 0.5 (dashed) and and
go = 0.05 (dotted), and three values of the maximuin redshift, zpmar = 3 (upper), zmar = 4(middle) and
Zmaz = o0 (lower). All 8 models plotted here assurne stable clustering.
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4.6 Galaxy Number Counts to B ~ 27.5

Where N(z) can still become more extended to higher redshifts, the galaxy number
count increases steeply, giving a gradient dlosN) ~ 047 at 20 < B < 25. However,

faintward of the magnitude B,pqz, at whicﬁmL ~ L* galaxies are seen out to their
maximum redshift z,,4,, the galaxy number count obviously cannot increase further as
a result of galaxies becoming visible at even higher redshifts. Any galaxies detected at
B > B;mar must be less luminous galaxies, on the faint-end slope of the luminosity
function, within the same cosmological volume, i.e. at 0 < z < z;54,. The differential
number counts at B > B,y therefore ‘look down’ the faint-end of the luminosity

function, following its slope as

{(logN

AWogN) _ 4 (e +1)
dm

A typical faint-end slope of @« = —1.25 would give only ﬂ%’%) = 0.1 at B > B.maz,

d(logN)

and even the steeper o = —1.5 of Sdin galaxies only = 0.2. Indeed at very faint

limits the galaxy number counts must flatten to iﬁ(%g,%\—/) < 0.4, to avoid a divergence of
the sky brightness (Olber’s Paradox), so there is no doubt that a decrease in the count
slope will be observed at some magnitude faintward of B ~ 24.5.

As discussed by, for example, Fukugita et al. (1990), the magnitude B,nq; is sen-
sitive to the amount of L* evolution, whereas the number count at B,mqr 1s a good
indicator of the total volume available for galaxies (if the comoving number density is
conserved), and therefore the cosmological geometry. If PLE models are a good approx-
imation, it should therefore be possible to disentangle the effects of L* evolution and
qo, once number counts have been obtained to the limit at which a turnover in their
gradient is seen (i.e. Bymaz)-

The first survey to reach depths at which this might be possible was that of Tyson
(1988), whose raw (uncorrected) differential galaxy counts appeared to reach a maximum
of ~ 10°deg=?mag~! at 25.5 < B < 27.0. Estimates of the incompleteness in the
Tyson galaxy counts, given by analysis of simulated CCD frames, were used to derive
a ‘corrected count’. This suggested that the true galaxy count continues to increase
at B > 26, although less steeply than at brighter magnitudes, and may reach ~ 3 x
10°deg~?mag~! at B = 27, higher than many models would predict.

Interpreting the Tyson counts on the assumption of pure luminosity evolution,
Guiderdoni and Rocca-Volmerange (1990) found that a go ~ 0.05 PLE model fitted
well but any PLE model with g9 = 0.5 greatly underpredicted these counts and was
strongly rejected. We similarly find our Bruzual PLE model with ¢o = 0.05 to fit the
Tyson counts reasonably well, but with ¢o = 0.5 it underpredicts all observed counts
at B > 24.5. The strong ¢o dependence of number count models at faint limits results
entirely from the much larger volume available for galaxies in a low-go Universe, by a
factor of 3.80 between ¢p = 0.05 and ¢p = 0.5 geometries if galaxies are seen out to z = 4
(see Figure 1.8).

As an alternative to the ¢p = 0.05, A = 0 geometry used in most models in this
thesis, a spatially flat Universe with a slightly higher matter density and a ‘moderate’
cosmological constant (eg. @ = 0.3, A = 0.7) possesses similar distance/volume elements
particularly in the important range 1 < z < 2 (Peebles 1984). Hence in a ‘moderate A’
cosmology, the galaxy counts and w(d) amplitudes given by our galaxy evolution models
would be quite similar to the go = 0.05 predictions, and such a spatially flat model might
be more consistent with inflationary cosmological theories.
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Fukugita et al. (1990) went somewhat further, arguing that the high Tyson counts
favoured the even larger volume elements of a A-dominated cosmology, with 2 ~ 0.1
and A = 0.9 giving go = —0.85 and a flat geometry. This more ‘extreme’ interpretation
of the high number counts is simply the result of the lower normalization (local ¢*)
of the Fukugita et al. (1990) count models relative to GRVs normalization and that
used here for our own models. As discussed in Section 1.5, the K-band counts, which
are insensitive to evolution of the star-formation rate, appear to confirm our higher

normalization as being appropriate.

Our deep CCD survey also found differential galaxy counts of ~ 10° deg™2mag~! at

25.5 < Bgeq < 26.0. Being more complete than the Tyson data at B > 26, our data gave
an uncorrected count increasing further to 1.7 x 10° deg™?mag~! at 26.5 < B,y < 27.0
and 2.6 x 10° deg~?mag~! at 27.0 < B, < 27.5. The data may be less reliable beyond
our 3o limit of B,y = 27, but an even deeper WHT image, covering a small subset
of the INT frame, gave a very similar raw count in the 27.0 < B,y < 27.5 range (see
Metcalfe et al. 1994). Applying incompleteness corrections to our data, estimated from
the results of the Metcalfe et al. (1994) simulations (run using the g = 0.05 Bruzual
model), gives ‘corrected’ counts of 2.6 x 105 deg™?mag~! at 26.5 < B.q < 27.0 and
3.8 x 105 deg™2mag™! at 27.0 < B, < 27.5.

Figure 4.4 shows the raw and corrected Tyson (1988) and Metcalfe et al. (1994)
counts, together with the predictions of ¢go = 0.5 and ¢o = 0.05 non-evolving and PLE
models, the ‘BEG’ merging model (Section 3.3), and a model in which the faint-end
slope of the luminosity function is steeper at higher redshifts (see Section 4.7 below).
The error bars on the Metcalfe et al. deep data are estimated field-to-field errors which
include both the Poisson variance and that produced by the observed clustering of these
galaxies. Our raw counts are quite close to Tyson’s corrected counts, confirming that
the corrections were not overestimated and that the true count is indeed significantly in
excess of go = 0.5 PLE model predictions.

The galaxy number counts at B ~ 26 would then appear consistent with any one of
the following possibilities:

(i) go = 0.5 with significant merging/density evolution, in addition to the normal
luminosity evolution.

(i1) Low-¢o or ‘moderate’ (eg. flat with 2 ~ 0.3) A cosmology, strong luminosity
evolution, high local ¢*.

(1ii) A-dominated cosmology, strong luminosity evolution, but a lower local ¢*.

At B > 26 the corrected counts exceed even the ¢g = 0.05 PLE model, and even our
raw count appears to be increasing with a somewhat steeper gradient.

As the normalization appropriate for number count models may still be somewhat
uncertain, the steepness of the gradient may be a more significant observation. To
investigate this further, we now estimate ﬂl—;—y’M for the data shown on Figure 4.4, by
evaluating the difference A (log N) between the logarithms of counts in adjacent half-
magnitude bins and dividing by Am (ie. 0.50). The estimation of d—(l{%lﬁ) from number
count data obviously suffers greater statistical errors than the counts themseves, but
does allow us to investigate the evolution independently from the local normalization.

. . . . d(logN) .
The observed gradients are shown in Figure 4.5 and compared with %—l given

by the ¢o = 0.05 Bruzual model, the ‘BEG’ model and the steepening o model. The

Bruzual model gives a very high gradient of ﬂ#) ~ 0.6 at B ~~ 23, exceeding that seen

in the data, as a result of the dominance of the model by a single evolutionary timescale
(1 = 0.5), producing a larger ‘bump’ in the counts than is actually observed. However,
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once Zmgz is reached at B ~ 24.5, the predicted gradient decreases steeply towards

ﬂ%) ~ 0.1-0.15 at B = 27 (corresponding to the faint-end slope of the LF), whereas

our deep count data show only a slight flattening of the gradient to ﬂ%\[) ~ 0.3. The
gradients from the data exceed the PLE model predictions at B > 26 with at least 20
significance, and are in much better agreement with the ‘BEG’ and the steepening «
models. These models both give steep gradients of ﬂ%) ~ 0.25-0.30 at 26 < B < 27,
but for quite different reasons.

In the ‘BEG’ merging model, L ~ L* galaxies ‘break up’ rapidly on going back in
time, so that each present-day galaxy existed as at least ~ 10 pre-merging fragments
at high redshifts. As we would not detect these much smaller galaxies at zjq; until
much fainter limits of B > 27 are reached, i(l;g—lN) would remain relatively steep in
the 25 < B < 27 range, where the high redshift limit would not yet have been reached.
However, although both the combination of rapid merging with rapid clustering evolution
and the presence of low-redshift ‘disappearing dwarfs’ with very weak clustering can
predict low w(#) amplitudes at B ~ 24.5, these models cannot account for the levelling
out of the scaling which may be observed at even fainter limits. In both these models,
N(z) would still become more extended from B ~ 24.5 to B ~ 27, and the effects of
this change in N(z) on w(f) would be increased further by the rapid clustering evolution
and/or the increasing dominance of the unclustered dwarf population at fainter limits,
so that the w(#) amplitude would continue to decrease very steeply from B ~ 24.5 to

B ~ 27.

The observed levelling out of the w(8) scaling at B > 24.5 can only be explained by
a strong brightening of L* at z > 1 similar to that in Bruzual’s PLE model, enabling
L ~ L* galaxies to become visible out to zjq; at brighter magnitudes of B ~ 25.
Whether these L ~ L* galaxies are seen throughout the relatively small 0 < z < zppaz
volume of a go = 0.5 Universe, the larger volume of a low-gg Universe, or the largest
possible volume of the A-dominated cosmology, the continuation of a steeply rising
number count (ie. % > 0.2) to even fainter limits (ie. B > 26) can only be

explained by introducing ‘extra’ low-luminosity (ie. L < L*) dwarf galaxies at high
redshifts.

The apparent discrepancy between the steep number counts at B > 25 (favouring
merging-dominated evolution) and the w(#) scaling (favouring pure luminosity evolution)
is therefore resolvable if:

(i) The luminosity of L ~ L* galaxies evolves as in our PLE models, so that a high
redshift population becomes visible at 23 < B < 25, and that B.jz ~ 25.
and

(i1) Merging or other forms of evolution occur m a luminosity-dependent fashion,
increasing the numbers of dwart galaxies relative to the numbers of L ~ L* galaxies at
higher redshifts (i.e. steepening the fant-end slope «). It the high-redshift population
possesses a luminosity function with o« ~ —1.75, a count slope of ﬂl{-‘%& ~ 0.3 could
continue indefinitely beyond B.yqe-

Hence we further consider ‘steepening «’ models and their physical interpretation in
Sections 4.7 and 4.8 below.
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Figure 4.4 Faint (18 < B < 28) galaxy counts from the AAT photographic survey of Jones et al.
(1991), from the UKST data of Stevenson et al. (1985), from the Tyson (1988) deep CCD survey, and from
the 1 hr CCD data of MSFJ and the 21 hr deep CCD data of Metcalfe et al. (1994). The counts from the
Tyson (1988) and Metcalfe et al. (1994) data are shown with and without corrections for incompleteness.
The graph compares these with the non-evolving models (dotted) and Bruzual PLE (solid) models for both
go = 0.5 (lower) and ¢o = 0.05 (upper), the ‘BEG’ pure ¢* evolution model with ¢o = 0.5 (long dashes) and
our ‘steepening «’ model with ¢g = 0.05 (short dashes).
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4.7 Evolution of the Faint-End Slope of the Luminosity Function

A model in which « steepens with redshift was proposed by BES to explain the
results of their B < 21.5 redshift survey, which found N(z) to have a no-evolution form,
although with a somewhat raised normalization produced by ‘extra’ star-forming dwarf
galaxies within the same redshift range as the no-evolution N(z). The suggested physical
interpretation was that galaxies underwent bursts of star-formation activity, perhaps
associated with merging or other interactions, much more frequently at relatively recent
epochs (z ~ 0.2) than at present. The starbursts in this model produced a much greater
brightening relative to the total galaxy luminosity when occurring in dwarf galaxies.
The effect of this on the luminosity function was a steepening of « with redshift, with
little change in L* out to z ~ 0.7, giving a no-evolution form for N(z) at B < 21.5 with
a somewhat raised number and proportion of blue galaxies. At these relatively shallow
limits, the post-starburst fading required to give a no-evolution N(z) is no more than
A(B) ~ 2™, which is within the upper limits of fading rates for ‘normal IMF’ post-
starburst stellar populations. However, it is unclear whether the BES spectroscopic
observations require even this relatively ‘mild’ luminosity-dependent evolution, as the
results may still be consistent with a PLE model if the luminosity function of bluer
galaxies possesses a slope as steep as « = —1.5 locally, as in the models used here (see

MSFJ).

GRYV cousidered the effects of merging and /or luminosity-dependent evolution on the
luminosity function parameters (¢*, L*, o) in more detail, combining this with physical
models of the spectral evolution caused by evolution of the star-formation rate. In the
GRYV models these two processes are considered separately, with the merging process
acting on a Schechter mass function (parameterized by ¢*, M* and «) to redistribute
the stars amongst a larger number of smaller galaxies at earlier epochs. This was done by
increasing ¢* or steepening « with redshift, while decreasing one of the other parameters
so as to conserve the total mass [ M@(M) dM.

The spectral evolution acts on the luminosity/mass ratio which converts this mass
function into a luminosity function. Hence the total luminosity of the galaxies within
each morphological type evolves with redshift as in a PLE model. This ensures that
the luminosity evolution is consistent with the physical processes of star-formation and
stellar evolution, which may not be the case for the more extreme ‘disappearing dwarf’
models needed to give a no-evolution N(z) at B ~ 24 and fainter, which require galaxies
now extremely faint to have been be several magnitudes brighter at relatively recent
epochs (see Section 3.5). '

Three representative merging processes were considered by GRV, the first two being
‘M* — ¢* and ‘M* — o evolution which, respectively, increase ¢* or steepen o with
redshift. The compensating reduction in M*, to conserve the total comoving mass
density of galaxies, cancels out to some extent the brightening of the blue-band L*
with redshift caused by spectral evolution. The ‘M* — ¢*’ and ‘M* — o’ processes are
approximately represented by the ‘BEG’ model and the ‘BES’ model respectively. The
third process described is ‘¢* — o’ evolution, which steepens the faint-end slope « at
higher redshift, with a corresponding reduction in ¢* to conserve the comoving mass
density. The merging produces no change in M*, so that L* brightens with redshift as
much as in a PLE model.

We therefore represent this process here using the same luminosity evolution as in
our Bruzual PLE model. We again assume a low ¢g of 0.05, and use the same luminosity
functions at z = 0 as in our other models except that, to introduce extra very small
galaxies into the model, the low-luminosity cnt-off was moved to 14 magnitudes faintward
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of M*, corresponding to the size of a small globular cluster. The faint-end slope «
steepens with look-back time from the present day values (Table 1.1) towards @ = —2
for all types in the limit of z = oo, following an exponential timescale 7 = %HO_ VIt
look-back time T'(z) is approximated by the gg = 0 relation

T(z)=Hg'(1-(1+2)7")
a faint-end slope of ag at z = 0 then evolves as
a(z) = ap — (2 4 ag)exp(=1.5(1 + 2)71)

A zero-redshift slope g >~ —1.25 would then steepen to o ~ —1.7 at z = 2, approxi-
mately the slope suggested by ﬂ%%[!-) at B > 26.

To conserve the total comoving mass density within each morphological type, ¢*
undergoes a compensatory evolution. For the low-luminosity cut-offs used here, if the
faint-end slope steepens from o = —1.25 to « — 1.70, ¢* must decrease by a factor of
2.4, but this redistribution of about half the mass within present-day giant galaxies into
very large numbers of very small galaxies increases the comoving number density by a
factor of 50.

As shown on Figure 4.4, the model gives a reasonable fit to the number counts, in
particular to the steep slope at faint limits. With ¢o = 0.5 this model underpredicts the
B > 25 counts, but to a lesser degree than a ¢o = 0.5 PLE model. As shown by GRV,
‘¢* — o’ evolution does enable a very good fit to the counts within the 2 = 1 Universe
if it is combined with somewhat stronger luminosity evolution, as found in the GRV
models with relatively low redshifts of galaxy formation (2 < zfsrmation < 5). As any
steepening of o will help to fit the steep count slope at B > 25, it is not surprising that
GRYV found the number count data to favour the ‘M* — o’ and ‘¢* — o’ processes over
‘M* — ¢*" evolution. GRV also claimed that the redshift data may favour, in particular,
the ‘M*—¢’ (ie. ‘BES’-type) merging model as this produces a redshift distribution most
similar to the no-evolution form at B < 24. However, as we discussed 1n Section 2.6,
B < 24 redshift surveys still allow, and the w(8) results strongly suggest, a substantial
(~ 30%) z > 1 population to be present at this limit. The combination of the number
counts and w(f) results, from our surveys and the Tyson (1988) data, favours instead
the ‘¢* — «’ merging process, which allows L* to brighten as in the PLE models so that
some high redshift galaxies are visible at B ~ 24.

Figure 4.6 shows the redshift distributions given by our ‘steepening o’ model at a
series of magnitude limits from B < 22 to B < 25. The w(f) amplitudes derived from
this model are shown in Figure 4.7, together with the ¢o = 0.05 non-evolving and PLE
models, and the go = 0.5 ‘BEG’ model, with stable clustering assumed in all cases. The
addition of ‘¢* — o’ evolution to the PLE model reduces the proportion of z > 1 galaxies
in a B < 24.0 sample from 50% to 34% (Figure 4.8), a proportion which is in better
agreement with the unidentified fraction in the Glazebrook et al. (1993) spectroscopic
survey results while remaining sufficient to fit the w(6) results without invoking any
departure from stable clustering. In contrast, the ‘BEG’ model, in which the ‘excess’
galaxies lie mostly at z < 1 at B ~ 24, requires very strong clustering evolution to fit
the w(f) amplitudes to B = 24.5 and fails to predict the levelling out of the scaling
which may be observed at even fainter limits.
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Figure 4.5 The gradient of the differential number counts of galaxies, =22, as a function of blue
magnitude. The gradients are calculated from the 1 hr CCD number counts of MSFJ, and from —~ with and
without the corrections for incompleteness shown on Figure 4.4 — the 21 hr CCD data of Metcalfe et al.
(1994) and the Tyson (1988) number counts. These are compared with the count gradients predicted by
the Bruzual PLE model with go = 0.05 (solid line), the ‘BEG’ pure ¢* evolution model with go = 0.5 (long
dashes) and our ‘steepening «’ model with ¢o = 0.05 (short dashes).
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Figure 4.6 Redshift distributions predicted by our ‘steepening o’ model (which also incorporates strong
L* evolution), with go = 0.05, for a range of blue magnitude limits from Bccq < 22.0 to Beeq < 25.0.
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Figure 4.7 Galaxy w(#) amplitudes obtained from the AAT photographic surveys of Jones et al. (1987),
Infante (1990), Koo and Szalay (1984), from the UKST data of Stevenson et al. (1985), from the Tyson
(1988) deep CCD survey, from the 12 CCD frames of our B4 < 25.0 survey (RSMF) and the single frame
we extended to B..q = 27.0. These are compared with the predictions of a non-evolving model (solid line,
upper), our Bruzual PLE model (solid line, lower), and our ‘steepening ¢’ model (short-dashed line), all
with go = 0.05, and the ‘BEG’ ¢* evolution model with ¢o = 0.5 (long-dashed line). All four models assume
stable clustering and z,,, = 4.
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Figure 4.8 The redshift distribution predicted for all B.cq < 24.0 galaxies by our no-evolution (dotted
line), Bruzual PLE (solid line) and ‘steepening o’ (short-dashed line) models, all computed with go = 0.05,
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4.8 Physical Causes of o and ¢* Evolution

The differences between L* evolution, ¢* evolution and our suggested combination
- of L* and « evolution are best illustrated by considering the changes they produce in
the luminosity function. Figure 4.9 shows the luminosity function of all galaxy types at
z = 2, for galaxies evolving as in the PLE, ‘steepening «’, and ‘BEG’ density evolution
models.

In the PLE and ‘steepening «’ models, very luminous (i.e. Mp < —23, corresponding
to B < 23.75 for g9 = 0.05) giant starbursting galaxies are found at this redshift,
appearing as a ‘second peak’ in the B ~ 24 N(z). When ‘¢* — o’ merging is added
to the Bruzual evolution to give the ‘steepening o’ model, the numbers of high-redshift
galaxies seen at B = 24 are somewhat reduced — but the numbers of Mg > —21.5
galaxies (corresponding to B > 25.25 at z = 2) are increased, so at fainter magnitudes
(B > 25) the z ~ 1.85 peak in N(z) is increased (Figure 4.10) and the count slope
steepened (Figure 4.4).

The very rapid ‘M* — ¢*’ evolution of the ‘BEG’ model results in a luminosity
function at z = 2 with even more —14 > Mp > —21 galaxies than in our ‘steepening o’
model, but very few more luminous than Mp = —22. In this model, all present-day giant
galaxies, as well as those of lower luminosities, are ‘broken up’ into many (8.6 on average)
pre-merging components at this redshift, so their absolute (and apparent) magnitudes
are ~ 2™ fainter than in the other two models considered here. Consequently, high
redshift galaxies in this model only begin to appear in large numbers at very faint limits
of B ~ 27 (compare Figure 4.8 and Figure 4.10).

However, the w(8) results strongly suggest that many giant galaxies at z ~ 2 already
exist with masses similar to their present-day counterparts, so as to be sufficiently lu-
minous to appear in, and dilute the clustering of, galaxy samples with relatively bright
magnitude himits of B ~ 24.

Furthermore, it may be possible to exclude the the BEG parameterization of the
merging process, designed simply to fit the number counts and redshift distributions of
faint galaxies, on the basis of very different observations — the observed morphologies of
present-day galaxies. The merging of similarly sized galaxies would occur very frequently
in the BEG model, with most of the galaxies seen today having undergone such an in-
teraction since the epoch corresponding to z ~ 0.4 (one exponential merging timescale).
However, the majority of L ~ L* galaxies are observed to possess thin disks and spiral
arms which would be disrupted by a merger with any other galaxy of comparable mass
(see e.g. Larson 1990).

Although mergers of similar large galaxies may be important in building-up cluster-
dominating giant ellipticals, the thinness of spiral galaxy disks sets severe constraints
on the amount of mass they could have acquired through recent mergers with other
galaxies. According to Téth and Ostriker (1992), the structure of the disk of our own
Galaxy indicates that no more than 4% of the total mass within the radius of the solar
orbit could have been supplied through merging in the past 5 Gyr. This would suggest
that, in most cases, only dwarf galaxies of very low mass (M < 4 x 10° M) have merged
with the much more massive (M > 1011 M) L ~ L* spiral galaxies — and that only a
small minority (a few percent) of large galaxies could have undergone major mergers,
changing their mass and luminosity by factors of order unity, since z ~ 1 epochs.

Both these problems ™ with non-mass-dependent (i.e. ‘M* — ¢*’) merging models are
avoided if merging processes are described better by the ‘¢* — o’ model - in which the
accretion of very small galaxies onto large galaxies, which would suffer relatively little
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disruption as a result, is a much more common process than the coalescence of similarly
sized objects.

GRYV estimated that the accretion of dwarfs onto giant galaxies, as a result of dy-
namical friction, would occur at a rate of the order of ~ 1 Gyr~! at the present day
and much more freqently at earlier epochs, the rate increasing with redshift at least
as rapidly as ~ (1 + 2z)!®. In contrast, observations of galactic interactions and the
results of n-body simulations (Carlberg and Couchman 1989) suggest merging rates be-
tween giant galaxies of no more than ~ 0.02 Gyr~!, in agreement with the constraints
discussed above from the thinness of spiral disks. When Carlberg and Charlot (1992)
combined the mass-dependent merging process of the Carlberg and Couchman (1989)
simulations with Bruzual-type models of the SFR evolution, the predicted evolution of
the luminosity function out to z ~ 2 was a combination of a strong brightening of L*
and a steepening of the faint-end slope — very similar to the GRV ‘¢* — o’ model and
the steepening o model discussed here. This would suggest that real, physical merging
processes would indeed produce the inferred steepening of the LF, without cancelling
out the brightening of L* produced by increased star-formation.

The Cole et al. (1994) simulations of galaxy formation in an = 1 CDM Universe
also predict a change in the faint-end slope, from o ~ —1.5 at z = 0 to a ~ —1.8 at
z ~ 2, resulting from the merging of dwarf galaxies. However, the merging process within
this model is more similar to the ‘M* — o’ model of GRV than to the ‘¢* — a’ model, and
largely cancels out any brightening of L with redshift. In the Cole et al. model, as in
the BEG model, there are no extremely luminous (Mp < —23) giant galaxies at z ~ 2,
and the faint blue galaxies would lie at z ~ 1. In this model supernovae reheat most
of the cool gas in dwarf galaxies, reducing the fraction which remains available for star-
formation, and giving very long SFR evolution timescales, rather than blowing out all
the gas and halting star-formation completely (we discuss the star-formation histories of
dwarf galaxies further in Section 8.3.3). This combination of strong suppression of star-
formation in dwarf galaxies and a late formation epoch (z ~ 1) for giant galaxies results
in a predicted mean age of only 9 Gyr for the stellar populations of giant ellipticals, but
the very red colours of these galaxies suggest ages of at least 14 Gyr.

The ‘self-destruction’ of dwarf galaxies soon after formation, due to ‘winds’ from the
first wave of supernovae blowing away most of the gas content and preventing further
star-formation (see Babul and Rees 1992), may also have played a part in reducing the
comoving number density of visible low-mass galaxies since z ~ 2 epochs. If such events
occurred mainly at z > 0.5, rather than at the low redshifts which would be required to
give a no-evolution N(z) at B ~ 24.5 (see Section 3.6), a large degree of fading (~ 2.5™-
3.5™) of the post-starburst stellar population would be possible between the starburst
epoch and the present day (see e.g. Dalcanton 1993). Hence, if initial starbursts do often
cause the ‘self-destruction’ of low-mass galaxies, the subsequent fading of these galaxies
could be significant in causing the inferred evolution of the faint-end slope, in addition
to the accretion of dwarts onto large galaxies. The clioice of these two possible ‘fates’
for an ‘excess’ dwarf galaxy may then depend on the environment in which it mitially
forms.

In the Lacey et al. (1993) model of tidally triggered galaxy formation in an Q =1
CDM Universe, winds from supernovae do remove most of the gas from dwarf galaxies,
resulting in a significant flattening with time of «. However, although this model does
predict some brightening of L* (in all passbands) between z = 0 and z = 2, the combina-
tion of a very steep LF (v >~ —1.6 even at = = 0) and a late formation redshift for large
galaxies gives a low median redshift of only z,,¢4i4n = 0.39 for 24 < B < 25 galaxies.
This model also fails to account for the red colours of present-day giant ellipticals.
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It is clear that, for the interpretation of the number counts, colours and w(8) ampli-
tudes of galaxies at these very faint limits, the Bruzual-type models of spectral evolution
must be incorporated into accurate physical models including all the processes of galaxy
formation, merging, interactions and supernova feedback. We find that the physical
models of Cole et al. (1994) and Lacey et al. (1993) predict a steepening of the faint-
end slope with redshift in approximate agreement with our observations, and suggest
plausible physical mechanisms, but both our w() scaling and the red colours of ellipti-
cals suggest that giant galaxies already existed at higher (z > 2) redshifts than in either
of these = 1 CDM models. Reconciling these models with observations may require
lowering the value of Q, with or without the inclusion of a cosmological constant, so
that large galaxies would form earlier (note also that a reduction in the M/L ratio by a
factor of 5 is needed for galaxies in the Cole et al. model to fit the observed Tully-Fisher
relation) and/or the replacement of some or all of the Cold Dark Matter with baryons,
which again would lead to higher formation redshifts for large galaxies (note that the
predicted median redshift of 23 < B < 27 galaxies increases with increased baryon
fractions in the CDM models of White and Frenk 1991).
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Figure 4.9 Luminosity functions for all galaxies at z = 2, as predicted by our Bruzual PLE model
(solid line), our ‘steepening o’ model (short-dashed line), and the ‘BEG’ ¢ evolution model (long-dashed

line).
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Figure 4.10 The redshift distribution predicted for all Bccq < 27.0 galaxies by our no-evolution (dotted
line), Bruzual PLE (solid line) and ‘steepening a’ (short-dashed line) models, all computed with go = 0.05,

and by the ‘BEG’ pure density evolution model with go = 0.5 (long-dashed line).




4.9 Summary and Conclusions

(i) The clustering of the galaxies detected on a single CCD frame reaching a very
faint limit of B,y = 27.0 was analysed, and a w(f#) amplitude estimated. The clustering
was found to be very weak, but similar to that seen in two independent samples of
galaxies with brighter limits of B = 25 and B = 26. Hence the steep decline in w(6)
amplitude observed between the magnitude limits of B = 23 and B = 24.75 may not
continue further faintward, where the w(6) scaling appears to level out at a minimum
amplitude of ~ 4 x 10~%(deg)~0%.

(ii) The apparent levelling out of the w(6) scaling at B ~ 25 suggests that galaxies
are seen out to their maximum redshifts at this magnitude — either due to the epoch
of galaxy formation or the redshifting of the Lyman limit into the blue band at z = 4,
and/or that z,,e4ian > 1.5 at B > 25 and an ‘effective’ redshift cut-off has been reached
due to the reduction in the size of the comoving volume element (ﬂjgﬂ) at even higher
redshifts.

The w(f#) amplitudes measured at 24.75 < B < 25.0 limits from our data and the
Tyson (1988) survey are consistent with those expected if clustering is stable, the redshift
maximum is approximately 3 < zmaz < 4, and Q has any value from 0 to 1. These w(#8)
results are in good agreement with our PLE model, as was the case at 23 < B < 25.
Therefore the redshift distribution of the galaxies on our deep CCD image is likely to
be similar to that given by this model for the same B < 27.0 magnitude limit (Figure
4.10), with the galaxies broadly distributed in redshift from z = 0 to at least z ~ 3.

(iii) Our CCD data gives a high galaxy number count at B ~ 26, which is in excess
of PLE model predictions in a go = 0.5 Universe, but can be fitted by PLE models
in a low-go or a A-dominated cosmology. However, in the range 25 < B < 27.5 we
find our galaxy counts, which exceed the raw counts of Tyson (1988), to increase with
a surprisingly steep gradient of ﬂ%} ~ 0.3. Faintward of the magnitude at which
galaxies can be seen out to zn4z, the slope of their differential number counts will reflect
the faint-end slope of the galaxy luminosity function. The w(8) results strongly suggest
that z;,45 is reached at B ~ 25, as would be expected if L* brightens with redshift as
much as in our PLE models. The steep count gradient would then indicate that, at high
redshifts (z ~ 2), the galaxy luminosity function possesses a steep faint-end slope of
a ~ —1.75, compared to a ~ —1.25 seen locally.

In combination with the strong L* evolution inferred from the w(f) scaling, this
suggests that the galaxy luminosity function may be undergoing a mass/luminosity-
dependent evolution, similar to that in the ‘¢* —a’ model of GRV, in which the faint-end
slope a steepens with redshift but the characteristic galaxy mass is not affected. The L*
luminosity would then evolve as in a PLE model, so that high redshift galaxies would
appear in surveys at similar magnitudes — in slightly smaller numbers at 23 < B < 24
(giving better consistency with redshift surveys than PLE models), but in larger numbers
at B > 26 (explaining the steep count gradient). Combining ‘¢* — «’ evolution with the
evolution of L* given by our Bruzual model improves the fit to the steep number counts
at 25 < B < 27.5, while still explaining the observed w(#) scaling without requiring any
departure from stable clustering.
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Chapter 5

Cross-correlation of X-Ray Sources with Faint Galaxies

5.1 Introduction

In this chapter we aim to identify individual, faint (16 < B < 23) galaxies as
X-ray sources, through an analysis of the positional cross-correlation of X-ray sources
detected using ROSAT and the galaxies on photographic plates covering the same areas
of the sky. The nature of the discrete sources contributing to the extragalactic X-ray
flux can be studied by resolving as many sources as possible out of the background
on deep high-resolution X-ray images, followed by spectroscopic investigation of optical
counterparts corresponding to the detected X-ray sources. The high-resolution X-ray
imaging capabilities of the Einstein and, more recently, ROSAT satellites have enabled
the origin of a substantial fraction of the soft X-ray background (XRB) to be investigated
in this way. :

On a long exposure of the XRB on the Pavo field, obtained using the Einstein
High Resolution Imager, Griffiths et al. (1992) detected 17 discrete sources above a
flux limit S(0.1-3.0 keV) ~ 10~ ergs cm~2s™'. Spectroscopic investigation of the
sources identified 14 of these as QSOs, at a median redshift of 0.94. The detected QSOs
accounted for ~ 15% of the total 0.1-3.0 keV X-ray background intensity. Two of the
remaining X-ray sources were identified as star-forming, narrow emission-line galaxies,
both at z = 0.4, and the other as a cluster-dominating early-type galaxy at z = 0.13.

Using the ROSAT Position Sensitive Proportional Counter (PSPC), a series of deep
(20-50 ksec exposure time) images have been obtained on fields previously surveyed for
UV-excess quasars by Boyle et al. (1990). These observations are the first part of an
ongoing X-ray survey aiming to cover all 10 fields of the UVX QSO catalogue. On the
basis of the earlier Einstein surveys, most of the optically identified QSOs would be
expected to be detectable on the ROSAT images, thus enabling ~ 10 or more sources on
each field to be identified immediately and aiding the investigation of those remaining
by providing an accurate astrometric transform between the optical and X-ray datasets.

The contents of the first ROSAT nmage in this survey, of the field known as QSF3,
are described by Shanks et al. (1991). In the central 0.35 deg?, 39 discrete sources were
detected. Follow-up spectroscopy with AUTOFIB at the Anglo-Australian Telescope
(AAT) identified 24 of these as QSOs with a median redshift of 1.52, giving a lower
limit of 30% for the QSO contribution to the total 0.5-2.0 keV flux. Only one of the
remaining sources was unambiguously identified as a galaxy — an elliptical at z = 0.180.
However, when spectroscopy was extended to fainter (4-50 detected) sources on QSF3,
and to a second field (QSF1) also within the area of the QSF Schmidt plate, a further
seven galaxies appeared to be associated with X-ray sources (Griffiths et al. 1993).
Five X-ray detected galaxies, including galaxies on both ROSAT fields within the QSF
Schmidt plate area, were found to be at the same redshift of z = 0.312, suggesting
the presence of a large-scale (~ 10 h™! Mpc) structure. Two of the X-ray detected
galaxies (including one at z = 0.312) possessed strong, narrow emission lines in their
optical spectra, probably indicative of starburst activity, but the others appeared to be
early-type galaxies without ongoing star-formation.

Griffiths and Padovani (1990) and Treyer et al. (1992) have suggested that star-
forming galaxies could form an increasingly large percentage of the X-ray sources identi-
fied at fainter flux limits. It is evident from hoth Finstein and ROSAT observations that
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QSOs, rather than galaxies, dominate the component of the XRB most easily resolvable
into discrete sources. However, results from the deepest surveys now suggest that a
wide variety of types of galaxy are beginning to show up in the X-ray source counts at
S(0.5-2.0 keV) ~ 5 x 10715 ergs cm~2s7!, i.e. the source detection limit attained on a
~ 30 ksec ROSAT PSPC image.

In this chapter we shall be attempting to estimate the numbers of galaxies within the
~ 35% component of the 0.5-2.0 keV background which was resolved into discrete sources
in this ROSAT survey. The remaining, unresolved ~ 65% appears as a very uniform
background, and we investigate its nature and origin in the two chapters following.

We extend the search for X-ray emitting galaxies to 3 further UVX survey fields
now imaged by ROSAT - one of these having been given an exposure time of ~ 50 ksec,
almost twice that used previously. Fluctuation analysis of the QSF3 unresolved XRB
(Georgantopoulos et al. 1993) suggested that there were larger numbers of sources just
faintward of the limit for resolution than would be expected if these consisted entirely
of AGN, assuming AGN to possess an X-ray luminosity function as described by Boyle
et al. (1993). Therefore, the aim of obtaining a longer exposure on one field was both
to detect less luminous QSOs and thus to better determine the form and evolution of
the QSO X-ray luminosity function, and to search for possible new populations of faint
X-ray sources including normal and starburst galaxies.

AAT photographic plates were available for 3 of the 5 fields imaged using ROSAT,
including the 50 ksec image, enabling the identification of fainter (B =~ 23) optical
counterparts for the X-ray sources than was possible with the UK Schmidt Telescope
plates used previously. However, at B ~ 23 the surface density of normal galaxies
exceeds ~ 10* deg~2, leading to a confusion problem as we would expect to find one
faint galaxy within each resolution element of a ROSAT image (i.e. within a radius
~ 20 arcsec of each source) simply by chance. Hence when attempting to identify
normal galaxies at these faint magnitudes as X-ray sources, we cannot simply match
the source and galaxy positions within a 20 arcsec radius ‘error box’. It is necessary to
compute the number of source/galaxy pairs expected by chance, and subtract this from
the observed number, as in the cross-correlation analysis described below. In this way,
even when the identification of individual galaxies as X-ray sources becomes uncertain
(i.e. the excess of pairs above the chance expectation is less than a factor of ~ 2) the
proportion of galaxies in the X-ray source counts can still be estimated.

5.2 Observational Data

5.2.1 X-Ray Data

The X-ray data used in this thesis consists of images obtained using the ROSAT
PSPC. The images consist of counts of 0.5-2.0 keV photons in square pixels of side 15
arcsec. In the investigations of the extragalactic XRB described in this thesis, we did not
include the 0.1-0.5 keV photons to which the PSPC is also sensitive, as a much larger
proportion of these are thought to originate within our own Galaxy. As the sensitivity
and resolution (FWHM = 25 arcsec) of the PSPC remain approximately constant out to
10 arcmin from the image centres, but deteriorate increasingly rapidly at larger off-axis
angles, we use only (at most) the central 40 x 40 arcmin areas of each of our ROSAT
1mages.

Table 5.1 lists the field centres, all of which lie within the QSF and SGP areas
used in the Boyle et al. (1990) QSO survey. The QSF1, QSF3, SGP2 and SGP3 fields
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were imaged with the ROSAT PSPC for 30 ksec and the GSGP4 field for 60 ksec. The
effective exposure times, also listed here, are slightly less due to rejection of parts of the
data contaminated by cosmic rays.

5.2.2 UK Schmidt Telescope (1.2m) Data

Our optical dataset includes COSMOS scans of two blue-band UK Schmidt Telescope
plates used in the Boyle et al. (1990) survey, each covering a large, ~ 14 deg? area.
For the SGP field the plate used was J3721, with a sky brightness ,ujky = 22.90 mag
arcsec”2, The corresponding zero-point for the galaxy magnitudes in these COSMOS
scans of UKST plates is g% 4 1.35. In addition, we have a red-band UKST plate of
the SGP field - R2775, with uﬁ(y = 21.52 mag arcsec”2. The two plates have been
‘matched’ to give B — R colours for most objects in the blue-band dataset.

The QSF field is covered by the J2672 plate, with ujky = 22.29 mag arcsec”2. For
further details of these Schmidt plates, refer to Boyle et al. (1990).

5.2.3 Anglo-Australian Telescope (4m) Data

For three of our five fields we now have COSMOS scans of AAT plates which reach
at least two magnitudes deeper than the UKST data. Each AAT plate covers only one
ROSAT field — 40 arcmin corresponds to about 157mm on an AAT plate compared to
36mm on a UKST plate. Our deep GSGP4 ROSAT image covers the same area of sky
as the J1888 AAT plate, which was previously used for number counts and w(§) analysis
by Stevenson et al. (1985) and Jones et al. (1991). A red-band AAT plate (R1996) was
also available for this field, providing B — R colours for most of the objects in the J1888
dataset used here. For further details of these two plates see Jones et al. (1991), who
give /tjky = 22.16 mag arcsec™? for J1888 and ,usli-{(y = 20.64 mag arcsec”™? for R1996,
the values used here to zero-point the galaxy magnitudes (for AAT plates the COSMOS
zero-point is ,u‘jky + 3.006).

The QSF3 field was covered by the J2719 plate and SGP2 by J2801. The reduction
of these two plates followed essentially the same procedures of star-galaxy separation etc.
as described by Jones et al. (1991) for J1888. The derivation of astrometric transforms is
described below in Section 6.5.1. Zero-points were estimated by comparing magnitudes
from the COSMOS scans of the AAT plates with those of the same stars and galaxies
in the QSF and SGP UKST datasets — this gave /ijy = 22.26 mag arcsec™? for J2719

and uﬁky = 21.92 mag arcsec™? for J2801.

5.3 Detection and Spectroscopic Investigation of X-Ray Sources

Source detection algorithms were applied to each of the five ROSAT images (see
e.g. Shanks et al. 1991), giving centroid positions and fluxes for all discrete, point-like
sources above ~ 40 significance. Table 5.2 gives the total number detected in each field.
Some of these are QSOs previously identified in the Boyle et al. (1990) UVX survey - the
X-ray positions of these were used to derive astrometric transforms to enable candidate
optical counterparts to the remaining sources to be located on the UKST plates and the
J1888 AAT plate.



Field Equinox 2000.0  [Galactic co-ordinates | Exposure tim
R.A. Dec. |Longitude | Latitude| (seconds)
GSGP4 |00 57 29.0|-27 38 13| 234.034 | -88.565 48955
SGP2 (00 52 04.91-29 05 26| 298.828 | -88.032 24494
SGP3 |00 54 59.3|-28 19 43| 269.927 | -88.565 21062
QSF1 |03 42 10.3|-44 54 45| 252.089 | -51.745 26155
QSF3 |03 42 13.5|-44 07 44| 250.848 | -51.905 27358

Table 5.1 Positions of the centres of the five ROSAT images used in thig thesi ] : d
co-ordinates and as galactic longitude and latitude, together with their effective exposure times in seconds.

Field |50 detection limit > 40 sources > 50 sources
ergs cm~%s—1 | Total | Unidentified | Total | Unidentifie
GSGP4 3.125 x 10~15 100 51 61 26
SGP2 6.200 x 10~15 67 40 30 14
SGP3 6.420 x 1015 53 21 30 6
QSF1 5.325 x 10~13 73 38 37 10
QSF3 5.000 x 10~15 63 34 36 11
TOTAL 356 184 194 67

Table 5.2 The 0.5-2.0 keV flux thresholds for the detection of individual X-ray sources in the central
regions of our 5 ROSAT images, the total numbers of sources actually detected above 40 and 50 levels of
significance, and the numbers of these detected sources which are not identified as either QSOs or stars in

our own Galaxy, and which could therefore be faint galaxies.
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Most of these candidate sources were then examined spectroscopically using the
AUTOFIB multi-fibre system on the AAT. As expected, many were found to be high-
redshift QSOs (with zmean ~ 1.5), bringing the total number of QSOs detected in the 5
fields of the X-ray survey to at least 127 (for more information on the detected QSOs, see
Boyle et al. 1994). When all sources identified by spectroscopy as either QSOs, BL Lac
objects or stars within our own galaxy were excluded the total number of 4o-detected
sources on the 5 fields was reduced from 356 to 184. It is these unidentified sources we
are concerned with here, as a large proportion (~ 100) appeared to be associated with
galaxies on the photographic plates, and for 39 of these sources the optical counterpart
closest to the X-ray position was firmly identified by spectroscopy as a normal, cD or
starburst galaxy.

However, not all of these galaxies will be the true origin of the observed X-rays.
Misidentification of galaxies as X-ray sources is particularly likely when the galaxy is
faint (B > 21) or not closely coincident with the X-ray position (separation > the
ROSAT instrumental FWHM of ~ 25 arcsec). In such cases the true X-ray source may
be, for example, a QSO at an even fainter blue magnitude, perhaps invisible on the
photographic plate. In cross-correlating the 184 unidentified sources with the galaxies,
we therefore subtract the number of source/galaxy co-incidences expected by chance
from the number actually observed, in order to estimate the true extent and significance
of their association.

We shall also cross-correlate with galaxies the subset of these sources which have X-
ray fluxes above 50 detection limits, as if some of the fainter, 4-50 sources are spurious,
their exclusion may reduce the statistical errors in our estimate of the source/galaxy
cross-correlation. Table 5.2 gives the flux limits for 50 detection of sources at the centre
of each of the images (sources more than 8 arcmin from the field centres would require
somewhat greater fluxes to be detected above 50, the threshold increasing to almost four
times the central value at 20 arcmin).

5.4 Cross-correlation with UKST Data

5.4.1 Method

To investigate the nature of the X-ray sources, their positions had to be converted
to (x,y) co-ordinates on the SGP and QSF Schmidt plates. Astrometric transforms were
already in existence for these plates from their earlier use in the Boyle et al. (1990) UVX
QSO survey. Further transforms could then easily be set up for the 5 ROSAT images
using the X-ray sources which already had fairly definite identifications with UVX QSOs
or bright stars visible on the photographic plates. Although only point sources were used
in this, the limited resolution of ROSAT in comparison to optical observations meant
that positional errors in matching X-ray sources with their optical counterparts would
be of the order of 10 arcsec.

The numbers of stars and galaxies (in magnitude bins, to a limit of B = 21) in annuli
(of 5 arcsec width) around the position of each of the 184 unidentified X-ray sources were
counted. The number of X-ray/optical pairs as a function of separation, Nyz4(8), was
compared with the number expected in the absence of any correlation by placing 20000
points randomly over each of the five field areas (avoiding ‘holed’ areas of the plates
swhich will contain no objects in the dataset used here) and similarly cross-correlating
the X-ray sources with these.



A cross-correlation function Cy4(8) of X-ray sources and galaxies was then calculated

Nzy(ei)_]& .
Nz (6:) N

as

Czy(gi) =

where Npg4(0;) is the number of source/galaxy pairs of separation 5(z — 1) < § < 5¢
arcsec,

N;.(6;) is the number of source/random pairs of separation 5(z — 1) < § < 5i arcsec,
Ny is the number of galaxies, and

N, is the number of random points (20000).

5.4.2 Results

When the list of 184 X-ray sources (detected above 40 and not identified as stars or
QSOs) were cross-correlated with the 1911 objects classed as B < 21.0 galaxies (on the
total of 5 fields), 27 galaxies were seen within 20 arcsec of a source compared to 16.2
expected by chance (at § > 20 arcsec the cross-correlation was generally consistent with
zero). This result corresponds to a 2.70 rejection (with /N statistics) of the hypothesis
that these X-ray sources and galaxies are uncorrelated.

Alternatively, this could be expressed as indicating that 10.8 £ 5.2 of these 184
unidentified (ie. 5.8 & 2.8%) sources have genuine optical counterparts classed as B <
21.0 galaxies on either of the UKST plates. Although a positive and significant correla-
tion is detected, only a very small proportion (0.56 £ 0.27%) of all B < 21 galaxies are
bright enough at X-ray energies to be individually detectable on ROSAT images of this
depth.

There is no overall cross-correlation between the unidentified sources and the 3194
images classed as B < 21 stars in the UKST dataset, with 20 star/source pairs at § < 20
arcsec compared to 26.2 expected by chance. Five of these stars matched with sources
were found by spectroscopy to be misclassified galaxies (these are listed in Section 5.5
below). Hence there is a slight (20) anticorrelation between our sources and ‘real’ stars
(including QSOs), but this is to be expected as sources identified as stars or QSOs have
already been excluded from the analysis.

Table 5.3 shows the X-ray source/UKST galaxy pair counts divided up by field and
into galaxy magnitude bins. For the SGP fields, where red data is available, the galaxies
have also been divided into red (B — R > 1.50) and blue (B — R < 1.50) subsets. The
greatest source/galaxy pair excess, in fact most of the total for the five fields, appears on
the 50 ksec depth GSGP4 field, with 14 pairs seen compared to 5.4 expected. Looking
at the dependence on galaxy colour, on the three SGP fields there were 12 blue galaxies
seen within 20 arcsec of an X-ray source against 6.4 expected by chance, and for redder
galaxies there were 7 seen compared to 3.7 expected. In both cases the excess correlation
is a factor of ~ 2 for B < 21.0 galaxies, so there is no indication from these results that
the X-ray emission of galaxies of the same blue magnitude depends significantly on their

B — R colour.

Table 5.3 also shows the source/galaxy pair counts when only the unidentified X-ray
sources brighter than the 50 detection limits on each ROSAT image are included. The
overall result is that 11 galaxies are seen within 20 arcsec of a > 50 source compared to
6.4 expected by chance. This would indicate 4.6 +3.3 (ie. 6.9£5.0%) of these 67 brighter
X-ray sources to have genuine optical counterparts classed as B < 21.0 galaxies. When
4-50 sources are excluded from the analysis, the factor of ~ 2 excess in the number of
source/galaxy pairs remains approximately constant, but the reduction in the number
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of unidentified sources by a factor of 2.75 considerably worsens the statistics, so that the
rejection of the hypothesis that X-ray sources and galaxies are uncorrelated is reduced
in significance to 1.80. The sources detected at 4-50 significance do not appear to be
any less correlated with galaxies than the > 50 sources. Hence our results suggest that
most of the 4-50 detections are genuine X-ray sources, rather than random fluctuations
in the background, and that for further investigation of X-ray sources, e.g. spectroscopy
of the optical counterparts, it is worthwhile to include X-ray sources detected close to
the ~ 40 flux limits.

Figure 5.1 shows the cross-correlation function of > 40 and > 5¢ unidentified X-ray
sources with the B < 21.0 galaxies on the UKST plates. It can be seen that there i1s no
correlation at separations much larger than the ROSAT image FWHM (=~ 25 arcsec),
suggesting that the X-ray emission of these sources is generally associated with individual
galaxies rather than large galaxy clusters. At smaller separations Cz4 ~ 1, giving the
approximate twofold excess of galaxy/source pairs when summed to 20 arcsec.

Table 5.3 (Following page) The total numbers of galaxies seen on 5 areas of UKST plates corresponding
to ROSAT images, and their cross correlation with unidentified X-ray sources detected above 40 and above
50 on the ROSAT images. The cross-correlation results are given by listing the numbers of these galaxies
which are found to lie within 20 arcsec of the X-ray sources, and the numbers expected in these areas by
chance. The results are divided up by the B magnitudes of the galaxies into A(B) = 1™ bins, and by field,
and the galaxies on the SGP plate are further divided by colour at B — R = 1.5 into red (r) and blue (b)

subsamples.
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Magnitude | Field | No. of | Galaxies < 20 arcsec from an X-ray source |
range galaxies | > 4o list > 50 list
seen | expected | seen expected
GSGP4)b 5 0 0.06 0 0.03
GSGP4r 4 0 0.05 0 0.03
SGP2b 2 0 0.02 0 0.01
B <18 SGP2r 3 0 0.03 0 0.01
SGP3b 3 0 0.01 0 0.00
SGP3r 6 0 0.03 0 0.00
QSF1 5 0 0.05 0 0.01
QSF3 6 0 0.04 | 0 0.02
TOTAL 34 0 0.29 0 0.11
GSGP4) 18 2 0.22 1 0.12
GSGP4r 8 1 0.10 1 0.05
SGP2b 23 0 0.21 0 0.08
18 < B < 19| SGP2r 11 0 0.10 0 0.04
SGP3b 23 0 0.10 0 0.02
SGP3r 11 0 0.05 0 0.01
QSF1 39 0 0.35 0 0.11
QSF3 37 1 0.25 0 0.09
TOTAL 170 4 1.38 2 0.52
GSGP4b 67 2 0.81 0 0.43
GSGP4r 51 1 0.61 0 0.33
SGP2b 41 0 0.37 0 0.14
19<B <20} SGP2r 33 1 0.30 1 0.11
SGP3b 41 0 0.18 0 0.03
SGP3r 33 2 0.15 1 0.03
QSF1 127 | 1 1.15 1 0.34
QSF3 98 0 0.67 0 0.25
TOTAL 491 7 4.24 3 1.66
GSGP4) 199 7 2.40 2 1.27
GSGP4r 94 1 1.13 1 0.60
SGP2b 159 1 1.43 1 0.54
20<B<21| SGP2r | 82 1| 074 | 0 0.28
SGP3b 135 0 0.59 0 0.10
SGP3r 83 0 0.37 0 0.07
QSF1 226 2 2.05 0 0.61
QsF3 | 238 | 4 | 162 | 2 0,61
TOTAL | 1216 16 10.33 6 4.08
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5.5 Cross-correlation with AAT Data

5.5.1 Method

The cross-correlation between X-ray sources and galaxies was similarly calculated
using the galaxies on AAT plates, to a fainter magnitude limit of B = 23. As before,
X-ray sources already identified as stars or QSOs were excluded, leaving 125 sources
detected above 40 and 51 above 50 on the three fields for which the AAT data was
available.

For each of the three AAT plates, a 6-coeflicient astrometric transform was set up by
identifying about 40 stars distributed over the area of the AAT plate and also seen on
the corresponding UKST plate, with the Schmidt astrometry providing R.A. and Dec.
for these stars accurate to 1-2 arcsec. These transforms were combined with the ROSAT
image transforms (Section 5.4.1) to convert the positions of all B < 23.0 images on the
plates to the corresponding (x,y) pixel co-ordinates on the ROSAT images (the reason
for converting galaxy positions to ROSAT pixel co-ordinates, rather than converting
source positions to plate (x,y) co-ordinates as was done for the UKST cross-correlation,
was to enable these faint galaxies to be cross-correlated with the X-ray background -
see Chapter 7).

Only ROSAT and AAT objects within a circle of radius 20 arcmin about each image
centre were used. This radius excluded only one source, leaving 124 above 40 and 51
above 5. The cross-correlation was calculated as described in Section 5.4.1 above,
the source/galaxy pair counts again being compared with those expected by chance by
correlating the X-ray sources with 20000 points scattered randomly over each of the
circular areas, but avoiding ‘holed’ areas of the plates (which were generally of small
dimensions, ~ 2 arcmin).

5.5.2 Results at B < 21.0

Table 5.4 shows the source/AAT galaxy pair counts divided up by field and into
galaxy magnitude bins. For GSGP4, where a red AAT plate was also available, the
galaxies were divided into blue (B — R < 1.5) and red (B — R > 1.5) subsets.

First of all, considering the B < 21.0 galaxies, numbering 1059 in total on the 3
AAT plate areas, we see 25 such galaxies within 20 arcsec of one of the > 40 unidentified
sources compared to 12.6 expected by chance. This corresponds to a 3.500 rejection of
the hypothesis of no correlation, or to 12.4 £+ 5.0 of these sources having genuine optical
counterparts classed here as B < 21.0 galaxies. This result indicates that 1.17 + 0.47%
of the B < 21.0 galaxies seen on the three AAT plates are individually detectable on
these ROSAT images. If the logarithm of the X-ray/B-band luminosity ratio of galaxies
is hypothesised to follow a Gaussian distribution, these X-ray detected galaxies would
all have log (Lx/Lp) ratios at least 2.270 above the mean value for all galaxies. The
median ratio for the X-ray detected ‘top 1.17%’ sample would be 2.52¢ above the mean
for all galaxies.

Again we see that the results from the deep GSGP4 field dominate the observed
cross-correlation, with 15 galaxies being seen within 20 arcsec of one of the sources on
this field, compared to 5.5 expected by chance. The overall result from the AAT data
1s slightly stronger than for the UKST data at the same magnitude limit, the reasons
for this appearing to be that (i) the deep GSGP4 field (on which the largest number
of galaxies were detected in X-rays) forms a larger proportion of the AAT dataset, (ii)
four more 20 < B < 21 galaxies in the AAT data were paired with sources on SGP2
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than in the UKST data, perhaps due to chance differences in star-galaxy separation,
magnitudes and astrometry.

As in the UKST data, there was no overall correlation with objects classed as B <
21.0 stars, only 11 of these being seen within 20 arcsec of a source compared to 13.9
expected by chance. One of these 11 was found by spectroscopy to be a galaxy (see
Table 5.4), although misclassification of galaxies as stars appears to be less than in the
Schmidt dataset.

When the > 50 sources only are used, there are 9 source/galaxy pairs seen for
B < 21.0 galaxies, compared to 5.4 expected by chance. As in the cross-correlation with
the UKST galaxies, the excess of B < 21.0 galaxies less than 20 arcsec from a source
remains a factor of ~ 2 when the 4-50 sources are excluded, but the reduction in the
numbers of sources worsens the statistics, so when using the > 50 sources we obtain
only a 1.60 rejection of the hypothesis that these are uncorrelated with the galaxies.

Looking at the dependence on galaxy colour of the correlation on the GSGP4 field, we
see at the B < 21.0 limit, 11 blue galaxies within 20 arcsec of a > 40 unidentified source
compared to 3.4 expected, and 4 red galaxies compared to 2.1 expected. For sources
above 50 only these ratios become 3/1.8 and 4/1.2 respectively. As with the cross-
correlation of X-ray sources with galaxies on the UKST plates, we find no significant
difference between the cross-correlation results for red and blue galaxies.

Figure 5.2 shows the cross-correlation functions of > 40 and > 50 sources with
B < 21.0 galaxies on the AAT plates, which are evidently very similar to those calculated
using the Schmidt data.

5.5.3 Results at 21.0 < B <23.0

The above results still leave ~ 90% of the unidentified sources (~ 112 above 40 or
~ 47 above 50) without optical counterparts at B < 21, hence we now consider their
correlation with the even fainter objects visible on the deep AAT plates.

A total of 118 galaxies with 21 < B < 23 are seen within 20 arcsec of a > 4o
unidentified source, approximately one per source, but the surface density of these fainter
galaxies is such that we would expect to see 101.0 source/galaxy pairs by chance. This
gives a 1.70 rejection of the hypothesis of no correlation, a result of only marginal
significance, and would indicate 17.0 £ 10.9 of the X-ray sources to be 21 < B < 23
galaxies. The deep GSGP4 field gives almost half of the total correlation, with 54
source/galaxy pairs compared to 45.8 expected, but as this is only a 1.20 excess it is
unclear, at any statistically significant level, whether GSGP4 continues to dominate our
overall cross-correlation for these fainter galaxies.

As the 3 AAT plate areas used contain a total of 8620 galaxies with magnitudes
21 < B < 23, only a very small proportion (0.20 4 0.12%) of these can be sufficiently
luminous in X-rays to be individually detected in this ROSAT survey even at the 4o
level. The Ly /Lp ratios of the X-ray detected 21 < B < 23 galaxies would lie > 2.9¢
above the mean of all 21 < B < 23 galaxies, with the median ratio of the X-ray detected
galaxies being 3.10 above the mean, in a Gaussian distribution of log (Lyx/Lp).

The unidentified X-ray sources do show a significant correlation with objects classed
as 21 < B < 23 stars, (in contrast to the complete lack of correlation with stars at
brighter magnitudes), with 39 being seen within 20 arcsec of a source compared to
22.0 expected by chance. The detection of a cross-correlation with objects classed as
21 < B < 23 stars 1s of 3.60 significance, considerably stronger than for galaxies in tlis
range, as a result of both the higher amplitude of the cross-correlation with faint stars,
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and the weakening of the significance of the cross-correlation with faint galaxies resulting
from their higher surface density. Our results indicate than 17.0 £ 6.2 of these ‘stars’
are X-ray sources detected above 4o, with most of the correlation (20 star/source pairs
counted against 6.9 expected) being seen on the QSF3 field. At B > 21 the follow-up
optical spectroscopy is less complete, so the likely cause of this correlation is that our
list of unidentified X-ray sources still contains a few QSOs, which on account of their
optical faintness have remained unidentified as such by spectroscopy, and which appear
as faint ‘stars’ on the AAT plate.

More than half (~ 78/124, ~ 63%) of the unidentified X-ray sources detected above
40 on the 3 AAT-observed fields remain unaccounted for by the cross-correlation with
galaxies or stars even to a limit of B = 23. Many sources must therefore have optical
counterparts (either faint galaxies or, more likely in most cases, faint QSOs) at fainter
magnitudes of B > 23.0.

When only the sources detected above 50 are considered, 53 source/21 < B < 23
galaxy pairs are seen compared to 43.4 expected, only a 1.50 excess, and indicating
9.6 £ 7.3 of these 51 sources to be 21 < B < 23 galaxies. Again, the cross-correlation
changes little in amplitude, but becomes less statistically significant, if we use only the
> 50 subset in our analysis — but the correlation of either source list with galaxies as faint
as this is so weak that no significant conclusions can be reached from this comparison.

Looking at the dependence on galaxy colour of the correlation on the GSGP4 field,
we find, for the fainter 21 < B < 23 galaxies, 46 source/blue galaxy pairs against 38.0
expected by chance and 8 source/red galaxy pairs against 7.9 expected. For the 5o
limit these ratios become 27/20.2 and 7/4.2 respectively. As for B > 21 galaxies, no
significant difference is evident, but this might be expected at 21 < B < 23 where the
overall cross-correlation is only a marginal result.

Figure 5.3 shows the cross-correlation functions of > 40 and > 50 sources with 21 <
B < 23 galaxies, which obviously show much less signal at small scales (Cz4(0) =~ 0.2)
than for brighter galaxies.
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Magnitude Field No. of | Galaxies < 20 arcsec from an X-ray source
range galaxies > 40 list > 50 list
seen | expected | seen expected
GSGP4b 9 1 0.13 0 0.07
B <18 GSGP4r 4 0 0.06 0 0.03
SGP2 1 0 0.01 0 0.00
QSF3 6 0 0.05 0 0.02
TOTAL 20 1 0.25 0 0.12
GSGP4b 13 1 0.19 0 0.10
18 < B < 19| GSGP4r 13 2 0.19 2 0.10
SGP2 29 0 0.34 0 0.12
QSF3 12 0 0.11 0 0.04
TOTAL 67 3 0.83 2 0.36
GSGP4b 59 3 0.85 0 0.45
19 < B < 20| GSGP4r| 43 1 0.62 1 0.33
SGP2 64 1 0.76 0 0.26
QSF3 66 2 0.60 0 0.20
TOTAL 232 7 2.83 1 1.24
GSGP4b 156 6 2.25 3 1.20
20 < B < 21| GSGP4r 86 1 1.24 1 0.66
SGP2 244 6 2.88 2 1.00
QSF3 254 1 2.31 0 0.79
TOTAL 740 14 8.68 6 3.65
GSGP4)b 516 7 7.46 2 3.97
21 < B < 22| GSGP4r| 211 3 3.05 1 1.62
SGP2 570 5 6.73 3 2.34
QSF3 846 12 7.70 3 2.62
TOTAL | 2143 27 24.94 9 10.55
GSGP4b{ 2110 39 30.49 25 16.25
92 < B < 23| GSGP4r| 335 | 5 4.84 6 2.58
SGP2 1510 23 17.81 5 6.19
QSF3 2522 24 22.95 8 7.82
TOTAL 6477 91 76.09 44 32.84

Table 5.4 The total numbers of galaxies seen on 3 areas of AAT plates corresponding to ROSAT images,
and their cross correlation with unidentified X-ray sources detected above 4¢ and above 50 on the ROSAT
images. The cross-correlation results are given by listing the numbers of these galaxies which are found to
lie within 20 arcsec of the X-ray sources, and the numbers expected in these areas by chance. The results
are divided by the B magnitudes of the galaxies into A(B) = 1™ bins, and by field, and the galaxies on the
GSGP4 plate are further divided by colour at B — R = 1.5 into red (r) and blue (b) subsamples.
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Figure 5.2 The cross-correlation function (with /N error bars) of unidentified X-ray sources detected
on 3 ROSAT images and the B < 21.0 galaxies on AAT plates of the same areas, plotted against the
logarithm of angular separation in units of ROSAT pixels (15 arcsec). The cross-correlation function is
shown for the 124 sources detected above 4o (filled squares, dotted line) and for the subset of these sources,

numbering 51, detected above brighter 50 flux lirnits (open squares, dashed line) on these images.
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Figure 5.3 The cross-correlation function (with /N error bars) of unidentified X-ray sources detected
on 3 ROSAT images and the fainter galaxies, with 21.0 < B < 23.0, on AAT plates of the same areas, plotted
against the logarithm of angular separation in units of ROSAT pixels (15 arcsec). The cross-correlation
function is shown for the 124 sources detected above 40 (filled squares, dotted line) and for the subset of
these sources, numbering 51, detected above brighter 50 flux limits (open squares, dashed line) on these
images.



5.6 Properties of Individual X-Ray Emitting Galaxies

5.6.1 Identification of X-Ray Emitting Galaxies

For a total of 39 X-ray sources on these five fields, the optical counterpart closest to
the X-ray position was identified by spectroscopy as a galaxy, and its redshift measured
at the same time. The cross-correlation results can give some indication of how many
of these galaxies are the genuine X-ray sources.

Of the spectroscopically identified galaxies, 19 appear in the pair counts obtained
using UKST, AAT or both optical datasets as B < 21.0 objects within 20 arcsec of the
source position. The source/B < 21.0 galaxy pair count excess is approximately a factor
of two at 8 < 20 arcsec, hence ~ 50% of these galaxies are likely to be the genuine X-ray
sources, rather than chance co-incidences. This probability increases to ~ 65% for the
B < 20.0 galaxies, for which the pair excess is a factor of 2.8 on the AAT fields.

Table 5.5 gives the R.A. and Dec. co-ordinates of these galaxies, from their positions
on the photographic plates. There is evidently good agreement between the UKST and
AAT plate astrometry, as the differences between the datasets in the positions obtained
are only ~ 1 arcsec. The magnitudes from the two datasets are also closely similar (to
~ 0.1™) except for one galaxy misclassified as a star on the Schmidt plate.

For the QSF fields our list includes three of the five z = 0.312 galaxies described by
Griffiths et al. (1993) as X-ray luminous galaxies within a possible large-scale structure.
The other two z = 0.312 galaxies, the z = 0.180 elliptical and an eighth galaxy (at
z = 0.238), which were also listed as possible X-ray sources by Griffiths et al. (1993)
are not included here as they are are offset from the source positions by more than 20
arcsec, the radius beyond which we detect no significant cross-correlation.

Only three galaxies fainter than B = 21.0 and within 20 arcsec of a > 40 detected
source were successfully identified spectroscopically, all of these on GSGP4. These three
are also listed here, although the cross-correlation of sources with normal galaxies as
faint as this is of marginal significance, with only ~ 20% of pairings with X-ray sources
being genuine. However, one of these galaxies (GSGP4X:100) has very strong, narrow
emission lines and another (GSGP4X:32) is a cluster-dominating giant elliptical. Hence
these two galaxies, belonging to categories of object likely to be more X-ray luminous
than most galaxies, will have higher probabilities of being the detected X-ray sources
than would be suggested by our cross-correlation with 21 < B < 23 galaxies as a whole.
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Source

Equinox 2000.0 optical positions

UKST

AAT

R.A.

Dec.

R.A.

Dec.

GSGP4X:17
GSGP4X:20
GSGP4X:32
GSGP4X:48
GSGP4X:54
GSGP4X:57
GSGP4X:64
GSGP4X:69
GSGP4X:82
GSGP4X:86
GSGP4X:94
GSGP4X:100
GSGP4X:109
GSGP4X:114
SGP2X:25
SGP2X:49
SGP3X:6
QSF1X:20
QSF1X:33
QSF1X:64
QSF3X:39

00 56 33.947

00 57 17.207
00 57 21.192

00 57 31.649
00 57 36.782
00 57 49.754
00 57 55.658
00 58 07.097

00 58 24.490
00 58 36.424

00 52 18.124
00 54 03.658
03 41 20.752
03 41 48.926
03 43 06.206
03 42 09.444

-27 29 51.73

-27 21 46.41
-27 44 45.74

-27 23 18.45
-27 33 03.70
-27 23 04.79
-27 24 29.37
-27 34 34.85

-27 29 21.83
-27 48 47.22

-29 09 41.16
-28 24 16.16
-45 11 44.34
-45 00 48.73
-44 55 03.15
-44 17 42.26

00 56 33.993
00 56 41.931
00 56 57.013
00 57 17.201
00 57 21.161
00 57 26.047
00 57 31.748
00 57 36.808
00 57 49.816
00 57 55.697
00 58 07.097
00 58 13.520
00 58 24.511
00 58 36.415
00 51 51.492

03 42 09.560

-27 29 51.18
-27 46 57.67]
-27 40 29.43
-27 21 46.18
-27 44 45.95
-27 43 36.77]
-27 23 19.2
-27 33 04.0

-27 23 05.23
-27 24 31.21
-27 34 35.50,
-27 42 10.43
-27 29 22.56
-27 48 48.26
-29 04 18.09

-44 17 43.97

Table 5.5 The R.A. and Dec co-ordinates of the optical positions of the galaxies we both examined
spectroscopically and identified as probable X-ray sources (Section 5.6). These positions are derived from the
UKST and AAT plate astrometric transforms, with the positions obtained from the UKST and AAT datasets
listed separately (some of these galaxies appear in only one of these datasets). Both sets of co-cordinates
are given for the galaxies which are seen in both datasets.
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5.6.2 Luminosities and Spectral Classifications

Magnitudes, redshifts, X-ray fluxes and other data for the X-ray detected galaxies
are given in Table 5.6. It is clear from the variation in colours and OII line widths that
a wide range of galaxy types are represented here, probably the entire Hubble sequence.
Where colours are available they cover the range typically seen in galaxy samples of this
depth, and although the 3727A OII emission line was not detected in 9 of the 22 spectra,
for 5 galaxies its equivalent width exceeded 204, indicating rapid star-forming activity.

The total 0.5-2.0 keV flux produced by these 22 sources is 2.44 x 10™13 ergs cm~2s™1,
In comparison, the 127 spectroscopically identified QSOs detected above 40 on the same
five ROSAT images produce in total a 0.5-2.0 keV flux of 2.83 x 10712 ergs ecm~2s~1,
which exceeds the total flux of the 22 galaxies in this list by a factor of 11.6, illustrating
the large extent to which QSOs dominate the resolved component of the XRB. However,
the source/galaxy cross-correlation suggested that a further ~ 14 faint (21 < B <
23) galaxies not included in this list were also 4o0-detected sources, so that the true
QSO/galaxy ratio within the resolved component may be closer to ~ (%—) x 11.6 ~ 7.
We discuss and compare the X-ray number counts of galaxies and QSOs in more detail

in Section 5.7.

In Figure 5.4 the X-ray fluxes of the 22 galaxy and 127 QSO sources are plotted
against the blue apparent magnitudes of the corresponding optical counterparts (using
the AAT data where both UKST and AAT magnitudes are available).

Using the luminosity distances, d(z), for the spectroscopically measured redshifts
of each of the objects (assuming Hyp = 50 km s~!Mpc™! and qo = 0.05), we converted
the apparent blue magnitudes mp to absolute magnitudes (Mp) using the relation

Mp =mp —5(log dr(z) + 5),
and the X-ray (0.5-2.0 keV) fluxes, Sy, to X-ray luminosities, Lx, using

Log Lx = log Sx + 2(log dy(z) + 5) + 40.08
giving the estimates of Mp and Ly listed in Table 5.7 and plotted on Figure 5.5. In both
passbands the k-corrections were neglected, which would be appropriate for a spectral
energy distribution f, oc #~!. This power-law should reasonably well approximate the
X-ray spectra of most sources in this energy range, and the optical spectra of the late-
type galaxies and QSOs, so for these objects our estimates of Mp and Lx should be
reasonably accurate despite the significant redshifts (z > 0.15) of most of the X-ray
sources. However, for early-type galaxies, the listed estimates of Mp will be somewhat
fainter than those which would be measured in the rest-frame blue-band, the difference
increasing with redshift to as much as 1.5™ at z ~ 0.5 (see Section 1.3), on account of
the steep drop in their spectral energy distributions blueward of A ~ 40004.

The absolute magnitudes of the galaxies 1dentified with X-ray sources indicate that
they are mainly L ~ L* galaxies rather than dwarfs. For the 21 detected galaxies
(excluding the GSGP4X:32 cluster which we consider in Section 5.6.4 below), the mean
Mp estimated as above is —20.89, and the mean redshift, z;peq, = 0.22, 1s typical for
a galaxy sample limited at B ~ 21 (see e.g. BES). The 21 galaxies have high X-ray
luminosities of Ly ~ 10415-10% ergs s™! (the mean of log Ly being 42.2) - greatly
exceeding, for example, the Finstein satellite estimates of Ly ~ 1039 ergs s™! for our
own galaxy and for M31 (Fabbiano 1989).

The X-ray detected QSOs, which typically lie at much higher redshifts (zmeen =
1.44), are intrinsically much more lnminous objects in both passbands. The mean Mp
for the QSOs is —24.67 and the mean log Ly is 44.44, exceeding the mean optical and
X-ray luminosities of the 21 galaxies by factors of 32.5 and 174 respectively. QSOs
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therefore tend to have Ly /Lp ratios higher than even these X-ray selected galaxies, but
there is considerable overlap in the ranges. For the galaxy cluster and two of our strong
emission-line galaxies, the Ly /Lp ratio is at least as high as the typical QSO value.

Of the four galaxies in our X-ray detected sample with optical luminosities lower
than Mp = —20.0, three (GSGP4X:48, GSGP4X:94, and SGP2X:25) show a strong OII
emission line (W[OII] > 20A). These could therefore be classified as starbursting dwarf
galaxies, as detected in large numbers at these optical magnitudes in the spectroscopic
surveys of BES and Colless et al. (1990). The other two X-ray detected galaxies with
W[OII] > 20& (GSGS4X:100 and QSF1X:33) are much more luminous galaxies at higher
redshifts.

The BES spectroscopic survey included an area lying within our GSGP4 field, in
which redshifts were measured for 60 galaxies with by < 21.5, and 37 of these were
found to have W[OII] > 20A. None of the 60 BES survey galaxies lie within 20 arcsec
of any of our X-ray sources. This might be expected for a sample of this size, as we
detect only ~ 1% of all B ~ 21 galaxies on these ROSAT images. However, the failure
of ROSAT to detect even one of the strong emission line galaxies may suggest that the
proportion of starburst galaxies with very high Ly/Lp ratios does not greatly exceed
the proportion with high Ly /L pg ratios in the galaxy population as a whole.

Indeed, the fraction of galaxies with strong emission lines in our X-ray selected
sample is actually a little lower than that in the B-limited BES sample, and some of
our galaxies show no evidence of any recent star-forming activity. Hence the unusually
high X-ray luminosities of the galaxies in our X-ray selected sample do not appear to
be associated in all cases with ongoing star-forming activity. A number of different
mechanisms of X-ray emission are likely to be involved for the various types of galaxy
represented.

If we now divide our X-ray detected galaxies, excluding the cluster, into 9 ‘star-
forming galaxies’ with W[OII] > 104 and 12 ‘passive galaxies’ with W[OII] < 104, the
two subsets are seen to possess similar mean X-ray luminosities (the mean log Lx =
42.22 for the star-forming galaxies compared to a mean log Lx = 42.18 for the passive
galaxies), but there is some indication that the passive galaxies are on average slightly
more luminous in the blue band (mean Mp = —21.14 compared to Mp = —20.56 for
the star-forming galaxies). When the large k-corrections of early-type galaxies are taken
into account this difference becomes more significant — for an E/SO type at the mean
redshift of z = 0.22, the k-correction (from MSFJ) is 0.98™, so that the mean rest-
frame blue absolute magnitude of the X-ray detected passive galaxies will be closer to
Mp = —22.12, which is definitely above M} in optical luminosity.

The absolute magnitudes of the ‘star-forming’ subset of our X-ray detected galaxies
seem consistent with the hypothesis that spiral/irregular galaxies with high Lx/Lp
ratios randomly sample the optical luminosity function of late-type galaxies, over the
full range from dwarts to giants. This would be expected if the relation between Ly and
L g for these galaxies is linear, but with a wide dispersion in Ly /Lp ratios.

However, the higher mean absolute magnitudes of our ‘passive’ subset of X-ray
detected galaxies suggests that early-type galaxies with high Ly /Lp ratios tend to be
those with the highest (Lp > Lj) optical luminosities. This would imply a non-linear
relation Lx o (Lp)° with € > 1. There is indeed some indication from Einstein surveys
(Fabbiano 1989) that, whereas spiral galaxies and Lp < L7 ellipticals tend to follow
a linear relation between Ly and Lp, for early-type galaxies at the highest optical
and X-ray luminosities (Lp > Lj and Ly > 10*! ergs s™!) this relation is closer to
Ly o« (Lg)'*. We discuss possible physical causes for this difference in Section 7.11.
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The fact that our X-ray detected galaxies of early type tend to be those with Lg > L%}
(i.e. giant ellipticals) appears to agree with these Einstein survey findings, but a larger
sample of X-ray detected galaxies than were identified on these ROSAT images would
be required to investigate in detail the relation between the X-ray properties of galaxies
and their morphological/spectral type.

ROSAT source UKST AAT Redshift | W[OII}| 0.5-2.0 keV flux
B mag | B-R|B mag|B-R A 1015 ergs cm~ 251

GSGP4X:17 18.51 | 1.43| 18.69 |1.61| 0.105 39.2
GSGP4X:20 21.54 11.96| 0.382 3.51
GSGP4X:32 21.54 [2.33] 0.561 24.6
GSGP4X:48 20.61 10.61] 20.49 10.76{ 0.155 37 30.0
GSGP4X:54 | 20.20 | 0.91] 20.24 |1.30| 0.214 12 2.98
GSGP4X:57 19.81 {1.06( 0.161 19 2.84
GSGP4X:64 18.08 {1.50| 18.01 |1.71} 0.097 8.77
GSGP4X:69 20.49 [1.65] 20.52 |1.74| 0.213 7 8.53
GSGP4X:82 19.12 $1.28] 19.10 {1.49| 0.204 4 4.54
GSGP4X.:86 18.18 | 1.48| 18.16 0.161 4.36
GSGP4X:94 20.46 | 0.64| 20.37 [1.01] 0.120 24 6.50
GSGP4X:100 22.17 | 1.51| 0.597 51 5.80
GSGP4X:109 | 13.93s 16.78 0.098 4 4.83
GSGP4X:114 |} 19.17 {1.08{ 19.16 0.211 17 7.00
SGP2X:25 20.96 0.202 41 5.11
SGP2X:49 20.67s| 1.56 0.106 6.73
SGP3X:6 19.02 | 2.45 0.258 20.1
SGP3X:33 19.10 | 1.70 0.195 8 11.8
QSF1X:20 19.66s 0.312 28.2
QSF1X:33 19.57s 0.312 60 5.66
QSF1X:64 19.89 0.253 11 8.52
QSF3X:39 19.57s 19.80s 0.312 4.48

Table 5.6 X-ray (0.5-2.0 keV) fluxes and optical data for the galaxies we both examined spectroscop-
ically and identified as probable X-ray sources (Section 5.6). The optical data includes redshifts for all
galaxies, and O(II) 37274 equivalent widths for galaxies with spectra in which this emission line was strong
enough to be detected (for the galaxies where no line-width is listed, W[OII] is probably less than ~ 5A), blue
magnitudes and B — R colours (for the fields where red-band data was also available), with the magnitudes
and colours obtained from the UKST and AAT datasets listed separately. A letter ‘s’ after a listed optical
magnitude indicates that the galaxy was misclassified as a star on the respective optical dataset.
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Figure 5.4 The 0.5-2.0 keV X-ray fluxes plotted against blue-band apparent magnitudes for our sample
of spectroscopically examined X-ray sources, consisting of the galaxies identified as probable X-ray sources
in Section 5.6 (divided by the equivalent width of the OII(3727A) emission line in their optical spectra), the
X-ray detected GSGP4X:32 cluster, and the X-ray detected QSOs on the same areas of sky. The dashed lines
show the +10 upper and lower limits on the mean X-ray/blue-band flux ratio we estimated for 18 < B <23

18 20
B magnitude

galaxies from their cross-correlation with the XRB (Chapter 7).
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Source Estimated Mg | Estimated log Lx (ergs s™!)| log (f, (2keV/f,(B))
GSGP4X:17 -20.41 42.31 -4.30
GSGP4X:20 -20.62 42.49 -4.21
GSGP4X:32 -21.60 43.73 -3.36
GSGP4X:48 -19.50 42.55 -3.70
GSGP4X:54 -20.51 41.85 -4.80
GSGP4X:57 -20.27 41.57 -4.99
GSGP4X:64 -20.91 41.59 -5.22
GSGP4X:69 -20.22 42.31 -4.23
GS5GP4X:82 -21.54 41.99 -5.07
GSGP4X:86 -21.92 41.75 -5.47
GSGP4X:94 -19.04 41.66 -4.41
GSGP4X:100 -21.13 43.16 -3.74
GSGP4X:109 -22.16 41.34 -5.97
GSGP4X:114 -21.56 42.21 -4.86

SGP2X:25 -19.65 42.03 -4.28
SGP2X:49 -18.45 41.56 -4.27
SGP3X:6 -22.18 42.86 -4.46
SGP3X:33 -21.43 42.36 -4.66
QSF1X:20 -22.00 43.19 -4.06
QSF1X:33 -22.09 42.50 -4.79
QSF1X:64 -21.26 42.47 -4.48
QSF3X:39 -21.86 42.39 -4.80

Table 5.7 The 0.5-2.0 keV X-ray luminosities and blue-band absolute magnitudes, derived assuming
Hy = 50km s~ !Mpc~! and ¢p = 0.05, and neglecting k-corrections. together with the ratio of X-ray to
blue-band flux, expressed as log f,(2 keV)/f,(B), which is independent of Hg and ¢q, for the list of galaxies
identified as probable X-ray sources {Section 5.6).
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5.6.3 The X-Ray/Blue-band Flux Ratio

Figure 5.6 shows the monochromatic flux ratio f,(2 keV)/f,(B) plotted against
redshift for the 22 galaxy and 127 QSO sources. This was estimated by again assuming
a f, < v~ ! spectral energy distribution which gave

fo(2 keV) = 1.492 x 107185(0.5-2.0 keV) Hz~!

Using the relation, given by LCG, between flux and the blue magnitude system used on
these photographic plates (by);

log f,(B) = —0.4(by + 48.65)
we can estimate a logarithmic flux ratio

log (fu(2 keV)/f,(B)) = 1.63+log S + 0.4b,.

A galaxy with B = 20.0, for example, would require f,(2 keV)/f,(B) > 107487 to
be detected above our flux limit of log S ~ —14.5. It is therefore not surprising that
the f,(2 keV)/f,(B) ratios of the galaxies in our X-ray selected sample (Table 5.7) are
considerably higher than the f,(2 keV)/f,(B) ~ 107%° ratio typical of normal galaxies
(see e.g. Fabbiano 1989, Giacconi and Zamorani 1987).

In Chapter 7 we estimate a mean X-ray/B-band flux ratio for faint galaxies an order
of magnitude higher (f,(2 keV)/f,(B) ~ 107%%), by cross-correlating 18 < B < 23
galaxies with the unresolved XRB. The dashed lines in Figures 5.4, 5.5 and 5.6 show
the 10 range of this estimate of the mean ratio. We see that this higher ratio is also

exceeded by all the B > 18.0 galaxies detected individually on these ROSAT images.

The mean value of log (f,(2 keV)/f,(B)) is estimated as —4.67 £ 0.12 for the B <
21.0 galaxies in our X-ray detected sample, and —3.77 4+ 0.25 for those with 21.0 < B <
23.0. As noted in Section 5.5.2 above, comparing the numbers of B < 21.0 galaxies
detected on these X-ray images, as given by the excess in the source/galaxy pair counts,
with the total numbers of B < 21.0 galaxies on the photographic plates suggests that
their logarithmic flux ratios, log (f,(2 keV)/f,(B)), are typically 2.50 above the mean
value of all galaxies, and for 21.0 < B < 23.0 galaxies (see Section 5.5.3) this increases to
3.10. This could be explained if log (f, (2 keV)/ f,(B)) for 0 < z < 0.6 galaxies possesses
a very broad, approximately Gaussian distribution, centred on the typical value for local
galaxies of log (f,(2 keV)/f,(B)) ~ —6.6, but with a very large dispersion of ¢ ~ 0.8
(so that, e.g. 2.50 corresponds to a factor of ~ 100 in Ly/Lp).

Of the galaxies in our sample, the highest flux ratios are found for the cluster-
dominating galaxy at z = 0.561 and for emission line galaxies at z = 0.155 and z =
0.597. As two of these sources lie at z > 0.5, Figure 5.6 may give the impression that
the Lx/Lp ratio of galaxies tends to increase with redshift. However, Ly /Lp ratios
similar to that estimated here for the z = 0.561 cluster have been obtained for massive,
cluster-dominating galaxies at lower redshifts, including M87 in Virgo (Fabbiano 1989).
Futhermore, at higher redshifts larger volumes are sampled, containing thousands of
galaxies within the solid angle and magnitude limit of an AAT plate, and therefore it 1s
more likely that galaxies in the extreme upper ~ 0.1% of the distribution of flux ratios
will be detected. In contrast, typical L ~ L* QSOs are sufficiently luminous, in both
X-ray and blue wavelengths, to be detected on both the ROSAT images and the AAT
plates out to high redshifts, and therefore our survey is not biassed towards detecting
QSOs with particularly high Ly /L p ratios. The fact that no significant trendin Lx/Lp
ratios with redshift is seen for QSOs simply reflects their very similar rates of luminosity
evolution in the X-ray and blue passhands (Boyle et al. 1993).

The possibility does remain that the X-ray luminosity function of normal galaxies
has undergone considerable brightening of its characteristic luminosity (L%) even at
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z ~ 0.2, and in this case less dispersion in the Ly /Lp ratios at a given redshift would
be required to explain the detected cross-correlation. For example, in the case of the
late-type, galaxies in our sample, with.strong emission lines, an increase of Ly /L g with
redshift could be caused by increased star-formation activity (and consequently greater
numbers of massive X-ray binaries) compared to galaxies seen locally. We discuss the
possible X-ray luminosity evolution of galaxies in more detail in Sections 7.8 and 7.9.

X-ray surveys to fainter flux limits, with higher resolution imaging (FWHM < 5
arcsec) to reduce the confusion problem caused by the high surface density of faint
galaxies, will be needed to determine the true form of the X-ray luminosity function of
normal galaxies, and its evolution with redshift. This has been done already for the much
more luminous QSOs (Boyle et al. 1993). However, as even galaxies with Lx ~ 1042
ergs s~1, such as those identified here, will be about two orders of magnitude fainter
than QSOs at comparable redshifts, we may need to reach considerably fainter X-ray
flux limits of S ~ 10715-10716 ergs cm™%s~! to quantify directly the X-ray luminosity
evolution of galaxies.
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Figure 5.6 The logarithm of the monochromatic flux ratio f,(2 keV)/f,(B) plotted against the loga-
rithm of the redshift for our sample of spectroscopically examined X-ray sources, counsisting of the galaxies
identified as probable X-ray sources in Section 5.6 (divided by the equivalent width of the OII(37274) emis-

the same areas of sky. The dashed lines show the +1¢ upper and lower limits on the mean f,(2 keV)/f,(B)

ratio we estimated for 18 < B < 23 galaxies from their cross-correlation with the XRB (Chapter 7).
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5.6.4 Detection of a High Redshift Cluster

One of the brighter X-ray sources, GSGP4X:32, was found to coincide (within 5
arcsec) with a giant elliptical at the centre of a remote (z = 0.561) cluster. The cluster
was first discovered on an AAT plate of the area — optical observations including CCD
photometry are described by Couch et al. (1985). It was found to be between half
and two-thirds as rich as the Coma cluster, and more clumped in structure, and was
given an Abell richness class of 1. The cluster possesses a ‘central dominant’ galaxy,
more than ~ 1™ brighter than any of the associated cluster galaxies, with a double
nucleus (separation of the two components ~ 3.5 arcsec). Multiband (BVRI) photometry
appeared to indicate a moderate amount of spectral evolution towards bluer colours,
consistent with the Bruzual (1981) g = 0.5 model at this redshift.

Although the resolution of the ROSAT PSPC is inadequate to study the structure of
the X-ray emission in detail, this source did appear to be somewhat extended (FWHM ~
50 arcsec), whereas all other X-ray sources on these five images were consistent with
being point-like. After subtraction in quadrature of the ROSAT PSF width, the source
FWHM was ~ 40 arcsec, corresponding at this redshift to 300-350 kpc (for Hy = 50 kin
s™IMpc~! and 0.0 < ¢ < 0.5).

The z = 0.561 cluster possesses a high X-ray luminosity estimated in the ROSAT

band as

Ly =~ 5.4 x 10 ergs s~ 1.

However, although this is the highest Ly of any of our 22 galaxy sources, it is not unusual
for a rich cluster, as opposed to a single galaxy. Indeed the Coma cluster has a consider-
ably higher X-ray luminosity, estimated from Finstein observations (Abramopoulos and
Ku 1983) as

Lx(0.5-4.0 keV) = 51.3 x 10*® ergs s~ 1.
Thermal bremsstrahlung emission from hot gas produces an exponential spectral energy
distribution of the form

fv < exp(=hv/kT).
Assuming an SED of this form with a gas temperature of kT ~ 7-8 keV, typical of rich

clusters such as Coma, the X-ray luminosity in the rest-frame energy band of 0.78-3.12
keV, which corresponds to 0.5-2.0 keV at z = 0.561, can be estimated as

Lx(0.78-3.12 keV) ~ 0.69L x (0.5-4.0 keV),

Hence for a cluster identical to Coma at = = 0.561, the X-ray luminosity observed in
the ROSAT band would be

Lx ~35.4 x 10*3 ergs s~ 1.
The X-ray luminosity of clusters was estimated by Abramopoulos and Ku (1983) to
relate to their richness N as Ly « N2, so we would expect the GSGP4X:32 cluster,
being of %—% Coma richness, to produce 43-61% of its X-ray luninosity, i.e.

Ly ~ (15.2-21.6) x 1013 ergs s~
which 1s considerably higher than the observed luminosity. We estimate that the X-ray
luminosity of GSGP4X:32 is only 25-36% of that expected for a cluster of similar richness
at the present day. The relatively low Ly of this one cluster may indicate that there has
been some increase in the X-ray luminosities of rich galaxy clusters in general since the
epochs corresponding to z ~ 0.5, 1.e. a negative evolution with redshift, although 1t is
obvious that larger samples of X-ray detected clusters at these redshifts will be required
to verify this. We discuss the X-ray luminosity evolution of clusters further in Section
8.4.2.
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5.7 Galaxy Number Counts at 0.5-2.0 keV

In addition to cross-correlating X-ray sources with the galaxies divided by their
optical magnitudes and/or colours, we can also cross-correlate the sources brightward
of a given X-ray flux limit with the full (B < 23.0) galaxy sample. In this way we can
derive an estimate of the galaxy number counts as a function of X-ray flux. As our
dataset includes only those galaxies optically brighter than B = 23.0, the total X-ray
band number count of galaxies may be underestimated somewhat. However, as we have
found a much higher proportion of B < 21 galaxies to be correlated with the sources
than is the case for 21 < B < 23 galaxies, even fainter (B > 23) galaxies are likely to
comprise only a small proportion of the total X-ray counts of galaxies until even fainter
X-ray flux limits are reached.

The > 40 detected X-ray sources brighter than a series of flux limits from log
S = —13.6 to log S = —14.6 were cross-correlated with all B < 23.0 galaxies on the
three areas covered by AAT plates. The integral galaxy number count as a function of
X-ray flux was then estimated by subtracting the numbers of galaxies expected within
20 arcsec of a source from the number actually counted (N.4(8 < 20)) for the sources
brightward of each chosen flux limit. The excess number of galaxies near sources was
then divided by the total area of 1.05 deg?, to give a number count of ‘correlated’
galaxies, shown on Figure 5.7, with the statistical errors estimated as /Nz¢(6 < 20).
A statistically significant correlation is only seen at flux limits of log S = —14.2 and
famnter.

The graph also shows the number count as a function of flux limit of the 18 identified
galaxies (Tables 5.5, 5.6 and 5.7) which lie on the 3 fields covered by AAT plates. As
these are mainly B < 21 galaxies, which show a more significant cross-correlation with
X-ray sources than do 21 < B < 23 galaxies, this number count will show smaller
statistical errors than the count of ‘correlated’ galaxies, particularly at brighter flux
limits. However, this identified galaxy count will be an underestimate at the fainter lux
limits. Table 5.8 lists the two versions of the X-ray galaxy counts together with the
mean redshift as a function of flux limit for the identified galaxies.

Figure 5.7 and Table 5.8 also include the number count and mean redshift data of
the 72 spectroscopically identified QSOs detected above 40 on the same 3 ROSAT fields.
We only include the QSO data for these 3 fields, so the effect of the flux limits of the
ROSAT images on the QSO number counts will be exactly the same as for the galaxies.

To S ~ 107 ergs cm™2s~1, the galaxy and QSO counts both increase to fainter flux
g g 3

limits with approximately Euclidean gradients of v ~ 1.5 (i.e. ‘(ll((ll%)) = —1.5). Between
log S = —14.4 and log S = —14.6 the galaxy count gradient levels out somewhat,

presumably as a result of incompleteness in the source detection, as the various 4o
limits of the fields are reached at log S ~ —14.5. To obtain an estimate of the galaxy
count in the 0.5-2.0 keV band we therefore normalize to the count of correlated galaxies
at a flux limit of log S = —14.4 (i.e. 27.2 4+ 10.4 deg™?), giving:

log N(< S) = —1.5(log S+ 14) + 0.8370-21

The dotted line on Figure 5.7 shows a count slope with this gradient (y = 1.5) and
normalization. This corresponds to a swrface density of detected galaxies of 6.8 £2.6
deg=? brighter than log S = —14.0, increasing to 38.4 + 14.6 deg™? at a flux limit of log
S = —14.5, and 216 £ 82 deg™? at log S = —15.0.

The QSO number count is higher than that of galaxies by a factor of 6.4 at log
S = —14.0, but faintward of this flux limit the QSO count slope flattens considerably,
to a log N-log S power-law index of v = 0.61 at log § = —14.1 and v = 0.24 at log
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S < —14.3. Extrapolating the QSO counts with a v = 1.5 slope beyond log S = —14.0
predicts a surface density at log S = —14.4 of 174.4 + 25.7 deg™2, while only 64.8 + 7.9
deg~? are identified at this limit.

The cross-correlation of unidentified X-ray sources with objects classed as 21 < B <
23 stars (Section 5.5.3) suggested that the QSO count at the X-ray source detection limit
is underestimated by 16.2+ 5.9 deg™? due to incompleteness in the optical spectroscopy.
Adding this estimate to the density of identified QSOs gives 81.0 + 9.8 deg~?, which is
still less than half the Euclidean extrapolation, the difference between the two being of
3.40 significance. In contrast, the galaxy counts are not seen to fall significantly below
the Euclidean slope until incompleteness of the source detection becomes significant at
log § < —14.4.

Hence the observed flattening of the QSO count gradient does not appear to be
due entirely to incompleteness in either the X-ray source detection or the optical spec-
troscopy, and instead must reflect the fact that QSOs are seen out to a real or ‘effective’
(ie. caused by the comoving volume element reduction discussed in Section 4.5) redshift
maximum at log S ~ —14, where the mean redshift of spectroscopically identified QSOs
is indeed seen to exceed zean = 1.25.

The galaxies we find to be correlated with detected X-ray sources are at much lower
redshifts than the QSOs (zmean = 0.22), so the galaxy N(z) continues to become more
extended and the galaxy counts continue to increase steeply to much fainter X-ray fluxes.

In the blue band the galaxy counts increase as v = 1.1-1.2 (i.e. ﬂ%gn_N) = 0.44-0.48),
until z,,.z appears to be reached at B ~ 25-26. Even steeper count slopes (y ~ 1.5) have
been measured for the bluer galaxies only, and for U-limited samples of faint galaxies
(Guhathakurta 1991). These gradients are perhaps more appropriate for comparison
with X-ray observations, where the large B-band k-correction of early-type galaxies will
not apply. Flattening of the number count slope is not seen in the blue-band until ~ 5™
fainter than typical blue magnitudes of the X-ray detected galaxies discussed in Section
5.6 above, so we might expect the steep (v ~ 1.5) increase in the galaxy counts in the
ROSAT band to continue to at least S o~ 10716 ergs cm~2s~!. This is predicted by the
X-ray band galaxy count models of Griffiths and Padovani (1990), Treyer et al. (1992),
and in Section 7.10 of this thesis.

In summary, comparing, as a function of X-ray flux limit, the cross-correlation of X-
ray sources with galaxies and the correlation with QSOs indicates that QSOs are a much
larger component (indeed, the dominant component) of the X-ray source counts than
are galaxies to flux limits of $(0.5-2.0 keV) = 107! ergs cm™2%s~!, where they exceed
the galaxies in number and flux contribution by a factor of at least ~ 6. However, at
S < 10~ ergs em™2s7!, number counts of QSOs level out, falling significantly below
a Euclidean (y = 1.5) extrapolation, whereas those of galaxies continue to rise steeply
(v ~ 1.5), and may continue to do so to fluxes a further 2 orders of magnitude faintward.
We would therefore expect the ratio of galaxy flux to QSO flux to be much higher within
the unresolved ~ 65% of the XRB, which contains the integrated emission of all sources
faintward of the 40 detection threshold. For an even deeper survey detecting sources to
a flux limit of 1071% ergs cm™2s~!, we predict the surface density of detected galaxies
to reach NV 2~ 200 deg™?, perhaps exceeding that of QSOs.
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Figure 5.7 Integral X-ray number counts of sources detected on the GSGP4, SGP2 and QSF3 ROSAT
images, in units of sources deg=2, over a series of S(0.5-2.0 keV) flux limits from 10-13:6 to 10~146 ergs
em~ 2571, The counts shown are those of spectroscopically identified QSOs, the galaxies identified as probable
X-ray sources fromn the list of Section 5.6, and an estimate of the total X-ray number count of B < 23.0
galaxies from the numbers found to be correlated with sources in Section 5.7. All three counts are shown

with /N errors. The dotted line shows a Euclidean slope normalized to the correlated galaxy count at
S = 10"144 ergs cm™2s~ 1.
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Log Flux limit | Correlated Galaxies | Identified Galaxies | Identified QSOs
deg™? deg~? Zmean deg~? Zmean
-13.6 1.905 4+ 1.347| 0.13 [13.33 4+ 3.56| 0.93
-13.8 2.857+1.650| 0.27 |27.624+5.13| 1.11
-14.0 2.857+1.650| 0.27 (43.81 +6.46( 1.26
-14.2 14.35 1 8.02 8.571£2.857| 0.20 |58.10+7.44| 1.35
-14.4 27.18 £ 10.35 14.294+3.69 | 0.23 [64.76 - 7.85( 1.40
-14.6 29.18 £ 11.35 17.14 £ 4.04 | 0.23 [67.62+8.02| 1.41

Table 5.8 Integral X-ray number counts of sources detected on the GSGP4, SGP2 and QSF3 ROSAT
(0.5-2.0 keV) flux limits from 10136 to 10146 ergg
s~!, with \/N errors. The counts listed include (i) an estimate of of the total number X-ray number
count of B < 23.0 galaxies from the numbers found to be correlated with sources in Section 5.7, (ii) the
number count of galaxies identified as probable X-ray sources on these 3 fields, from the list of Section 5.6,
and (iii) the spectroscopically identified QSOs detected on these 3 fields. For the galaxies and QSOs in
number counts (ii) and (iii), which all have measured spectroscopic redshifts, the mean redshift as a function

images, in units of sources deg~2, over a series of S

cm—?

of flux limit is also listed.
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5.8 The Source/Galaxy Cross-Correlation at a Constant Flux Limit

It was noted in Sections 5.4.2 and 5.5.2 that most of our observed positional corre-
lation between X-ray sources and galaxies is seen on one of our five ROSAT fields, i.e.
GSGP4. This is also apparent from Tables 5.5, 5.6 and 5.7, where 14 of the 22 galaxies
we identify as probable X-ray sources lie on GSGP4 compared to 2 on SGP2, 2 on SGP3,
3 on QSF1 and 1 on QSF3.

Cross-correlation of X-ray sources with galaxies, as a function of their X-ray flux
(Section 5.7 above), indicated that most of the observed correlation with galaxies was
produced by the fainter sources in our list (—14.0 > log S > —14.4), close to the 4¢
limits for detection. Hence the obvious explanation for the much stronger result on
GSGP4 would be the longer ROSAT exposure time, approximately twice that used for
the other fields (Table 5.1), giving source detection limits fainter by a factor A(log
S) ~ 0.3. However, other explanations may be possible. The GSGP4 area could be
unrepresentative in some way — containing, for example, a large-scale association of
unusually X-ray luminous galaxies, not seen in most other areas of the sky.

To investigate further the differences between our survey fields, we repeated our
source/galaxy cross-correlation analysis using only the sources above a flux limit kept
constant at $(0.5-2.0 keV) = 107! ergs em~%s7! for all five fields. The use of this
common flux limit, well above the 50 detection limit in at least the central areas of
all five ROSAT images (Table 5.2), may reveal whether there is any variation in the
true strength of source/galaxy correlation between these areas of the sky, but limits our
analysis to a much smaller number of sources.

Table 5.9 lists the total numbers of S > 10714 sources, and the numbers without
identification as AGN or stars. In contrast to the numbers of > 40 and > 5o sources
given in Table 5.2, the numbers above this common flux limit show no significant varia-
tion between the five fields. Table 5.9 also gives the numbers of B < 21.0 galaxies seen
on the UKST plates within 20 arcsec of an unidentified S > 10714 source and the num-
bers expected by chance, in the absence of any positional correlation. The equivalent
numbers are also given for B < 21.0 and 21.0 < B < 23.0 galaxies on the AAT plates,
for the three fields on which AAT data was available.

The ratio of B < 21 galaxies seen within 20 arcsec of an unidentified X-ray source to
the number expected by chance remains a factor of just over 2 at this flux limit, although
with the greatly reduced number of sources in comparison to the 4o-limited sample the
overall significance of the cross-correlation is only 2.40 for the 5 UKST fields and 1.8¢
for the 3 AAT fields. The fact that B < 21 galaxies appear to comprise a fraction ~ 10%
of unidentified X-ray sources at all three flux limits considered (10714, 50 and 40) may
favour an approximately constant fraction of galaxies with high Ly /Lp ratios (i.e. the
wide dispersion in log Ly /Lpg proposed in Section 5.6.3 above) as the main cause of the
source/galaxy correlation, rather than the sudden appearance of a high-L x population
at = > 0.2.

No significant cross-correlation is seen between S > 107! sources and 21 < B < 23
galaxies. For a source with an optical magnitude B > 21 to give an X-ray flux above
1071 ergs em™2s~!, a very high flux ratio of f,(2 keV)/f,(B) > 10739 would be
required. In our detected sample, the galaxies GSGP4X:48 and GSGP4X:100 and the
cluster GSGP4X:32 do appear to possess X-ray/optical flux ratios as high as this, but
only the cluster, with a B = 21.54 central dominant galaxy, produces an X-ray flux
S > 1071 ergs ecm~2s~ 1. This single object would obviously not produce a statistically
significant correlation above the errors of ~ \/Npquirs = 4.7 in this analysis.

With the same flux limit used for all five X-ray images, no significant difference m
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the source/galaxy cross-correlation remains between GSGP4 and the other four fields.
Hence it would appear that the dominance of our results by the GSGP4 data is primarily
or entirely a result of the longer X-ray exposure time. As discussed in Section 5.7 above,
the total numbers of galaxies detected, unlike the numbers of QSOs, appear to increase
with flux limit in the —14.0 > log S > —14.4 range with a power law index greater than
unity, and are likely to continue to do so to log S = —15.0 and beyond.

For a galaxy count slope v = 1.5, extending the flux limit by A(log S) = 0.3 will
increase the number of detected galaxies by a factor of 2.8. Furthermore, at these
faint limits, the numbers of detected QSOs will increase by a much smaller factor, so the
proportion of unidentified X-ray sources which are not galaxies will decrease, resulting in
smaller statistical errors in the cross-correlation. Our one 50 ksec exposure was therefore
able to provide approximately as much data on the X-ray properties of faint galaxies
as a total of ~ 100 ksec exposure time divided amongst four other fields. We conclude
from this that it is worthwhile for all future high-resolution X-ray surveys, at any range
of photon energies, to include a very long exposure on a single field.

Field | § > 1071 sources | Galaxies < 20 arcsec from an § > 10~ source
Total | Unidentified | B < 21 UKST | B < 21 AAT |21 < B <23 AAT
seen | expected | seen | expected | seen| expected

GSGP4 | 27 8 2 0.65 3 0.98 6 8.09
SGP2 32 12 2 1.08 3 1.35 11 8.32

SGP3 27 7 2 0.44

QSF1 | 31 7 o | o069

QSF'3 30 8 2 0.63 0 0.56 5 5.56
TOTAL| 147 42 8 3.49 6 2.89 22 21.97

Table 5.9 The total numbers of X-ray sources detected above a 0.5-2.0 keV flux limit of 10— 14 ergs
cm~ 2571 and the numbers not identified as stars or Q50s, and the cross-correlation between the unidentified

sources and galaxies. The cross-correlation results are given by listing the numbers of these galaxies which
are found to lie within 20 arcsec of the X-ray sources, and the numbers expected in these areas by chance.
The results are given separately for each field ~ the use of a common flux limit for the five ROSAT datasets
means that any differences between the results for the five fields will reflect real differences between these
areas of the sky rather than differences in the ROSAT exposure times used for each image. For the AAT
data, the cross-correlation results are given separately for the brighter (B < 21) and fainter (21 < B < 23)

galaxies.
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5.9 Summary

(1) A total of 184 X-ray sources (without identified QSO or stellar optical counter-
parts), detected using ROSAT, were cross-correlated with the positions of galaxies on
photographic plates. A significant (~ 30) cross-correlation was detected, indicating that
the optical counterparts of ~ 12 of these X-ray sources were B < 21.0 galaxies.

(i1) The number of galaxies we found to be correlated with X-ray sources in our cross-
correlation analysis indicated that ~ 1% of the galaxies at B < 21 and zpeqn = 0.22
possess Lx /Lp luminosity ratios higher by factors of order ~ 100 than most galaxies
seen locally. Our results therefore suggest that the Ly /Lp ratios of normal galaxies of
both early and late types are widely dispersed, with o ~ 0.8 in the logarithm of the
ratio. The rate of X-ray luminosity evolution for galaxies is unknown at present, and
if 1t 1s very rapid at even these moderate redshifts, a somewhat smaller dispersion in
Lx /L p ratios may be adequate to explain our observations.

(iii) The galaxies coinciding with these sources were examined spectroscopically,
and were found to possess a wide range of spectral characteristics, covering the entire
Hubble sequence from early to late types. The X-ray luminosities of these galaxies were
estimated as Ly ~ 10*? ergs s~!, which is much higher (by factors of order ~ 100) than
the X-ray luminosities of most normal galaxies. The late-type galaxies were typically
of L ~ L* luminosity at optical wavelengths, whereas the X-ray detected early-type
galaxies tended to be of somewhat higher than L* optical luminosity (Mp ~ —22).

For the X-ray detected galaxies with strong narrow emission lines (W[OII] > 204),
the high X-ray luminosities may result from the presence of large numbers of very lu-
minous (but short-lived) massive X-ray binaries, formed in starbursts. However, strong
emission line galaxies form less than half of the X-ray detected sample, and a number
of spectroscopically examined Ly ~ 10%% ergs s~! galaxies show no evidence of ongoing
or recent star-formation, so other mechanisms must account for the very strong X-ray
emission in these cases.

(iv) A rich galaxy cluster at a high redshift of z = 0.561, previously identified on an
AAT plate corresponding to the GSGP4 field, appeared on the ROSAT image as one
of our brighter X-ray sources, appearing slightly extended in comparison to the other
sources. The X-ray luminosity of the cluster was estimated from its flux and redshift
to be Lx(0.5-2.0 keV) ~ 5.4 x 10% ergs s~!. Although this X-ray luminosity is higher
than that of any of our detected single galaxies, it appears to be only about ~ 30% of
that expected for a comparable large cluster seen locally (i.e. at the present day).

(v) The cross-correlation analysis also suggested that some (~ 17) of the X-ray
sources are optically fainter (21.0 < B < 23.0) galaxies, but this result is much less
significant (~ 1.70). The cross-correlation analysis at this depth was badly affected by
the confusion problem caused by the surface density of faint galaxies exceeding that of
ROSAT PSPC resolution elements. The unidentified X-ray sources showed a more sig-
nificant (> 30) cross-correlation with objects classified as 21 < B < 23 stars, suggesting
that ~ 17 of the unidentified sources were optically faint QSOs which spectroscopy had
failed to identify.
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(vi) The number counts of detected galaxies as a function of X-ray flux limit appear
to be increasing with an approximately Euclidean (v = 1.5) slope, reaching a surface
density estimated as N = 27.2 4 10.4 deg~? at our completeness limit of § ~ 10144
ergs cm~2s7!. To a flux limit of S ~ 107140 ergs cm™2s~1, the X-ray number counts
of QSOs also increase with a Euclidean slope, with a normalization higher than that of
galaxies by a factor of ~ 7, so that the total flux from QSOs exceeds that from galaxies
by a similar ratio within the resolved component of the 0.5-2.0 keV background.

However, faintward of S o~ 107140 ergs cm™%s~!, where QSOs are seen out to their

maximum redshifts and their mean redshift reaches zjeqn =~ 1.25, the QSO number
count levels out significantly. The X-ray number count of galaxies appears to continue
rising with a Euclidean slope. We would expect this, as galaxies will not be seen out
to z ~ 3 until much fainter X-ray fluxes are reached. Hence the galaxy component of
the X-ray source counts will increase relative to that of QSOs at fainter flux limits, and
galaxies would account for a much larger component of the unresolved ~ 65% of the
XRB than of the detected X-ray source counts.
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Chapter 6

The Auto-Correlation Function of the X-Ray Background

6.1 Introduction

In this chapter we investigate the unresolved component of the X-ray background
by calculating an autocorrelation function (ACF) of the fluctuations in its intensity over
a wide range of angular scales. After excluding areas of our ROSAT images containing
photons from sources detected above 40, we can use the ACF of the sub-4¢ fluctuations
in the remaining image area to investigate the clustering of X-ray sources faintward of
the 40 detection threshold.

Constraints on the number counts of X-ray sources at fluxes faintward of present
detection limits have already been obtained by Hamilton and Helfand (1987) using Fin-
stein data, and by Georgantopoulos et al. (1993) using ROSAT data. These authors
investigated the P(D) distribution of the unresolved background - i.e. the frequency
distribution of the number of photons D in each pixel. For a diffuse, absolutely uniform
background P(D) would have a Poisson distribution. However, if the XRB contains dis-
crete sources with fluxes greater than ~ 1 photon source™! but less than the threshold for
detection, these will create a ‘clustering’ of the X-ray photons on the scale of the point-
spread function, whether or not the sources themselves are clustered, and consequently
the variance and higher moments of P(D) will exceed the Poisson value.

The above authors compared P(D) with the predictions of models incorporating the
point-spread functions of the respective instruments and assuming various forms for the
number count relation log N-log S of sources faintward of the detection threshold. The
P(D) analysis of both Einstein and ROSAT images of the unresolved XRB indicated
the approximately Euclidean slope (y = 1.5) of log N-log S found for detected sources
at $ > 10~ ergs cm™2s7! to flatten to v ~ 1.2 at fainter fluxes. A surface density of
unresolved sources exceeding ~ 5000 deg~? is then required to produce the entire X-ray
background intensity.

The ACF differs from the P(D) distribution in that it measures only the second
moment of the intensity fluctuations, but does so for a large range of scales from one
pixel to the size of the image — the ACF is the intensity covariance as a function of
separation between two pixels rather than simply the pixel-to-pixel variance. It therefore
serves primarily as a probe of the clustering of the discrete sources themselves, rather
than their number counts.

The ACF is given by

(1 - {1)U

wA(;F(H) — <I>2’ - <I>))

where I and I’ are the intensities detected in two pixels separated by angle 6 on the
sky, and (I) is the mean intensity for the whole image area. The ACF differs from the
two-point angular correlation function w(#) only in that

(i) The photons are binned into 15 arcsec pixels whereas the galaxies were detected
within much smaller resolution elements (~ 1 arcsec) and not binned, but this will have
little effect where 8 is much larger than 15 arcsec.
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(i1) The clustering of photons into discrete sources, if these are present, will produce
a signal in the ACF (additional to that produced by the source clustering) at the small
scales within the instrumental point-spread function (~ 25 arcsec for the ROSAT PSPC).

(iii) Any clustering of photons into sources will also produce statistical errors in
the ACF larger than those estimated on the basis of photon pair counts, as individual,
detected photons may not then be independent of each other (see Section 6.4).

(iv) Each X-ray photon, rather than each discrete source, is weighted equally. The
brighter unresolved sources, given stronger weighting in the ACF, are likely to be fewer in
number and at lower average redshifts (and therefore more strongly clustered on the sky)
than fainter sources. Hence flux-weighting would tend to increase both the statistical
errors in the ACF and any signal from source clustering, relative to the amplitude and
error of w(#) calculated with all sources weighted equally.

Discrete, extragalactic sources of X-rays — galaxies, galaxy clusters and the various
types of AGN - are all clustered to some extent, with their projected clustering on the
sky at small angular scales (i.e. a few arcminutes) approximately following w(§) oc §70-8
power-laws of various amplitudes. If the XRB is produced by any combination of such
sources, it should therefore be possible to obtain at least an upper limit on their w(8)
amplitude by fitting a §7%% power-law to the ACF (at # larger than the point-spread
function). This will give an ACF amplitude, which will depend on both the redshift
distribution and the intrinsic clustering properties of the sources.

On the basis of the measurements of QSO clustering described by Shanks and Boyle
(1994), QSOs, if they follow a stable clustering model, appear to be more strongly
clustered than normal galaxies would be at the same redshift. The ACF amplitude
might then, as well as providing information about the the range of redshifts at which
the X-ray flux is produced, constrain the relative contributions of QSOs and galaxies to
the unresolved XRB. However, as we discuss further in Section 6.6, these estimates of
the QSO clustering derive from measurements at physical separations of » ~ 10 h=!Mpc,
whereas our ACF amplitudes measure the clustering of X-ray sources at smaller scales
of r ~1 h~Mpc, so we must treat any comparison of the two with caution.

Georgantopoulos et al. (1993) calculated autocorrelation functions for the QSF1
and QSF3 ROSAT images and were able to set a 20 upper linut of 0.045 on the signal
in the ACF at 1 < § < 3 arcmin separations. For a 7% power-law, an upper limit of
wacF(2') <0.045 corresponds to

wacF(8) <3 x 107*(deg) "

If QSOs are as clustered on small scales as the Shanks and Boyle (1994) measurements
indicate them to be at r ~ 10 h=!Mpc, the Georgantopoulos et al. (1993) upper limit
on the ACF is significantly lower than the ACF amplitude expected for a background
produced entirely by QSOs, even if these are distributed out to z ~ 4. The Georgan-
topoulos et al. (1993) results would then set an upper limit on the QSO contribution to
the unresolved XRB flux, fgso, of approximately foso < 40%, but allow most of the
XRB to be produced by normally clustered galaxies, if these are also distributed out to
high redshifts.

In this Chapter, we shall repeat the ACF analysis of the QSF3 image, and extend this
to the SGP2 image of comparable depth and to the GSGP4 image with approximately
twice the exposure time. Our larger dataset (approximately twice the total exposure time
used by Georgantopoulos et al. 1993) should improve the statistics on measurements of
the ACF, providing either the detection of a signal or a stronger constraint on its upper
limit.

118



We shall compare our ACF amplitude with the w(#) amplitude of faint galaxies, to
verify whether galaxies at any magnitude or redshift are sufficiently weakly clustered
to produce the non-QSO fraction of the XRB, and with the models used by Georgan-
topoulos et al. (1993) to estimate possible constraints on fogo. Finally, we shall discuss
different models of QSO clustering at high redshifts and the extent to which fqso and
fgal can be constrained by ACF measurements and other observations, including P(D)
analysis and the source counts discussed previously in Chapter 5.

6.2 Observational Data

In the ACF analysis we use the three ROSAT fields for which AAT photographic
data is also available (GSGP4, SGP2 and QSF3), imaged in the 0.5-2.0 keV energy
range. Figures 6.1, 6.2 and 6.3 show the 40 x 40 arcmin central areas of our three
images. Only the central 16 arcmin radius circular area of each field is used here, to
minimize the effect of the falloff in sensitivity and resolution at large off-axis angles. This
is necessary as autocorrelation functions are very sensitive to large-scale gradients and
the ‘real’ (non-instrumental) fluctuations are already known to be weak. These circular
areas each contain 12972 ROSAT pixels, with the mean number of photons counted per
pixel as listed in Table 6.1.

Sources detected above 40 (Section 5.3) were removed by setting all pixels within
an exclusion radius about the centroid of each source to a negative value. These pixels
then were then ignored by the program making the various summations (Section 6.3
below) used in the calculation of the ACF. The exclusion radius used was that which
would contain 98% of the photons detected from a point source. The radius used was
0.51 arcmin for sources within 8 arcmin of the field centre, but increases at large off-axis
angles where the PSPC resolution is poorer, to 0.66 arcmin and 0.89 arcmin at off-axis
angles of 12 and 16 arcmin respectively.

Figures 6.4, 6.5 and 6.6 show the ‘holed’ images, and Table 6.1 lists the numbers of
pixels remaining in the 16 arcmin radius circular areas of each after source removal, and
the mean numbers of photons per pixel before and after source removal. The reduction in
the mean number of photons per pixel caused by removing pixels contained within > 40
detected sources indicated that sources detected above 40 accounted for approximately
30%, 23% and 31% of the total 0.5-2.0 keV flux on GSGP4, SGP2 and QSF3 respectively.

Image Pixels used | Mean photons pixel=! ((N)) (N)w(0)
GSGP4 unholeﬂ 12972 0.7836 3.357
GSGP4 holed 11191 0.5554 1.185
SGP2 unholed 12972 0.4895 2.444

SGP2 holed 11880 0.3746 1.031
QSF3 unholed 12972 0.4745 6.366
QSF3 holed 11884 0.3261 1.196

Table 6.1 For our GSGP4, SGP2 and QSF3 ROSAT images, both with all pixels included (‘unholed’)
and with the pixels containing 4¢ detected sources removed (‘holed’), this table lists the number of ROSAT
pixels used in our ACF analysis, the mean number of 0.5-2.0 keV photons, (N), detected in each of these
pixels, and the product w(0)(N), ie. the ratio of the pixel-to-pixel variance in photon counts to the mean

value (Section 6.3).
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Figure 6.1 Grey-scale plot of the central 40 x 40 arcmin square area of our ROSAT image of the GSGP4
field, showing the 0.5-2.0 keV photon counts in pixels of side 15 arcsec.



Figure 6.2 Grey-scale plot of the central 40 x 40 arcmin square area of our ROSAT image of the SGP2
field, showing the 0.5-2.0 keV photon counts in pixels of side 15 arcsec.
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Figure 6.3 Grey-scale plot of the central 40 x 40 arcmin square area of our ROSAT image of the QSF3
field, showing the 0.5-2.0 keV photon counts in pixels of side 15 arcsec.




Figure 6.4 Grey-scale plot of the central 40 x 40 arcmin square area of our ROSAT image of the GSGP4
field, showing the 0.5-2.0 keV photon counts in pixels of side 15 arcsec, with pixels removed (see Section

6.2) which contain photons from discrete sources detected above 40. These ‘holed’ areas appear white on
the plot.




Figure 6.5 Grey-scale plot of the central 40 x 40 arcmin square area of our ROSAT image of the SGP2
field, showing the 0.5-2.0 keV photon counts in pixels of side 15 arcsec, with pixels removed (see Section
6.2) which contain photons from discrete sources detected above 40. These ‘holed’ areas appear white on

the plot.




Figure 6.6 Grey-scale plot of the central 40 x 40 arcmin square area of our ROSAT image of the QSF3
field, showing the 0.5-2.0 keV photon counts in pixels of side 15 arcsec, with pixels removed (see Section
6.2) which contain photons from discrete sources detected above 40. These ‘holed’ areas appear white on
the plot.
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6.3 Calculating the Auto-correlation Function

Auto-correlation functions were calculated for the 3 holed and 3 unholed images by
evaluating

> Ni;(6n)
Npp(62)(N)?
where (N} is the mean number of photons per pixel for all pixels used in the analysis,
N;Nj is the product of the photon counts in a pair of pixels ¢z and 7, and Y- N;N;(6,,) is the

product N; N; summed for all Npy(6y,) pairs of pixels separated by 100-2(n=1) < § < 100-2»
where 6 is in units of the pixelsize (15 arcsec).

wacr(0n) = -1

The n = 0 bin corresponds to zero separation between the pixels, so that N;N;(6p)
is simply N? and ‘
(N?)
0) = = —1
wacF(0) (W2

2 2
The product (N)wacr(0), which is equivalent to N)ZN)” | the second moment

of P(D) divided by the first moment, will be unity for a diffuse, absolutely uniform
background. A uniform background would give wacp(8) = 0 at all 8 > 0, but at
zero separation there would be a positive signal wacp(0) = (N)~! produced by the
Poisson noise in the photon counts. Intensity fluctuations above the Poisson noise, on
any scale within the image size, would increase (N)w4¢ r(0) above unity, and would also
increase the statistical errors in wacp(0) by approximately the same factor (see Section
6.4 below).

6.4 Estimation of Errors

In the calculation of w(#) for discrete sources such as gdla‘{ies the Poisson error on
the pair count in each bin of angular separation, Ny (6;), is simply /Ngg(0;).

The error in w(8;), o4, will be the pair count error multiplied by (1+w(6;))/Nyg(6;),

= (1 4 w(6;)) Ny (8:) %P

In calculating the ACF we are counting pairs of photons rather than discrete sources.
If the photons are effectively clustered into ‘groups’ of mean size n photons by the
presence of fluctuations and/or discrete sources in the background, the distribution of
these ‘photon clusters’ then being assumed Poissonian, the mean number of groups per
pixel will be (N)/n, with ogroups = /({(IV)/n).

The fluctuations therefore increase the variance of P(D) from (N) to n(N), so that
n is equivalent to (N)wacr(0) as defined above.

A photon pair count N; N; corresponds to N; N;/n? pairs of ‘groups’, giving a Poisson
error in w(@,) of

ow =n(l+w(f ZN]\

Hence we can correct our ACF errorbars for the effects of fluctuations additional
to the Poisson noise by simply multiplying by the factor (N)wacr(0) as measured for
the image being analysed. If a large fraction of the photons are concentrated in a few
bright sources the statistical errors of the ACF will be large, hence the exclusion of
the bright sources not only removes any effect of their clustering from the ACFEF but
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also greatly reduces the noise in the estimate for the underlying background - it can be
seen (Table 6.1) that (N)wacr(0) is much closer to unity for the images with detected
sources removed.

However, when w(6) was calculated for galaxies (Chapter 2) it was seen that the
Poisson w(#) error underestimated the field-to-field variations, especially at large 6.
This will generally be the case where Ny, (8;) > Ny, i.e. the number of pairs counted
exceeds the total number of independent objects in the dataset.

Lacking at present a sufficient number of ROSAT images to derive accurate field-to-
field errors, we can instead use the analytic formula for estimating w(#) errors given by
Mo, Jing and Borner (1991). They find the error in the pair count Ngy(6;) to be well
approximated by

2
ogg = V/[Ngg(8i) + 4Ny (6:)°/Ny]

giving an error in w(f;) of

2
0w = (1+w(0))/Ngg(0:) x /[Ngy(6:) + 4Nyg(8:)" /Ny
In assigning error bars to our ACF estimates we use this formula, corrected for the
effective clustering of photons, to estimate the error on wacr(6,) as,

Cw = (N)wA(;F(O)(l + w(e,’))/z ]\fiN]-(Hn)
X/[30 NilNj(6) +4 3~ NiNi(82)* [ (Npiz (N))]

where Ny;; 1s the number of pixels in the image area considered.

6.5 ACF Results

The auto-correlation functions calculated for the three fields are shown in Figures
6.7, 6.8 and 6.9. The ACF's of ‘unholed’ (sources included) and ‘holed’ (sources removed)
images are plotted as filled and open squares respectively. The ‘unholed’ image ACFs
show a strong signal from the bright sources at § < 10%® pixels (i.e. 95 arcsec), but
when the detected sources are removed this is greatly reduced. However, some signal
remains at § < 40 arcsec, indicating the presence of discrete unresolved sources fainter
than the ~ 40 detection limit.

Figure 6.10 shows the ACFs for the three holed images plotted on the same graph
but with a larger scale. Power laws of index §7%% were fitted to these functions, over
a range of # at which the point-spread function has little influence (104 < § < 1029
pixels, i.e. 38 < 4 < 1500 arcsec).

Evaluating [ f 608401 dQy, with 8 being the separation of the integration elements
in degrees, over a 16 arcmin radius circle gave the result 3.85. Therefore, to give an
~amplitude A at one degree, corrected for the ‘integral constraint’ described in Section
2.3, the function actually fitted to the data was ‘A(679% — 3.85)".

Table 6.2 shows the wacp(d) amplitudes for the XRB on the 3 fields separately,
with 1o errors, and an error-weighted mean value. It can be seen that the correlation
amplitudes obtained for the 3 fields, and the mean value, are all consistent with each
other, and with zero, at the 1o level. Hence we do not detect any significant clustering
of the unresolved sources producing the 0.5-2.0 keV background, in agreement with the
ACF results from the two fields investigated by Georgantopoulos et al. (1993), and we
can set a somewhat lower 20 upper limits on the ACF amplitude of

wacr(8) < 1.40 x 1073(deg) 0¥
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Figure 6.7 The auto-correlation function of the 0.5-2.0 keV X-ray background on our ROSAT image
of the GSGP4 field, calculated for the full, ‘unholed’ image (solid squares, dotted line) and the ‘holed’ image
(open squares, dashed line) with 40 detected sources removed. The autocorrelation is shown as a function of

the logarithm of angular separation, in units of ROSAT pixels (15 arcsec), with errors estimated as described
in Section 6.4.
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Figure 6.8 The auto-correlation function of the 0.5-2.0 keV X-ray background on our ROSAT image
of the SGP2 field, calculated for the full, ‘unholed’ image (solid squares, dotted line) and the ‘holed’ image
(open squares, dashed line) with 40 detected sources removed. The autocorrelation is shown as a function of

the logarithm of angular separation, in units of ROSAT pixels (15 arcsec), with errors estimated as described
in Section 6.4.
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Figure 6.9 The auto-correlation function of the 0.5-2.0 keV X-ray background on our ROSAT image
of the QSF3 field, calculated for the full, ‘unholed’ image (solid squares, dotted line) and the ‘holed’ image
(open squares, dashed line) with 40 detected sources removed. The autocorrelation is shown as a function of
the logarithm of angular separation, in units of ROSAT pixels (15 arcsec), with errors estimated as described
in Section 6.4.
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Figure 6.10 The auto-correlation functions of the 0.5-2.0 keV X-ray background, compared for ROSAT
images of the GSGP4 (filled squares, solid line) SGP2 (open squares, dashed line) and QSF3 (open circles,
dotted line) fields, with 40 detected sources removed in all cases. The autocorrelation is shown as a function
of the logarithm of angular separation, in units of ROSAT pixels (15 arcsec), with errors estimated as
described in Section 6.4.
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6.6 Comparison with the Clustering of Faint Galaxies

The correlation function w(f) was also calculated for the 18.0 < B < 23.0 galaxies
found on the GSGP4, SGP2 and QSF3 AAT plates within circular areas of radius 16
arcmin centred on the ROSAT fieldcentres. The w(§) analysis was carried out as de-
scribed in Chapter 2, using 20000 random points for each area, and estimating the error
bars using the formula from Section 6.4.

Figure 6.11 shows w(#) for the galaxies on each field — the clustering appears similar
(and weak) on QSF3 and SGP2, whereas the GSGP4 galaxy w(#) shows more power
on small scales. Fitting a function ‘A(67%% — 3.85)’ to give an amplitude at one degree
corrected for the integral constraint appropriate for the area used, gives the amplitudes
listed in Table 6.2 (with an error-weighted mean of the 3 fields). For GSGP4, and for
the 3 fields combined, the detection of galaxy clustering is significant (~ 4¢), and the
estimated w(f) amplitude is in agreement with that measured by Stevenson et al. (1985)
and JSF from the full area of J1888 and other AAT plates, at the same B < 23.0 limit.

On each of the three fields, the 18.0 < B < 23.0 galaxy w(f) amplitudes are slightly
higher than the amplitudes fitted to the ACF of the XRB, although the difference is
nowhere statistically significant, being only 1.40 (adding errors in quadrature) when the
results from the 3 fields are combined. Correlation analysis of CCD data (Chapters 2,
3 and 4) indicated that the w(#) amplitude of at least the bluer galaxies falls steeply
faintward of B = 23, reaching w(f) ~ 4 x 107%(deg)™%® at B,y = 25.0. Figure 6.12
shows the ACF of the GSGP4 image with sources removed, w(8) for the B < 23.0
galaxies on the same area of sky, and the B,y < 25.0 galaxy w(§) from the 12 CCD
frames of the MSFJ survey. We can see that, whereas the w(8) of B < 23.0 galaxies
is similar to or slightly higher than the ACF, the lower w(8) of B,y < 25.0 galaxies is
definitely below the ACF upper limits. We conclude from this that, although our ACF
upper limits would allow a large contribution to the XRB from the galaxies seen on the
AAT plates, the uniformity of the XRB would be more easily explained if as much or
more of the XRB was produced by the less clustered ‘flat spectrum’ galaxies at B > 23.
These galaxies would appear to be good candidates for the origin of a major component
of the XRB, at least on the basis of their low w(#) amplitudes, which indicate that
they are sufficiently weakly clustered on the sky on arcminute scales to be capable of
producing most of the XRB without causing fluctuations in excess of the observational
upper limits.

For a more detailed comparison of the XRB ACF with the galaxy w(f), we must take
into account the fact that the ACF is weighted by the flux of each source, whereas in
deriving the galaxy w(f) amplitudes, galaxies with a wide range of apparent magnitudes
were given equal weighting in the calculation. Unless the X-ray luminosity of the sources
increases very rapidly with redshift (i.e. more rapidly than the luminosity distance
dr(z)), the brighter unresolved sources will tend to lie at lower redshifts and therefore
be more clustered on the sky than fainter sources of the same type. A flux-weighted w(f)
amplitude estimated from the ACF would then to be higher than the normal number-
weighted w(f) amplitude.

To allow for this effect, we must replace the redshift distribution in Limber’s formula
by a flux redshift distribution F(z), given by

F(=) = (2)(1 + )" (dg (=) (22 )l

where p(z) is the X-ray emissivity at per unit comoving volume element at redshift z,
a the spectral index, dp(z) the luminosity distance, and ‘“;Iﬁ the comoving volume
element.

chom

dz
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First if all, we calculate F'(z) for non-evolving (i.e. p(z) constant) galaxies, with
spectral index a = 1, distributed from z = 0 to = = 4. We perform the Limber’s
formula integration assuming the same normalization of galaxy clustering (ro = 4.3
h~1Mpc) as used in Chapters 2, 3 and 4 of this thesis, and stable clustering. As a
result of the weighting towards lower redshifts produced by the (d(z))~? term, most
of the X-ray flux from galaxies with no X-ray luminosity evolution would be emitted
from the galaxies at z < 1, producing a high flux-weighted clustering amplitude of
wacr(8) = 5.6 x 1073(deg) %8 if o = 0.5 and wycp(f) = 4.0 x 10~3(deg) ™08 if
go = 0.05

Our ACF upper limits can then strongly exclude non-evolving, normally clustered
galaxies as the main source of the unresolved XRB. However, if galaxies are assumed
to undergo strong X-ray luminosity evolution equal to that of QSOs in the models of
Boyle et al. (1994) (see Section 7.9) the high-redshift component of F(z) will be greatly
increased. Galaxies with rp = 4.3 h~!Mpc would then produce an ACF amplitude of only
wacr(8) = 7.21 x 10~ 4(deg) %8 if go = 0.5, and only wacr(8) = 3.39 x 1074(deg) 8
if go = 0.05, well within our observed upper limits.

We can use these Limber’s formula calculations to express our ACF upper limit as
upper limits on the correlation radius r¢ of the unresolved XRB sources. Non-evolving
sources would require 79 < 2.0 h™!Mpc if go = 0.5, or 79 < 2.4 h™'Mpc if go = 0.05, to
produce the entire XRB - clustering much weaker than that observed for galaxies. With
QSO-like evolution, these limits are raised to 7g < 6.2 h™!Mpc if go = 0.5, or 1o < 9.4
h~!Mpc if ¢o = 0.05. The clustering of normal galaxies lies well within these limits,
although this may not be the case for the clustering of QSOs (see Section 6.7 following).

Carrera et al. (1991), and Soltan and Hasinger (1994) similarly interpreted upper
limits on the XRB fluctuations, obtained from GINGA and ROSAT data respectively,
in terms of upper limits on r¢o. These authors obtained similar constraints on source
clustering to those given here, finding that galaxy-like clustering was allowed, but only
if there was some increase in X-ray luminosity with redshift. We conclude that the
hypothesis that normally clustered galaxies distributed out to z ~ 4 produce the greater
part of the unresolved XRB remains consistent with the ACFEF upper limits, if the X-ray
emission from galaxies increases with redshift so that much of the XRB flux is produced
at z > 1.

Field |w(f) amplitude in units of 10~4(deg)~0-8

X-ray Background | 18 < B < 23 galaxies
GSGP4 6.515 4+ 8.514 18.694 4+ 4.438
SGP2 0.127 4+ 8.700 6.710 + 5.744
QSF3 3.197 + 11.064 7.918 1+ 4.393
Mean 3.345 £ 5.332 11.759 + 2.743

Table 6.2 The §=%8 power-law amplitudes fitted to the ACF of the unresolved X-ray background (with

detected sources removed), compared with the w(6) amplitudes of the 18 < B < 23 galaxies on the s
areas. An error-weighted mean of the results from the three fields is also shown.

133

ame



— I l 1T 1T 1 P T T 1T 1 l 1T T 1T ]
— o QSF3 -
L _ « GSGP4 _
— s SGPR —
- _
T . _
| 1T _
B T 1 -
- \ [ —
N ) I
— \ T pu—
\ A _ R -
— A~ - W— . ! h T I T T T -
T NIEN \ . 1
| \\ 4} b 4 1 a
\E? - -\ \> - -, Z.k- . .
| . - ACEEEE [RERTERREER. S ERR — e ]
_ i T w R S S B
- i . -+ -~ — \f{ —
| l [ S ‘ I A L I R R I S

Log Pixels

Figure 6.11 The angular correlation function, w(6) of the 18.0 < B < 23.0 galaxies (seen on AAT plates)
on the same areas of sky as the ROSAT images used in calculating the XRB autocorrelation function. The
graph shows the galaxy w(8) for all 3 fields - GSGP4 (filled squares, dotted line), SGP2 (triangles, dot-dash
line) and QSF3 (open squares, dashed line) — with the same logarithmic scale of angular separation as used
for the XRB ACF, with 6 in units of ROSAT pixels (15 arcsec). Errors were estimated as described in
Section 6.4.
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Figure 6.12 The autocorrelation function of the XRB on our GSGP4 image caompared with w(8) of the
18.0 < B < 23.0 galaxies on the corresponding area on the GSGP4 AAT plate, both with errors estimated as
described in Section 6.4, and w(6) of the B4 < 25.0 galaxies on our CCD survey (Chapter 2), with field-to-
field errors and the fitted ‘A(8~%8 — 16.1)’ function (dotted line), with amplitude A = 4.214 x 10~*(deg)~%8.

135



6.7 Comparison with the Clustering of QSOs

Shanks and Boyle (1994) found that the clustering measured on r ~ 10 h~'Mpc
scales in a sample of 700 QSOs with zpeqn =~ 1.5 could be reasonably well fitted by
either a stable clustering model scaling from ry ~ 11 h™'Mpc at zero redshift, or a
comoving clustering model scaling from 79 ~ 6.6 h~!Mpc at zero redshift. These two
models give similar strengths of QSO clustering at the median redshift of z ~ 1.5,
where the difference between the two values of rg is approximately cancelled out by
the difference between stable and comoving models. This is much stronger than the
clustering of galaxies as measured at smaller (r ~ 1 h='Mpc) scales by our faint galaxy
w(6) amplitudes, which were well-fitted by a stable clustering model with a lower zero-
redshift normalization of rg >~ 4.3 h~IMpec.

We found in Section 6.6 above that our upper limits on the XRB fluctuations ap-
pear to be only slightly higher than the fluctuations predicted if the XRB was produced
entirely by normally clustered galaxies. Hence if the intrinsic clustering of QSOs is sig-
nificantly stronger than that of galaxies, as the Shanks and Boyle (1994) measurements
might suggest, an XRB composed primarily of unresolved QSOs would contain signifi-
cantly more fluctuations than observed, and it would be possible to use the ACF upper
limits to set an upper limit on any QSO component in the unresolved XRB.

Georgantopoulos et al. (1993) predicted the XRB fluctuations on 2 arcmin scales
produced by QSOs distributed out to z = 4, taking into account the observed luminosity
evolution of QSOs and the flux-weighting of the ACF, for both the low-rg/comoving and
the high-rg/stable models of QSO clustering described by Shanks and Boyle (1994). If
QSOs produce a fraction fqgo of the XRB flux, the fluctuations produced by the QSOs
will scale approximately as f(ZQSOa normalized by the intrinsic clustering strength of QSOs
at their typical redshifts.

For both of these QSO clustering models, the 20 upper limits on the ACF obtained by
Georgantopoulos et al. (1993) from the two QSF fields gave the constraint fgso < 40%.
With the lower 20 limit given by the larger dataset used here, we can reduce the allowed
QSO fraction still further to fggo < 30%.

However, any upper limit of fqso estimated from the upper limits on the ACF must
be viewed with caution - as noted in Section 6.1 above, these models of QSO clustering
are normalized to clustering measurements at relatively large physical separations (r ~
10 h=!'Mpc), whereas we measure the ACF of the XRB and the w(f) of galaxies on
arcminute scales, corresponding at high redshifts to physical separations of only r ~ 1
h~!Mpec.

This difference may be highly significant if the clustering evolution of galaxies and
QSOs changes between a stable and a comoving model in the 1 < » < 10 h™!Mpc
range. The small-scale clustering of QSOs, following a stable model, would then be
weaker at high redshifts than the measurements at the larger scales within the comoving
region would suggest, and much more similar to clustering of normal galaxies. Some
evidence for this may be provided by the results of Ellingson, Yee and Green (1991),
who measured the cross-correlation on small » < 1 h™!Mpc scales between a sample of
radio-quiet QSOs at 0.3 < z < 0.6 and galaxies. This cross-correlation was estimated as
By, = 72 440 Mpc!™" for Hy = 50 km s™!Mpc™!, corresponding to a cross-correlation
radius of rg = 5.63:% h~!Mpe, similar to the correlation radius of normal galaxies.
Although the errors are large, this suggests that radio-quiet QSOs at these lower redshifts
randomly sample the galaxy distribution. Furthermore, Georgantopoulos (1991) found
the clustering of Seyfert AGN at low redshifts to be consistent with a 7o = 6.6 h™'Mpc
model, which if scaled out to high redshifts with a comoving clustering evolution would
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also fit the clustering of QSOs at zmean ~ 1.5.

Shanks and Boyle (1994) argued that if the observed similarity of galaxy and QSO
clustering properties at 0.3 < z < 0.6 could be extrapolated to higher redshifts, and that
high redshift QSOs are the progenitors of present-day Seyferts so must follow the same
clustering model, these two results favoured their ¢ = 6.6 h™'Mpc comoving model
of QSO clustering. However, the very low w(§) amplitudes measured for faint galaxies
(Chapters 2, 3 and 4) require that the galaxy clustering at » ~ 1 h™!Mpc scales be
stable, rather than comoving, out to z ~ 3. At the faint magnitude limits (B ~ 25) at
which galaxies are seen out to high redshifts, a comoving model for galaxy clustering
would overpredict the observed galaxy w(f#) amplitudes, which are well-fitted by the
stable model, by a factor of ~ 2.5, and could be rejected by at least 30. Hence if QSOs
randomly sample the galaxy distribution on small scales, at z ~ 1.5 as well as lower
redshifts, their small-scale clustering must be described by a low-rg stable model.

The strong QSO clustering observed by Shanks and Boyle (1994) at » ~ 10 h~!Mpc
scales would then result from a changeover from stable to comoving evolution at larger
physical separations, which at redshifts of z = 1.5 would increase the clustering measured
in the comoving region (r ~ 10 h™Mpc) by a factor of (2.5)'"% ~ 3 relative to the stable
model prediction for the same rg. If the high-redshift QSOs which dominate deep X-ray
selected samples are no more clustered on small scales than galaxies, our ACF upper
limits would be unable to constrain fqso any more strongly than fg,, and with the
strong luminosity evolution of QSOs would allow any value of fqso up to 100%.

However, the arguments for QSO and galaxy clustering being similar depend on the
assumption that z ~ 1.5 QSOs are no different in their typical clustering properties
from the QSOs and Seyferts seen at lower redshifts. Although the radio-quiet QSOs
investigated by Ellingson, Yee and Green (1991) appeared to randomly sample the galaxy
distribution, the radio-loud QSOs appeared to be preferentially found in environments
of high galaxy density, and also appeared to undergo more rapid luminosity evolution
from z ~ 0.3 to z ~ 0.6 than other QSOs. This might suggest that at low redshifts the
QSOs visible would be mainly those with rg ~ 6.6 h™'Mpc (i.e. clustering similar to
or only slightly stronger than that of galaxies), but at high redshifts QSO populations
with stronger clustering would brighten to a greater extent and increasingly dominate
flux-limited samples.

In this way an environmentally dependent luminosity evolution could produce an
effective clustering evolution for QSOs even if the clustering remained stable within
each separate population. If this effect, rather than a changeover to comoving clustering
at r ~ 10 h™'Mpc, accounts for the strong clustering of high redshift QSOs measured
by Shanks and Boyle (1994), the QSO clustering at z ~ 1.5 would be described by the
ro ~ 11 h™!Mpc stable clustering model, and would be much stronger than that of
galaxies at  ~ 1 h™'Mpc as well as on larger scales. Our constraint of fgso < 30%
from the ACF upper limits would then still apply.

It may be possible to distiguish between these interpretations of the QSO clustering
measurements through investigating the form of the faint galaxy w(8), out to large
(8 ~ 30 arcmin) separations corresponding to » = 10 h™!Mpc at high redshifts. If the
clustering of both QSOs and galaxies changes from a stable model at » = 1 h=!Mpc to
a comoving model at » = 10 h™'Mpc, the power-law index of £(r) over this range of »
must flatten significantly with redshift, from v = 1.8 at z =0 to v =1.32 at z = 1.5.

Infante (1990) found some indication of a flattening in the slope of w(f) from w(f)
§=0-75%0.04 4t & J = 23 limit to w(f) oc §70672094 4t 4 J = 24 limit. Neuschaefer (1992)
claims that the galaxy w(8) as calculated from his CCD survey may show a rather
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greater flattening in slope, even at relatively small separations of 1 < # < 4 arcmin,
from w(f) oc 6798 at B ~ 22 to to w(f) o §70* at B ~ 25, with these observations
being well-fitted by a model where the £(r) index evolves as v = 1.79(1 + z)~%%. These
observations appear to support the Shanks and Boyle (1994) comoving interpretation,
as the proposed flattening of £(r), giving v = 1.32 at z = 1.15, is in good agreement
with that required to explain the strong clustering of QSOs seen on larger scales if the
small scale clustering is given by the g = 6.6 h™!Mpc stable model.

However, as the statistical errors on the w(f) slopes estimated by both Infante (1990)
and Neuschaefer (1992) are almost as large as the estimated changes, and sensitivity
gradients may introduce systematic errors in the large scale w(f) towards the faintest
limits of any survey, it is not yet clear whether the claimed flattening is a genuine effect,
particularly as other observers have obtained different results at comparable depths. For
example, JSF found that w(8) o< §~98 for galaxies on AAT plates, with no evidence for
any flattening in the slope of w(f) to limits of B ~ 24, and Couch, Jercevic and Boyle
(1994), measuring the slope of w(§) at 0.18 < # < 12 arcmin on large-format CCD
images, found that w(6) oc 70794005 with no evidence for any systematic change in the
value of the power-law index with apparent magnitude limit to VR = 23.5.

Unfortunately, in the deepest surveys yet carried out (Tyson 1988, MSFJ and Met-
calfe et al. 1994), where effects produced by high-redshift galaxies would be strongest,
the CCD frames cover areas too small to allow changes in the slope of w(#) to be accu-
rately measured. We would require deep (B ~ 26) surveys with large-format CCDs of
extremely uniform sensitivity to further investigate claims for a flattening of w(6).

At this point we can conclude that, whereas faint galaxies are already known to be
sufficiently weakly clustered on small scales to produce any fraction of the the XRB,
some doubt remains about whether this is the case for QSOs. It 1s clear that much
more data is needed on the clustering properties of both QSOs and galaxies at high
redshifts before measurements of the fluctuations in the X-ray background can be used
to constrain unambiguously the relative values of f,, and fgso. Unless the clustering
of high-redshift QSOs on small scales is found to be no stronger than that given by a
stable model scaling from 7g ~ 5 h™'Mpc at z = 0, the lack of signal in the ACF appears
to favour galaxies at 0 < z < 3 and/or truly diffuse emission as the origin of most of the
unresolved XRB. We now consider other ways in which upper limits may be set on fqso
and on a diffuse component, before attempting to set a lower limit on fy,; thorough a
direct galaxy/XRB cross-correlation in the next chapter.

6.8 Other Constraints on the Origin of the XRB

The P(D) analysis of Georgantopoulos at al. (1993) found a high pixel-to-pixel
variance on the QSF field images of the XRB, which indicated that the total number
counts of X-ray sources increased relatively steeply, with v ~ 1.2, faintward of the QSF

field detection limits of S ~ 10714 ergs em™%~1.

However, at S ~ 107 ergs cm™%s7!, QSOs can be seen out to redshifts z ~ 3,
close to their maximum redshift and/or the effective 2,4, resulting from the reduction
in volume element at high redshifts (see Section 4.5), so that beyond this flux limit
the QSO number counts would be expected to flatten to a slope following the faint
end of their luminosity function. Boyle et al. (1993) and Boyle et al. (1994) fitted
various parameters describing the form and evolution of the QSO luminosity function
to the observed X-ray number counts and the redshift distributions of X-ray selected
QSOs. With the luminosity functions and rates of evolution given by these models,

the QSO counts would flatten to v ~ 0.5, corresponding to the estimated fant-end
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slope of o o~ —1.5, at a flux of S ~ 107 ergs cm™2s~!, and the QSO number counts

extrapolated to much fainter fluxes would account for 34-53 % of the total 1-2 keV
background.

An X-ray source number count slope as steep as the v ~ 1.2 inferred from the P(D)
analysis could only be produced entirely by QSOs if their X-ray luminosity function at
high redshifts possessed a much steeper faint-end slope (i.e. @ ~ —2.2) than the Boyle
et al. (1994) estimate, requiring a strongly luminosity-dependent evolution.

With the inclusion of results from the very deep GSGP4 ROSAT image, we can
extend the QSO number counts to S ~ 107145 ergs cm™%s™! to verify whether the slope
flattens as predicted or continues to increase as rapidly as v ~ 1.2 (see Section 5.7). It
was found that the number counts of 4o-detected QSOs appeared to flatten exactly as
predicted by the Boyle et al. (1994) models, suggesting that the fraction of the total
XRB flux produced by QSOs is also in the range these models predict, i.e. 34-54%.
Furthermore, about half the total X-ray flux from QSOs predicted by the Boyle et al.
(1994) models has already been seen in the form of the 40 detected QSOs. After the
subtraction of the detected QSOs from these models, the predicted QSO fraction in the
unresolved ~ 65% of the XRB is somewhat smaller (see Section 7.8), so that the Boyle
et al. (1994) models and our QSO number counts actually suggest fqso ~ 30%.

The ACF upper limits would require the remaining ~ 70% of the XRB to be pro-
duced by very weakly clustered, discrete sources and/or a component of truly diffuse
emission from very hot gas (T' ~ 10"-108 K'). However, as noted in Section 1.9, COBE
results (Wright et al. 1993) appear to exclude the possibility that a uniform intergalactic
medium hot enough to fit the XRB spectrum to high energies could be of sufficient den-
sity to produce more than ~ 1% of the XRB. Cooler gas within and surrounding galaxy
groups might produce a sufficient fraction of the XRB at soft energies to dilute the
small-scale ACF to some extent, but any form of X-ray emission sufficiently extended to
dilute the ACF at 8 ~ 2 arcmin would also reduce the pixel-to pixel variance measured
on even smaller scales (8 ~ 30 arcsec), by adding a Poissonian component to its P(D)
distribution. Hence, the fact that the pixel-to-pixel variance on the QSF fields exceeds
that predicted for QSOs alone favours a ‘second population’ of discrete X-ray sources
(with small angular diameters not significantly exceeding the point spread function of
6 ~ 30 arcsec), rather than any form of extended emission, as the origin of the non-QSO
component of the unresolved XRB.

If the ‘second population’ sources are intrinsically less luminous than QSOs, we would
expect their counts to continue rising with a steep Euclidean (y = 1.5) slope beyond the
point where the QSO counts flatten to v ~ 0.5. Georgantopoulos et al. (1993) found
that if the ‘second population’ were assumed to have ¥ = 1.5, the source counts inferred
from their P(D) analysis gave an estimate of its count normalization corresponding to
N(log S > —14.4) = 27.8747.96 deg~?. This is in very good agreement with the surface
density of 27.18 £ 10.35 deg™? galaxies with B < 23 we find to be correlated with log
S > —14.4 sources (Section 5.7).

On our GSGP4 image we obtain a very similar pixel-to-pixel variance ((N)w(0)) to
that on QSF3 (Table 6.1), indicating a sinular normalization for the ‘second population’.
On our SGP2 image the pixel-to-pixel variance was somewhat lower, possibly suggesting
some ‘contamination’ by diffuse emission not seen on the other two images. However,
the second population of discrete sources inferred from the P(D) distribution on the
other fields must be present on SGP2 also, as our ACF results indicate the distribution
of faint X-ray sources on the sky to be very unitorm.

Hence the correlation between galaxies and X-ray sources detected in Chapter 5
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1s exactly that expected if galaxies comprise the ‘second population’ of discrete X-ray
sources, and favours the hypothesis that galaxies produce the non-QSO ~ 50% or more of
the XRB. However, we need to support the argument for a high value of f,,; by detecting
directly a much larger galaxy contribution within the unresolved background. We shall
attempt this in the following chapter by cross-correlating the B < 23 galaxies used in
the source/galaxy cross-correlation of Chapter 5 with the images of the unresolved XRB
used in the ACF analysis of this chapter.

6.9 Summary and Conclusions

(i) The autocorrelation function of the 0.5-2.0 keV background was calculated from
two ~ 30 ksec and one ~ 50 ksec ROSAT PSPC images, with all sources above the
40 detection threshold on each image excluded (leaving ~ 65% of the total flux). The
resulting ACF showed some signal at § < 40 arcsec, within the range of angular sepa-
rations corresponding to the instrumental point spread function, indicating that some
faint, discrete sources were still present below the flux threshold for individual source
detection. At larger separations the ACF was consistent with zero within the statistical
errors, and fitting 67%® power-laws (with errors estimated as described in Section 6.4)
gave a 20 upper limit on the ACF amplitude of w(6) < 1.4 x 1073(deg) 8.

(ii) This upper limit on the XRB ACF amplitude is similar to, or slightly below,
the w(f) amplitude of the B < 23 galaxies on AAT plates of the same fields as the
ROSAT images. Fainter (B > 24), blue galaxies are much less clustered on the sky, with
w(8) ~ 4 x 10~%(deg)~"®, which is well within our upper limits on the XRB fluctuations.
Our ACF upper limits suggest that these fainter galaxies could produce much of the XRB
flux.

When the flux-weighted nature of the ACF is taken into account, we find that
an XRB produced entirely by non-evolving, normally clustered galaxies would contain
much larger fluctuations than we observe. However, galaxies undergoing strong X-ray
luminosity out to high redshifts would produce much smaller fluctuations in the XRB.
Evolution similar to that of QSOs was found to be more than adequate to reduce the
ACF amplitude predicted for galaxies to a value within our observational upper limits.

Hence our results remain consistent with the hypothesis that normally clustered
galaxies, distributed out to z ~ 4 produce most of the unresolved XRB, if the mean
X-ray luminosities of galaxies increase significantly with redshift.

(i) The ACF upper limit is lower than the clustering amplitude expected for a source
population consisting entirely of QSOs, if the strong QSO clustering (corresponding to
ro = 11 h™Mpc for a stable model) measured by Shanks and Boyle (1994) on » ~ 10
h='Mpec scales can be extrapolated to the smaller separations of » ~ 1 h™!Mpc where
our ACF upper limits constrain the source clustering. If this is the case, our 20 upper
limits on the ACF would set an upper limit of ~ 30% on the QSO contribution to the
unresolved 0.5-2.0 keV background.

However, if the clustering of QSOs follows a comoving model at r ~ 10 h=!Mpc, but
a stable model at » ~ 1 h™!Mpc, the small-scale clustering of zyean ~ 1.5 QSOs would
be weaker by a factor ~ 3 than measurements on larger scales would suggest, and the
upper limits on fggo from the ACF upper limits would be greatly relaxed.

It may be possible to investigate this possibility by measuring the slope of the galaxy
w() at faint (B ~ 25) limits. A changeover to comoving clustering in the 1 < <10
h~!Mpc range would cause the slopes of £(r) and w(f) for QSOs and galaxies to flatten
significantly at high redshifts, giving approximately w(f) oc 6794 for very faint galaxies,
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but it is not yet clear whether or not such a flattening of w(8) is actually observed. Until
further data are obtained on the clustering properties of both galaxies and QSOs at high
redshifts, it remains uncertain whether or not the ACF upper limits can be used to set
an upper limit on the QSO fraction.

(iv) More definite evidence that the QSO contribution to the XRB is no greater
than ~ 50% is provided by the flattening of the X-ray number counts of QSOs (Section
5.7). The Boyle et al. (1994) models of QSO evolution predicted the QSO counts to
flatten to v ~ 0.5 at S ~ 1071* ergs s~!, where QSOs are seen out to their high redshift
limit. With the deeper GSGP4 data we are able to confirm that the predicted flattening
in the QSO counts does occur, suggesting that the QSO luminosity function and rate
of evolution in the Boyle et al. (1994) models are approximately correct, and therefore
that the total X-ray flux from QSOs is also in the range predicted by these models, only
~ 30% of the unresolved XRB.

The P(D) analysis of Georgantopoulos et al. (1993) on the unresolved XRB on the
2 QSF fields indicated an excess in the pixel-to-pixel variance above the predictions for
QSOs alone, indicating that the number counts of all discrete X-ray sources increase as
v ~ 1.2 faintward of the detection limit, where the QSO count slope flattens to v ~ 0.5.
Although diffuse emission from extended (over § ~ 2 arcmin scales or larger) hot gas
could help to explain the lack of signal in the ACF, it would also reduce the pixel-to-
pixel variance relative to the QSO prediction, in contradiction with observations. The
P(D) results suggest that the non-QSO component of the unresolved XRB counsists of
a ‘second population’ of discrete sources, with a number count slope remaining steep
(y ~ 1.5) at S < 10 ergs cm™%~!. The normalization of the ‘second population’
number counts estimated by Georgantopoulos et al. (1993) is in very good agreement
with the numbers of galaxies we find to be correlated with unidentified X-ray sources.

Hence the QSO number counts suggest that QSOs comprise only ~ 30% of the
unresolved component of the XRB, while the P(D) analysis results, in combination with
the galaxy detections of the previous chapter, suggest that galaxies produce most of
the remaining ~ 70%. These proportions would be consistent with the ACF upper
limits whether QSO clustering is similar to galaxy clustering or as strong as the ro ~ 11
h~!Mpc stable model.
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Chapter 7

The Cross-Correlation of Galaxies with the X-Ray Background

7.1 Introduction

In this chapter we investigate the cross-correlation between galaxies in the magnitude
range 18.0 < B < 23.0 and the unresolved 0.5-2.0 keV background, on 3 ROSAT fields
totalling 1.05 deg?.

We have already found at least ~ 10% of the X-ray sources detected individually on
these fields to be associated with B < 23 galaxies, giving a surface density of galaxies
with X-ray fluxes above the source detection limit (S ~ 107144 ergs cm=2571) of ~ 30
deg™2. As discussed in Section 5.7, galaxies are expected to comprise an increasingly
large fraction of the X-ray source counts at even fainter fluxes, where their log N-
log S relation is likely to remain approximately Euclidean to at least S ~ 10716 ergs
cm 271, whereas QSO number counts are predicted and observed to flatten significantly
at S ~ 1071% ergs cm™2s~1. Extrapolating the galaxy counts in the ROSAT band with
a Euclidean slope from S = 107144 ergs cm™?s7! to S = 10716 ergs cm™2s7! gives a
surface density approaching that of B < 23 galaxies (~ 10* deg™?), and accounts for at

least 10% of the XRB flux.

Therefore, although the X-ray luminosities of the detected galaxies are unusually
high, we would expect the remaining 18 < B < 23 galaxies, with lower X-ray luminosities
but a much higher surface density, to produce in total a somewhat larger X-ray flux.
Most of these galaxies will have X-ray fluxes far too small to be detected individually
(e.g. aflux S = 10716 ergs cm™?s~! will only be ~ 0.1¢ above the background on these
images), but when the X-ray emission of several thousand such galaxies is summed in
the calculation of a galaxy/XRB cross-correlation, the result is likely to be statistically
significant.

Giacconi and Zamorani (1987) estimated that ‘normal’ galaxies produce at least 13%
of the 2 keV background, by assuming a mean f,(2 keV)/f,(B) ratio of 1075 (derived
from Einstein observations of local galaxies), and extrapolating to the very faint limit of
B = 27.5 using the counts of Tyson (1988). However, as we find that some galaxies even
at B < 21 have X-ray/optical flux ratios higher by factors of ~ 100 than the mean ratio
assumed by Giacconi and Zamorani (1987), the total X-ray emission from faint galaxies
is likely to exceed their estimate.

Griffiths and Padovani (1990, hereafter GP) then estimated that IRAS and starburst
galaxies alone, seen out to high redshifts, would produce ~ 20-30% of the 0.5-3.0 keV
XRB, assuming the relation between X-ray and far infra-red (60zm) luminosity seen for
galaxies locally and a ‘moderate’ rate of X-ray evolution estimated from the observed
increase of 60um luminosities with redshift. We consider this model in more detail, and
compare its predictions with our cross-correlation results, in Sections 7.8, 7.9 and 7.10.

The cross-correlation between galaxies and the XRB was investigated directly by
Lahav et al. (1993), in a very similar analysis to that presented here, but covering a
larger area of sky to a lesser depth (z < 0.06) and with lower resolution. The numbers
of galaxies in the catalogues used by Lahav et al. (1993) were counted in cells, giving
Ny for each cell, where the XRB intensity within each cell, as mapped by the Ginga and
HEAO-1 satellites, is [x. The cross-correlation at zero separation is then the covariance
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of these two values divided by the product of their respective mean values i.e.

N, = (V) (Ix = (Tx))
Wor(0) = A

These authors found a positive and significant (30) Wy,, and after applying a cor-
rection for the effect of galaxy clustering (see Section 7.3), estimated that their galaxies
produced a volume X-ray emissivity

p(2-10 keV) ~ (1.5 £ 0.5) x 10%° h ergs s~'Mpc~3.

By extrapolating this X-ray emissivity out to z ~ 5, Lahav et al. (1993) estimated that
galaxies would in total account for ~ 30% of the 2-10 keV XRB with no X-ray luminosity
evolution, and larger fractions if the emissivity was any higher at earlier epochs. Miyaji
et al. (1994) performed a similar cross-correlation using IRAS galaxies, and estimated
a slightly lower emissivity. If these results are genuine and apply similarly at softer
energies, at the greater depths of our AAT plate data we should find ~ 2000 of the
14540 photons in the 0.5-2.0 keV unresolved background on our 3 fields to be associated
with the AAT galaxies, giving a cross-correlation of high statistical significance (> 50)
and enabling us to estimate reasonably accurately the mean X-ray/optical flux ratio and
X-ray volume emissivity of these galaxies.

If a sufficiently strong signal is detected it may be possible to investigate the X-ray
emission of passive and star-forming galaxies separately, by dividing the GSGP4 galaxies
by B — R colour and performing a separate cross-correlation analysis for the red and blue
subsamples. Furthermore, with the high resolution of ROSAT data it may be possible to
investigate the form of Wj;(8) at non-zero angular separations, and therefore determine
whether extended emission from galaxy groups and clusters is a significant component
of the total X-ray flux from galaxies.

We shall also compare our cross-correlation with that of Lahav et al. (1993), taking
into account the different energy bands, as this may provide some information about the
evolution of the X-ray emissivity of galaxies between the epochs corresponding to the
mean redshifts of the two galaxy samples (zmeqn ~ 0.35 for our B < 23 AAT dataset,
on the basis of redshift surveys at this magnitude limit — e.g. Colless et al. 1990, and
Zmean = 0.03 for the much shallower catalogue used by Lahav et al. 1993).

7.2 Calculating the Cross-correlation

In calculating Wy, we use the 18.0 < B < 23.0 galaxies found on the three AAT
plates described in Section 5.2.3, together with the 0.5-2.0 keV ROSAT images of the
same areas — the GSGP4, SGP2 and QSF3 fields. X-ray sources detected above 40 were
excluded, as described in Section 6.2, giving the holed images shown on Figures 6.4,
6.5 and 6.6. As in our calculation of the background ACF, this analysis used only the
ROSAT pixels and galaxies within 16 arcmin radi of the ROSAT image centres.

Cross-correlation functions were calculated separately for each of the 3 fields. As in
the source/galaxy cross-correlation of Chapter 6, the AAT galaxy positions were con-
verted to pixel co-ordinates on the corresponding ROSAT images. The cross-correlation
as a function of angular separation, W, (8), is given by

X Ng(6.)
> Nyl} wn) (NX}

where (Nx) is the mean number of photons per pixel for the whole image area, 3 Ny;(6,)
1s the number of photons counted in annular bin n centred on a galaxy, summed for

Wy (02)
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all galaxies in the sample, 3 Ng,(6,) is the number of ROSAT pixels in annular bin
n, summed for all galaxies, and the annular bins of angular separation are defined as
100-2(»=1) < g, < 10%2" pixels as in the previous chapter.

Errors were estimated by dividing each galaxy dataset randomly into 10 subsets and
calculating Wy (8) separately for each. The subset-to-subset dispersion in Wy () at
each value of § was then divided by /10 to give the error bars for the Wy, (8) of all
galaxies in the field.

7.3 Cross-correlation Results

Figure 7.1 shows the galaxy/XRB cross-correlation function for the 2461 18.0 <
B < 23.0 galaxies found within the 16 arcmin radius circular area on the GSGP4 field.
A positive and significant cross-correlation is seen, with an amplitude of Wy (0) = 0.10
indicating each galaxy to be producing on average an enhancement of the XRB intensity
of ~ 10%, spread over the point-spread function area of ~ 1 arcmin?. As the surface
density of 18.0 < B < 23.0 galaxies is ~ 2 arcmin ™2 their total contribution to the XRB,
discussed in detail in Section 7.4 below, may be closer to ~ 20%.

On the GSGP1 field, a total of 4025 photons were detected at 8 < 15 arcsec from a
galaxy, compared to 3651 expected by chance, which is 5.9 sigma on the basis on Poisson
statistics. The true errors will be slightly larger than Poisson, as the presence of discrete
unresolved sources in the XRB will produce an effective clustering of the photons on
small scales. When errors are estimated by dividing the galaxy sample, as described in
Section 7.2 above, the significance of the cross-correlation at § < 15 arcsec i1s ~ 4.70.
To check that the radial sensitivity gradient in the ROSAT data was not producing a
spurious signal, the galaxy/XRB cross-correlation function was calculated for only the
central 12 arcmin radius central area of the GSGP4 field. This cross-correlation function
is also shown on Figure 7.1. It is clear that excluding the outer annulus between off-axis
angles of 12 and 16 arcmin has no significant effect on the form or amplitude of the
galaxy/XRB cross-correlation function, which is reduced in significance (to 3.5¢) only
to the extent expected from the ~ 40% reduction in area.

Figures 7.2 and 7.3 show W;(6) for the 1551 18.0 < B < 23.0 galaxies on SGP2 and
the 2337 on QSF3. These are somewhat lower in amplitude and significance (approx.
3.50 and 2.00 respectively) than the GSGP4 cross-correlation. Again we find that, as in
the cross-correlation of the detected sources with galaxies (Chapter 5), it is the deeper
GSGP4 image which gives the strongest result.

Figure 7.4 shows an overall galaxy /XRB cross-correlation function obtained by sum-
ming the galaxy-photon pairs Nyz(6,) over all three fields and separately summing
the Npz(6,)(Nx) terms. This gave a combined Wy, (8) in which each galaxy-photon
pair, rather than each field, has the same weighting. The longer exposure of GSGP4
means that this field will contribute a larger proportion of the signal in this combined
Wy (6) than the other two. Although the addition of the weaker QSF3 and SGP2
cross-correlations functions to that seen on GSGP4 reduced Wy, (0) to 0.062, the overall
significance of our detection of a correlation between 18.0 < B < 23.0 galaxies and the
XRB remains high (~ 40 in the § < 15 arcsec interval alone).
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Figure 7.1 Cross-correlation of the 18.0 < B < 23.0 galaxies on the GSGP4 field with the unresolved
0.5-2.0 keV X-ray background on the same area, as a function of the logarithm of angular separation in
units of ROSAT pixels (15 arcsec). The filled squares (with dotted lines) show the cross-correlation function
calculated using the full 16 arcmin radius central area of GSGP4, while the open squares (with dashed lines)
show the cross-correlation function calculated using only the central 12 arcmin radius central area of this
field (see Section 7.3).
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Figure 7.2 Cross-correlation of the 18.0 < B < 23.0 galaxies on the SGP2 field with the unresolved
0.5-2.0 keV X-ray background on the same area, as a function of the logarithm of angular separation in
units of ROSAT pixels (15 arcsec).
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Figure 7.3 Cross-correlation of the 18.0 < B < 23.0 galaxies on the QSF3 field with the unresolved
0.5-2.0 keV X-ray background on the same area, as a function of the logarithm of angular separation in
units of ROSAT pixels (15 arcsec).
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Figure 7.4 Cross-correlation of 18.0 < B < 23.0 galaxies with the unresolved 0.5-2.0 keV X-ray
background for our 3 AAT plate areas combined, weighting the results from each field by the number of
galaxy-photon pairs (see Section 7.3).
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7.4 The XRB Contribution of 18.0 < B < 23.0 Galaxies

A significant correlation between the galaxies on these AAT plates and the unre-
solved X-ray background is seen in the first four bins of angular separation (6y to 63)
on Figures 7.1, 7.2, 7.3 and 7.4, i.e. at angular separations in the range 0 < 6§ <1
arcminute.

The number of X-ray photons associated with the galaxies could be estimated by
sumiming

n=3 n=3
Z Ngz(gn) - (N/\) Z Ng])(en)
n=0 n=0

i.e. the number of pairs of galaxies and X-ray photons at § < 1 arcmin over that expected
if these were entirely uncorrelated.

For our three fields this gives:
GSGP4: 2187.0 + 322.4 photons
SGP2: 281.2 4+ 134.4 photons
QSF3: 640.4 £ 178.6 photons.

However, if these galaxies are clustered at § < 1 arcmin scales this will be an
overestimate, as each galaxy will have been cross-correlated with the X-ray emission of
its cluster neighbours as well as its own. This effect is also discussed (and corrected for)
in the analyses of Lahav et al. (1993) and Miyaji et al. (1994), where clustering was
estimated to increase the measured cross-correlation by large factors of ~ 2-4.

Consider an image area divided into a large number of cells N, with the mean
number of galaxies per cell being (N,) and the mean number of X-ray photons per cell
being (Nx).

We can estimate the mean X-ray flux per galaxy, f, by fitting a line

(Nx = (Nx)) = f(Ng — (N,))
to the data by a least-squares method — ie. by minimizing x? where
x* = 2UF(Ny = (Ng)) = (Nx = {Nx))J*

and the summation is over all N, cells in the image. Differentiating,
dy? ;
T 2 Lf(Ny = (Ny)) = (Nx — (Nx))I(Ny = {Ny))

2
/-2 . . . X dX _ e .
The x* will be at a minimum for 5= = 0 giving

fZ(Ny - (Ny))z = E(NX —(Nx))(Ny = (Ng))
which is equivalent to

covariance(Nx, Ny)

f=

variance(Ny)

We can also express the covariance as
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covariance(Nx, Ny) = (N‘\')(Ng)/ ”/ ; W2 (0)66216Q2
ce ce

where the cross-correlation function Wy (8) — the angle § being the separation between
the integration elements 62, and 62y — is doubly integrated over the cell area.

The excess of galaxy-photon pairs within § of a galaxy above that expected in the absence

of a correlation,
Ngz(8) = > Nyz(8) ~ (Nx) 3 Ngp(6)
is equivalent to

Npo(8) = (Nx)(N) [ [ Wi (8)5080

where the 62y integration covers the entire image area (ie. all the galaxies) but 60 is
only integrated out to a radius 6 from the position of the §Qy element (ie. counting the
photons within a radius 8 of each of these galaxies).

Hence if each cell has a radius 6 and there are N, cells in the total area,
Ny, (8) = Ne x covariance(Nx, Ny)

Considering the variance of Ny, which relates to the galaxy clustering,

var(N,) = (N,) + (N,)? / y / L o(0)8060,

where wy(6) is the autocorrelation function of the galaxies.

The excess number of galaxy-galaxy pairs at separations < § above that expected for a
random distribution, Ny (), relates to w(f) of the galaxies as

Nyy(8) = (N [ [ (0)6m60,

again where 6{23 integration covers the entire image area but 6§2; 1s ouly integrated out
to a radius 8 from the position of the 62y element. Hence

_ 2
N!,(8) = No(N,) / » / ()65,

and
var(Ny) = (Ng) + N; TN,

As each cell contains on average (N,) galaxies, the total X-ray photon contribution
from all galaxies in the area will be given by

(Ny)YN; x covarcance(Ny, Ny) (Ng) Ny, (6)
ch<Ng> = — = 1
var(Ny) (Ng) + N; Nyy(H)

If Giot is the total number of galaxies in the entire image, given by Gyoy = N¢(Ny), this
can also be written as
N, (6)

NN, = Gt f =
(‘f( J) totf 1 n G{;}-Ng/g(g)
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We have already calculated w(#) for the same 18.0 < B < 23.0 galaxies as used
here, in Section 6.6. The galaxy-galaxy pair excess N,, at § <1 arcmin, counted in the
process of calculating w(#), was 874 for the galaxies on GSGP4, 217 on SGP2, and 229
on QSF3.

Our estimates (given earlier in this section) of the total numbers of X-ray photons in
each image produced by 18 < B < 23 galaxies can then be corrected for the clustering
of these galaxies simply by dividing by the (1 4+ G} Ng,(8)) term, which is 1.355 for
GSGP4, 1.140 on SGP2 and 1.098 on QSF3. The effects of clustering are evidently
much smaller in our analysis than in the cross-correlations of Lahav et al. (1993) and
Miyaji et al. (1994), presumably as a result of the greater depth (and therefore the lower
w(6) amplitude) of our galaxy dataset and the smaller resolution elements of our X-ray
1mages.

Considering the three fields separately, we obtain estimates of the numbers of X-ray
photons on each image produced by the 18 < B < 23 galaxies of:

GSGP4: 1613.9 4 237.9 photons
SGP2: 246.7 £ 117.9 photons
QSF3: 583.3 £ 162.7 photons.

The 16 arcmin radius central areas of each image, with pixels containing detected sources
excluded, contain 6215 photons on GSGP4, 4450 on SGP2 and 3875 on QSF3. Combin-
ing the results from the three fields, and weighting each photon rather than each field
equally, gives a clustering-corrected estimate of the 18.0 < B < 23.0 galaxy contribution
to the unresolved X-ray background of:

(1613.9 & 237.9 + 246.7 + 117.9 + 583.3 4 162.7) /(6215 + 4450 + 3875)

= (2443.9 £ 311.4)/14540
=16.84+2.1%

Miyaji et al. (1994) also consider and apply corrections for the effects of the cross-
correlation between galaxies and AGN, in addition to the effects of galaxy clustering. In
our analysis, our estimate of the number of X-ray photons asociated with each galaxy, f,
will actually include both the photons produced by the galaxy itself (f,) and the photons
produced by any sources which may be correlated with the galaxies but not included in
the galaxy catalogue. These sources will consist primarily of the AGN with fluxes too
low to be individually detected above 40 and therefore excluded from the X-ray data,
which lie within the same volume of space (i.e. z < 0.6) as the AAT galaxies.

If each of these AGN produces on average a flux f4, and the total number of galaxy-
AGN pairs within a radius § above the number expected by chance is N, ; 4, then

f e fy + NyaGioi fa
If low redshift AGN are assumed to randomly sample the galaxy distribution,
N
7o~ AN
Nyg = N, Ny,

where _IIVV;l is the number ratio of AGN to galaxies. This gives an AGN correction
. . . NA —1
f ——fjj ’:‘JfA—:}\Ty.N.{;yGtot,
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which for the whole image becomes

Gtot(f - fy) =~ fAAtotN_;th—;%

where Ay is the total number of 2 < 0.6 AGN in a ROSAT image, and fqAi is
therefore the total photon contribution of these AGN.

When the flux from 4o-detected QSOs is subtracted from the Boyle et al. {1994)
models of QSO evolution (see Section 7.9), the remaining unresolved QSOs would pro-
duce no more than ~ 30% of the unresolved XRB, and only ~ 5% of the XRB would be
produced by the AGN at z < 0.6. To estimate very approximately the overestimation
of the contribution of AAT galaxies to the XRB, we can multiply this percentage by
the N, ;th—o% term, which varies from 0.098-0.355 between our images, giving an AGN
correction of only 0.49-1.78%.

We conclude that, whereas the galaxy-AGN cross-correlation may have made a sig-
nificant contribution in the shallower Miyaji et al. (1994) analysis, it produces a very
small effect here, less than our 1o error bar, and more than an order of magnitude less
than the XRB contribution from the AAT galaxies themselves. As the AGN correction
is more difficult to estimate accurately than the larger corrections caused by the directly
observable clustering of the AAT galaxies with each other, we therefore, having shown
the contribution of correlated AGN to our results to be very small, ignore the effect of
AGN in this analysis.

7.5 Colour Dependence of the Cross-correlation

For GSGP4 we also have red magnitudes from another AAT plate (see Section 5.2.3).
The cross-correlation analysis for this field was repeated with the galaxies divided into
red (B — R > 1.5) and blue (B — R < 1.5) subsets.

Figures 7.5 and 7.6 show the XRB cross-correlation functions of the 1942 blue and
the 519 red galaxies. The amplitudes are similar at § < 25 arcsec, in agreement with
the findings of Chapter 5 that the X-ray sources showed similar correlations with both
red and blue galaxies.

Summing
n=3 n=3
Z Nyz(en) - (N ’) Z ng(en)
n=0 n=0

out to § = 1 arcmin for the red and blue galaxy cross-correlations with the XRB gives
estimates of the X-ray photon contributions —

From the bluer galaxies: 1362.2 4 349.4 photons

From the red galaxies: 824.8 £+ 168.8 photons.
These estimates correspond to 1.59 photons per red galaxy but only 0.70 photons per
blue galaxy, the difference being due entirely to the fact that the red galaxy W, (8)
shows more signal at larger separations (40 < 6 < 60 arcsec). However, corrections for
the clustering of the galaxies must still be applied. If the difference between the cross-
correlation of red and blue galaxies with the XRB at larger separations is significant, it
may indicate that

(i) the redder X-ray luminous galaxies are more strongly clustered, and/or

(ii) some of the X-ray emission associated with the red galaxies is produced by
extended sources (such as hot gas within the gravitational wells of rich clusters).
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To investigate this further, the galaxy w(#) was calculated (as described in Section
6.6) for the galaxies within the GSGP4 area, divided into red (B — R > 1.50) and blue
(B — R < 1.5) subsamples.

The red galaxies were indeed found to be much more clustered, with a w(§) ampli-
tude of (94.6 £ 16.8) x 10~%(deg)~%® compared to (30.0 £ 5.5) x 10~%(deg) ¢ for the
bluer galaxies. The red and blue galaxy w(f) are shown in Figure 7.7, together with a
cross-correlation between the red and blue galaxies, which appears consistent with zero.
On our CCD dataset at a deeper (B.q < 24.5) limit, we also found that redder galaxies
possess a higher w(8) amplitude than bluer galaxies, with little cross-correlation between
the two (Section 3.4). In both cases the colour dependence could involve stronger in-
trinsic clustering for early-type galaxies, and/or a less broad redshift distribution for the
red subsamples.

The excess of galaxy pairs at § < 1 arcmin (above that expected for a random
distribution), V,,, is 788.7 for the blue galaxies and 256.3 for the red galaxies. Applying
the clustering correction described above then gives estimates of the numbers of photons

contributed by each subset of
968.8 & 248.5 for the B — R < 1.5 galaxies (0.50 photons galaxy™!)
552.2 4 113.0 for the B — R > 1.5 galaxies (1.06 photons galaxy™!).

Hence even after correcting for the stronger clustering of the redder galaxies, each
red galaxy was found to produce on average approximately twice the number of X-ray
photons as each of the bluer galaxies in the same B magnitude range. The difference
between Wy;(40 < 8 < 60 arcsec) for the two colour subsets may then not be due
entirely to the stronger clustering of the red galaxies.

Galaxies in our sample as red as B~ R > 1.5 will mainly be E/S0 types at z ~ 0.2-
0.5, and being ellipticals are more likely to be within the central regions of rich clusters
than the bluer galaxies. According to Fabbiano (1989), most early and late type galaxies
tend to have similar mean Lx/Lp ratios, but giant ellipticals in the central regions of
clusters produce X-ray emission in excess of that expected from the Ly /L p ratio typical
of other galaxies. This excess emission is produced by the hot gas trapped within the
gravitational well of the cluster as a whole, so the X-ray luminous region may extend far
beyond the visible radius of the giant elliptical at its centre. This may explain why our
red and blue galaxies appear to have similar X-ray fluxes associated with each galaxy
at small separations (6 < 40 arcsec), within the ROSAT point-spread function, whereas
the red galaxies show an excess cross-correlation with the XRB above that seen for blue
galaxies at slightly larger separations (40 < 8 < 60 arcsec), comparable to the angular
diameter on the ROSAT image of the bright GSGP4X:32 source, identified as a rich
galaxy cluster (see Section 5.6.3).

The more extended form of the cross-correlation of red galaxies with the XRB can
therefore be explained if some of these galaxies lie within groups or clusters containing
very hot X-ray emitting gas, although as these clusters are not detected individually
they must be of lesser X-ray luminosity than GSGP4X:32.
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Figure 7.§ Cross-correlation of the 18.0 < B < 23.0 galaxies with blue (B — R < 1.50) colours on the
GSGP4 field with the unresolved 0.5-2.0 keV X-ray background on the same area.
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Figure 7.6 Cross-correlation of the 18.0 < B < 23.0 galaxies with red (B — R > 1.50) colours on the
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Figure 7.7 The angular correlation function, w(f) of two colour-divided subsets of the 18.0 < B < 23.0
galaxies on the AAT plate of the GSGP4 area. The graph shows w(8) for red (B — R > 1.50) and blue
(B — R < 1.5) galaxies, and the cross-correlation between the red and blue galaxies, as a function of the
logarithm of angular separation in units of ROSAT pixels (15 arcsec), with errors estimated using the formula
from Section 6.4.



7.6 The X-ray/Blue-band Flux Ratio

The 0.5-2.0 keV flux corresponding to one photon detected during the exposure time
for each field is, in units of 1071° ergs cm~2s~!photon~!, 0.243 on GSGP4, 0.436 on
QSF3 and 0.482 on SGP2.

Using the mean number of photons per pixel for the holed images, as listed in Table
6.1, the intensity of the unresolved background can then be estimated as, in units of
10~12 ergs cm~2s~deg™2, 7.77 for GSGP4, 10.40 for SGP2 and 8.19 for QSF3.

On each of the 3 AAT fields a term 10%418-0-B) ' wwhere B is the blue magnitude,
was summed for all 18 < B < 23 galaxies within the 16 arcmin radius central area, to
give their total B-band flux in units of B = 18.0 galaxies. This was found to be 90.00
on GSGP4, 60.77 on SGP2 and 72.43 on QSF3.

If the estimated number of XRB photons produced by the galaxies, after correction
for clustering, is Nx, the X-ray flux per photon is S, and the blue-band flux of the same
galaxies is fp, a mean X-ray/B-band flux ratio can be estimated for the galaxies on each
field as SpNx/ fp. For the 3 fields separately this gives, in units of 10715 ergs cn—2s~!
per B = 18.0 galaxy,

GSGP4: 4.36 + 0.64

SGP2: 1.96 £0.94

QSF3: 3.51 £+ 0.98

The result for SGP2 is not as low in comparison to the other two as was the case for
its galaxy contribution as a proportion of the XRB — this field has a high unresolved
background (with less of the total flux resolved into sources) but a low galaxy count
compared to the others. Taking the mean of the above ratios gives (3.24 £ 0.50) x 1071°
ergs cm™ 25! per B = 18.0 galaxy, but we can instead calculate a ratio for which each
X-ray photon has equal weighting as

> Nx
(5,1 fB)

where the summation is over the 3 fields, and this gives:
5(0.5-2.0 keV) = (3.69 4 0.47) x 1071 ergs cm~2s~! per B = 18.0 galaxy.
For a galaxy of absolute blue magnitude Mp = —21.0, this ratio corresponds to an X-ray
luminosity
Lx(0.5-2.0 keV) = (3.69 & 0.47) x 10715 x 100-4%39 x 104008 grgg 51
the 10%0-08 term being 4712, where » = 10 pc in units of cm, giving
Lx(0.5-2.0 keV) = (1.77 £ 0.22) x 10%! ergs s~! per Mp = —21.0 galaxy.

This X-ray luminosity is much higher than, for example, the estimates given by Fabbiano
(1989) of Lx ~ 1039 ergs s~! for our Galaxy and for M31, but is less than the Ly ~ 1042
ergs s~! luminosities of many of the galaxies detected as individual X-ray sources on

these ROSAT images (Table 5.6).

We can also express our result as a monochromatic flux ratio. If the X-ray SED can
be approximated by a f, oc v~ power law, the monochromatic 2 keV flux corresponds

to the 0.5-2.0 keV flux as
fr(2 keV) = 1.492 x 107185(0.5-2.0 keV).
Hence for a B = 18.0 galaxy, with the mean X-ray/B-band flux ratio estimated above,
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fu(2 keV) ~ 3.69 x 10715 x 1.492 x 10718 = 1073226 orgs cm—2s~1Hz !,

As log f,(B) ~ —0.4(by + 48.65), for the B; magnitude system used on these AAT
plates a B = 18.0 galaxy produces a monochromatic blue flux

fv(B) =~ 1072666 ergs cm~25~1Hz L.
and therefore we estimate a mean flux ratio for galaxies
(2 keV)/ fu(B) = 107560,
If the X-ray SED of these galaxies has a flatter slope of f, oc ¥~93, typical of the MXRBs
which may dominate the X-ray emission from starbursting galaxies, then

fr(2 keV) =2.331 x 10718 $(0.5-2.0 keV)

and with the same X-ray/B-band flux ratio, a B = 18.0 galaxy would produce a
monochromatic 2 keV flux

fu(2 keV) ~3.69 x 10713 x 2.331 x 10718 = 1073207 ergs cm=2s~1Hz 1,

giving for the flatter SED a mean flux ratio
fv(2 keV)/ f,(B) = 107541,

Our estimate of the mean flux ratio is about an order of magnitude higher than the
typical value for normal galaxies of f,(2 keV)/f,(B) = 107%5  as given by Giacconi
and Zamorani (1987), and would give an X-ray flux per B = 18.0 galaxy slightly higher
than the 50 detection threshold on the GSGP4 image. If this ratio applied to all nearby
galaxies, we would therefore expect most of the 13 galaxies with B < 18.0 found within
the 20 arcmin radius circular area of the GSGP4 photographic plate to be detected on
the ROSAT image. However, as we only detected one of these galaxies (GSGP4X:109, at
z = 0.098) in our source/galaxy cross-correlation of Chapter 5, it seems more likely that
most galaxies on the photographic plates have ‘normal’ flux ratios of f,(2 keV)/f,(B) ~
10766 and that our observed galaxy/XRB cross-correlation is dominated by a small
fraction of galaxies at the high end of the distribution of Lx/Lp.

The source/galaxy cross-correlation of Chapter 5 indicated ~ 1% of galaxies to have
very high flux ratios of f,(2 keV)/f,(B) ~ 107°-107%, leading to the suggestion in
Section 5.6.3 that log (Lx/Lp) for galaxies may possess a Gaussian distribution with a
very wide dispersion of o ~ 0.8. For a Gaussian distribution of the logarithm of the flux
ratio, the ratio of total X-ray flux received from galaxies to the total B-band flux will
be higher than the ratio of the galaxies at the mode of the distribution by a factor of

oo 2 oo 2
/ 10%exp(—0.5(z /o) )(l.’l:// exp(—0.5(z/0)")dz
—00 —00
giving 10%-7 for 0 = 0.8. Hence the same dispersion suggested by the numbers of discrete
sources found to be correlated with galaxies can also account for the difference between
the mean flux ratio we estimated from the galaxy/XRB cross-correlation and the typical
ratio of normal galaxies.

Lahav et al. (1993) find their cross-correlation amplitude to correspond to a similar
mean X-ray luminosity per L ~ L* galaxy of Ly (2-10 kev) ~ 10! ergs s=! (for Hy = 50
km s~!Mpc™!). These authors suggested that the strength of their cross-correlation
could be explained if, for example, a fraction ~ 10% of optically bright galaxies have
even higher X-ray luminosities, Lx ~ 10% ergs s~!, so that a small fraction of galax-
ies with high Lx/Lp ratios would dominate their observed cross-correlation. This is
essentially the same explanation as suggested here, on the basis of our individual de-
tections of galaxies with Ly ~ 10* ergs s™!. These detections appear to confirm the
hypothesis that a wide dispersion in Ly/Lp ratios accounts for the high amplitude of
the galaxy/XRB cross-correlation.



7.7 Extrapolating to Fainter Galaxies

To estimate the contribution to the XRB from galaxies fainter than B = 23.0, we
assume for now that these will possess the same mean ratio of observed 0.5-2.0 keV and
blue-band fluxes as was estimated above for 18.0 < B < 23.0 galaxies.

On the deep INT CCD frame of Metcalfe et al. (1994), the total B-band flux from
the 2028 galaxies in the range 23.0 < B,y < 27.5 was equivalent to 1.749 B,y =
18.0 galaxies. For the mean colours at this depth by ~ B, — 0.09, and the area is
4.927 x 10~ 3deg?, so this corresponds to 385.6 B = 18.0 galaxies deg™2.

Assuming the same X-ray/B-band flux ratio for these fainter galaxies as was esti-
mated above for 18 < B < 23 galaxies, the 23.0 < B,y < 27.5 galaxies would produce
a mean 0.5-2.0 keV intensity of 1.42 x 10712 ergs cm~2s~!deg—2.

Using the estimate of photons counted per unit flux ratios for the each of these 3
images as given in Section 7.6, this intensity would correspond to 1135.3 XRB photons
on the 16 arcmin radius circular area on the GSGP4 image, 607.6 on SGP2 and 672.0
on QSF3. Hence these 23.0 < B,y < 27.5 galaxies would be expected to contribute

(1135.3 4 607.2 + 672.0)/(6215 + 3875 + 4450) = 16.61%

of the unresolved XRB.

This is approximately the same fraction as 18 < B < 23 galaxies, and gives a total
18 < B < 27.5 galaxy contribution of 33.42%. At these depths we are likely to be
observing galaxies on the faint-end slope of the luminosity function at all redshifts up to
the maximum redshift (see Chapter 4). For luminosity functions flatter than o = —2, the
flux contribution per magnitude interval of galaxies on the faint-end slope will decrease
on going faintward, so even if galaxy counts continue to increase at B > 27.5 the
total flux from faint galaxies converges to a maximum. Our Bruznal pure luminosity
evolution model, computed with ¢y = 0.05 and zp., = 4, predicts an intensity from
23.0 < B, < 27.5 galaxies equivalent to 367.0 B.q = 18.0 galaxies deg™2, or 398.7
by = 18.0 galaxies deg™2, very close to the observed value. For galaxies at all fainter
magnitudes (Bgq > 27.5) the same model predicts a total blue-band intensity only
12.8% of this value (ie. 47.0 By = 18.0 galaxies deg™2). Using this model at B > 27.5,
and assuming the same X-ray/ B-band flux ratio to apply at these even fainter limits,
we estimate a total contribution from B > 18.0 galaxies to the unresolved 0.5-2.0 keV

background of
16.81 + (1.128 x 16.61) = 35.5% + 4.5%

This estimate depends on the assumption that Ly and Lp evolve similarly with
redshift, and also that the k-corrections caused by the fact that we are observing shorter
wavelength regions of the spectra at the higher redshifts of the CCD sample can be
neglected, or at least assumed to be the same for X-ray and blue-band observations. At
higher redshifts, where the observed B-band will correspond to A ~ 20004 in the rest-
frame, the first assumption may be reasonable for blue, star-forming galaxies. If the total
X-ray emission is dominated by emission from MXRBs associated with star-formation,
the evolution of Ly may be similar to the 2000A luminosity evolution, as both would
depend on the numbers of very massive stars. However at low redshifts, the observed
blue-band flux will correspond to the rest-frame luminosity at longer (A ~ 40004)
wavelengths, where it will be less sensitive to the SFR. Hence an increase in the SFR
between z = 0 and z ~ 1 might increase the observed X-ray flux more than the observed
B-band flux, and therefore the mean observed f,(2 keV)/f,(B) ratio might increase
somewhat when high-redshift galaxies appear faintward of B = 23.
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The second assumption requires that the mean spectral index « (where f, oc v™%) is
the same in both 1000 < A < 4000A and 0.5-8 keV regions of the rest-frame spectra of
the galaxies. This may be a good approximation for very blue galaxies with 0 < o <1
in both spectral regions. However, for early-type red galaxies, the B-band k-correction
increases steeply with redshift to ~ 2.5™ at z ~ 1, whereas the X-ray SED is close to
fvo o< v71 at these relatively soft energies, giving a zero X-ray k-correction. Hence the
ratio f,(4 keV)/f,(2 keV) in the rest-frame is likely to exceed the ratio f,(20004)/f,(B),
by a factor as large as an order of magnitude, and therefore the observed f, (2 keV)/f,(B)
ratios for red galaxies would increase from z = 0 to z ~ 1.

We conclude that the mean observed f,(2 keV)/f,(B) ratio, for both red and blue
galaxies, is likely to increase with redshift to some extent, and would therefore be higher
for B > 23 galaxies than those in our AAT dataset. Hence we can regard the above
estimate of fyqu given by extrapolation to faint magnitudes as a probable lower limit,
and - considering also the upper limits on fg,; set by the proportion of the unresolved
XRB already accounted for by QSOs - estimate at this point that 35% < f 0 < 70%.

7.8 The X-ray Emissivity of Galaxies and its Rate of Evolution

Our cross-correlation results can be used to estimate the mean X-ray luminosity per
unit volume of the galaxies in our sample. Firstly, we estimate the blue-band luminosity
density of galaxies by integrating

[ @(Mp)10-04 M +210) g0

where Mp is the absolute blue magnitude and ®(Mp) the luminosity function of galaxies.
The luminosity functions of each of the types of galaxy in our model (from E/S0 to Irr),
with the Schechter function parameters of each as listed in Table 1.1, were summed at
each value of Mp to give a ‘total’ ®(Mp). The luminosity functions were assumed to
cut-off seven magnitudes faintward of M*, but as (for faint-end slopes much flatter than
« = —2) the total luminosity density (as opposed to the number density) is dominated
by L ~ L* galaxies, the result is insensitive to the position of this lower limit. The above
integration gave a B-band luminosity density of 2.975 x 1073 in units of Mp = —21.0
galaxies per cubic Mpc of comoving volume (for Hy = 50 km s~!Mpc1),

Our cross-correlation analysis produced an estimate of the mean X-ray luminosity
per Mp = —21.0 galaxy of Ly (0.5-2.0 keV) = (1.77 £ 0.22) x 10*! ergs s™!, so galaxies
producing the above B-band luminosity density would give an X-ray volume emissivity,

p(0.5-2.0 keV) = (5.27 £ 0.65) x 103® ergs s Mpc™2.

This is of the same order as the Lahav et al. (1993) estimate of
p(2-10 keV) = (7.5 £+ 2.5) x 10°% ergs s~ Mpc 3.

(for Hy = 50 km s™'Mpc™!), which was obtained by cross-correlating optically-detected
and IRAS galaxies at z < 0.06 with the XRB. To compare the Lahav et al. (1993)
estimate with ours, the difference in the mean redshifts of the galaxy samples (zmeqn ~
0.03 and zmean ~ 0.35 respectively) and i the X-ray energy bands, must be taken into
account. The Lahav et al. result would correspond to p(2.06-10.3 keV),=¢.03, whereas
our estimate of the X-ray emissivity from galaxies corresponds approximately to p(0.675—
2.70 kev),—0.35 in the rest frame of the galaxies. If we assume the two cross-correlation
results to be produced by the same type of source, the comparison of the two results may
provide some information about their spectral index and rate of evolution. For sources
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with an SED of f, o »~¢, the emissivities would be in the ratio

2.70

10.3
Lx(z= 0.03)/2 o6 v %v[Lx(z = 0.35)/0675 v~ %dv

If there is no evolution in Lx, the ratio of the two integrals is 1.16 for a steep o = 1
spectrum (typical of AGN), increasing to 2.78 for the flatter spectral index of a = 0.3
typical of MXRBs in the range ~ 1-10 keV. As the spectral index of the XRB as a
whole is relatively flat (o ~ 0.4) at 2-10 keV energies, the o = 0.3 index may be more
appropriate if we are attempting to explain the entire non-QSO component of the XRB.

Griffiths and Padovani (1990) proposed a model for the X-ray luminosity evolution
of galaxies in which the total X-ray emission of galaxies, being associated primarily with
star-formation, possesses a spectral index of & = 0.3 and increases exponentially with
look-back time T'(z), ie.

Lx xexp(T(z)/7)

where 7 is the exponential timescale expressed in units of the Hubble time, Hy 1 Gp
derived an estimate of 7 for the summed X-ray emission of all types of star-forming
galaxy by combining the rate of far infra-red (60um) luminosity evolution estimated for
IRAS galaxies with the observed correlation between Lx and Lggum. This correlation
is best fitted by a line of slope Ly (ngl,,m)o'7 and 1s thought to be simular for IRAS,
starburst and normal galaxies. In this way, GP estimated a timescale of 7 = 0.4 as being
appropriate for the X-ray luminosity evolution of star-forming galaxies, and described
this model as ‘moderate’ evolution, as it is somewhat less strong than the ‘extreme’
X-ray (and optical) luminosity evolution of QSOs (see Section 7.9 following).

With 7 = 0.4 evolution, Lx increases by a factor of exp((0.26-0.03)/0.40))=1.78
from z = 0.03 to z = 0.35. If we assume our cross-correlation to be caused by galaxies
with a spectral index « = 0.3 and X-ray luminosity evolution described by 7 = 0.4, an
extrapolation of our estimated emissivity back to z = 0.03, taking into account the effect
of evolution and the o = 0.3 k-correction, would predict the low-redshift counterparts
of these galaxies to produce an emissivity of

p(2-10 keV) = (1.78)7! x 2.78 x (5.27 4 0.65) x 10%® ergs s~'Mpc~3
= (8.23 £1.02) x 10®® ergs s~'Mpc~3,

which is very close to the Lahav et al. (1993) estimate. However, it is probable that
part of the cross-correlation detected by Lahav et al. would have been produced by
AGN within the IRAS galaxy catalogue. The higher redshift counterparts of most of
these AGN would have been excluded from our cross-correlation analysis, through the
removal of detected sources from the X-ray data and the star-galaxy separation carried
out on the optical dataset, but the lower angular resolution of the X-ray data used by
Lahav et al. allowed only the very brightest individual sources to be excluded from the
analysis. We were able to exclude all sources down to a much fainter flux limit, which
in itself would have removed about half of the total QSO emission, and we showed in
Section 7.4 above than the AGN correlated with galaxies could account for only a few %
of our estimated emissivity, so it is reasonable to assume that the AGN contamination
within our analysis will be much smaller.

To estimate an upper limit on the possible effect of AGN contamination on the
Lahav et al. results, we calculate the total X-ray emissivity of AGN at z = 0 using the
Boyle et al. (1994) models of the luminosity function and evolution of QSOs. In the
best-fitting Boyle et al. (1994) model for a low-gg Universe (model U), QSOs produce

p(0.5-2.0 keV) = 1.22 x 10%% ergs s™'Mpc?
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locally, which for a f, o< ¥~! SED corresponds to

p(2-10 keV) = 1.41 x 1038 ergs s~ Mpc~3.
In a go = 0.5 Universe, the best-fitting model (model V) possessed a somewhat higher
local QSO emissivity of

p(0.5-2.0 keV) = 3.29 x 1038 ergs s~ IMpc—3
which for a f, o< »~! SED corresponds to

p(2-10 keV) = 3.81 x 108 ergs s~'Mpc~3,
(although when the QSO emission is integrated out to z ~ 4 the difference in emissivities
is largely cancelled out by the difference in volume elements, so the two models give
similar predictions for the total QSO flux contribution).

Miyaji et al. (1994) quoted an intermediate estimate for the local AGN emissivity,

derived using more detailed forms of the SED for Seyfert 1 and 2 AGN, of
p(2-10 keV) = 2.0 x 10%® ergs s~ !Mpc~3,

Hence even if we assume the Lahav et al.(1993) result to include the X-ray emission
from all AGN at z < 0.06, in addition to the emission from galaxies, subtraction of the
local AGN emissivity from the Lahav et al. estimate leaves a significant emissivity of

p(2-10 keV) ~ 5 x 10% ergs s~ !Mpc~3
This seems reasonably consistent with the emissivity expected from the low-redshift
counterparts of the galaxies producing our AAT/ROSAT cross-correlation, if these evolve
as in the GP model.

However, when Miyaji et al. (1994) cross-correlated z < 0.06 IRAS galaxies with
the XRB, they estimated a somewhat lower emissivity of
p(2-10 keV) = 4.3 x 10°® ergs s~ !Mpc~3
of which the non-AGN component was estimated to be no more than
p(2-10 keV) ~ 2.0 x 10°® ergs s~ !Mpc—3
This lower value would only be consistent with our estimated emissivity for AAT
galaxies if
(i) the X-ray luminosity evolution out to z ~ 0.35 is even more rapid than 7 ~ 0.4
and/or

11) the spectral index of low-redshift X-ray luminous galaxies is quite steep — with o = 1
P y g
the low-redshift counterparts of our AAT galaxies would produce only
p(2-10 keV) = (3.43 £ 0.43) x 10*® ergs s™!Mpc—3

in the higher energy band used by Miyaji et al.

and /or
(iii) a significant component of our cross-correlation was produced by galaxies with high
X-ray and optical luminosities, but low luminosities at 60um, i.e. non-star-forming,
passive galaxies. These might be seen on AAT plates and in the optical data used n
part of the Lahav et al. analysis, but under-represented in the 60um-selected sample
used by Miyaji et al., resulting in a lower estimate of pg when only IRAS galaxies are
used.

Using our estimate of pg, and a range of plausible values for « and the rate of
evolution, we now attempt to improve on the estimate made in Section 7.7 of the XRB
contribution of all galaxies out to high redshifts.
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7.9 The XRB Contribution from Galaxies out to High Redshifts
The total intensity from sources out to z,,,; is given by

1% smas) = o [ (1 2) (L) LO) g () Py

where pg is the emissivity at z = 0 per unit comoving volume element, a the spectral
index, (L(z)/L(0)) the luminosity evolution, dz(z) the luminosity distance in Mpc, Lem
the comoving volume element.

Figures 7.8 and 7.9 show predictions of the 0.5-2.0 keV intensity produced by galaxies,
as a function of zmaz, for ¢o = 0.5 and g = 0.05 respectively. For spectral indices of
both a = 0.3 and « = 1, which bracket the likely range of spectral energy distributions
of X-ray emitting galaxies, three models of the evolution of Ly are plotted:

(i) No evolution of Ly.

(ii) Exponential brightening with look-back time T'(z); Lx « exp(T(z)/7), with a
timescale 7 = 0.4 Hy! (the GP model). The look-back times appropriate to the two
choices of qo were used — consequently the gy = 0.5 model has less evolution at higher
redshift where the look-back time is less than for gy = 0.05.

(iii) X-ray luminosity evolution identical to that of QSOs, as estimated by Boyle
et al. (1994) from the most recent ROSAT data. The models plotted here are the
best-fitting Boyle et al. (1994) models, which differ slightly for the two values of ¢q:

For ¢ = 0.5, Lx(z) o< (1 + 2)>% at z < 1.60, and Ly remains constant at z > 1.60
(model V).

For go = 0.05, Lx(2) o< (1 +2)33* at z < 1.79 and Lx remains constant at z > 1.79
(model U).

For a given rate of evolution, the flatter spectrum produces a higher observed emis-
sivity at high redshifts, as a spectral index « < 1 introduces a k-correction brightening
with redshift, whereas the f, oc »~! SED gives a zero k-correction.

If the X-ray emission from these galaxies is dominated by X-ray binaries rather than
hot gas at the temperatures typical of ellipticals (kT ~ 1 keV), their spectral index
will be closer to o = 0.3 than « = 1. Georgantopoulos et al. (1994) found that the
spectrum of the unresolved XRB on the five ROSAT images used in this thesis, with
detected sources removed, was somewhat flatter (amean =~ 0.33) than that of the detected
QSOs (cmean ~ 1.2). Although the errors on « are large due to the limited spectral
resolution of the ROSAT PSPC, this result would seem to suggest that o ~ 0.3 is a
better approximation to the X-ray SED of the whole galaxy component, and therefore
that the higher of our two estimates of f,, for each model is the more appropriate one.

A low qo will also increase the X-ray flux from galaxies at z > 1, simply as a result
of the larger volume element at high redshifts.

The graphs also show the intensity of the unresolved background on GSGP4, esti-
mated as '

1(0.5-2.0 keV) = 7.77 x 10712 ergs cm™ %5~ !deg™2

For each model, our cross-correlation results were used to normalize the emissivity at
z = 0.35, so that the evolving models begin with a lower pg at 2 = 0. As a result of
this, galaxies out to z ~ 1 produce similar fractions of the unresolved XRB (~ 32% for
qo = 0.5, and ~ 38% for qo = 0.05) whether or not evolution is included.

If there is no evolution of Ly with redshift, most of the galaxy contribution is
produced at z < 1, and including higher redshift galaxies out to z ~ 4 only increases
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fgat by a further ~ 10%. However, in Chapter 6, we set upper limits on the ACF
amplitude of the unresolved XRB of w(f) < 1.4 x 107%(deg)~%®. As the only sources
known to be as weakly clustered on the sky as this are the faint (B > 24) blue galaxies,
distributed out to high redshifts, our ACF upper limits would suggest that 1 < 2z < 3
galaxies produce more of the XRB than non-evolving models predict.

Furthermore, on the basis of our cross-correlation amplitude and that of Lahav et al.
(1993), non-evolving galaxies would produce only ~ 30% of the XRB, but the fraction
of the XRB which must be accounted for by sources other than QSOs, on the basis of
the flattening of QSO number counts, and possibly the upper limits on the ACF also, is
closer to ~ 70%.

In the Boyle et al. (1994) QSO model for g = 0.05 (model U), the QSOs out to
z = 4 would produce a total intensity in this passband (assuming a f, oc »~! SED) of
4.02 x 10712 ergs ecm~2s7!deg™2, while in the best-fitting model for go = 0.5 (model V),
QSOs out to z = 4 would produce a slightly lower total intensity of 3.41 x 10712 ergs
ecm~%s7ldeg=2. The 127 QSOs already identified by spectroscopy within the resolved
component (see Section 5.6.2) produce a total flux 2.83 x 10712 ergs cm~2%s~! from an
area of 1.75 deg?, so the detected QSO intensity is 1.62 x 10712 ergs cm~2s~!deg 2. Sub-
tracting this from the Boyle et al. models leaves a QSO intensity within the unresolved
XRB of 2.40 x 107!% ergs cm™%s~1deg ™% (fqso = 31%) for qo = 0.05 and 1.79 x 10~
ergs cm™ %7 1deg™? (foso = 23%) for ¢p = 0.5. To account for the remainder of the
XRB, galaxies from z = 0 out to their maximum redshift must produce fy = 69%
(ie. 5.36 x 107! ergs cm™2s~'deg™?) for the g = 0.05 model and fyy = 77% (i.e.
5.98 x 10712 ergs ecm~%s~1deg™?) in the go = 0.5 model.

When 7 = 0.4 evolution is introduced, the predicted f,,; from galaxies out to z = 4
is increased to 44-53% for g9 = 0.5 and 62-82% for qo = 0.05, for spectral indices in the
0.3 < o < 1.0 range. The increased intensity in comparison to non-evolving models is
produced by galaxies at z > 1. It is clear that high redshift galaxies produce a much
larger fraction of the XRB if the X-ray luminosity of galaxies undergoes even ‘moderate’
evolution, as is also shown in the graphs of GP and Lahav et al. (1993).

The QSO-type luminosity evolution models in the low-redshift limit approximate to
Lx x1+3.34z (model U) and Lx o 1+3.25z (model V), which is only a little stronger
than the 7 = 0.4 model low-redshift approximation of Ly o< 1 + 2.5z. However from
z ~ 1 out to z = 1.79 (model U), or z = 1.60 (model V), the QSO evolution is much
faster than 7 = 0.4, and closer to a 7 = 0.2 exponential timescale. Hence when z > 1
galaxies are included, the QSO-like evolution models predict a ‘much higher total X-ray
fluxes from galaxies than does 7 = 0.4 evolution.

When integrated out to z = 4 the QSO-like evolution predicts foat = 79-112% if
go = 0.5 and fyu = 125-191% for ¢op = 0.05. Hence if the low-redshift X-ray emissivity
of galaxies is as high as our cross-correlation results suggest, a model in which the X-ray
luminosity evolution of galaxies 1s as rapid as that of QSOs would predict a total X-ray
flux from galaxies which exceeds the entire unresolved XRB intensity, at least in a low
go Universe. Even if ¢o = 0.5 the flux tfrom galaxies evolving as rapidly as QSOs would
exceed the total unresolved XRB intensity at high redshifts unless their spectral index
is very steep or the maximum redshift of galaxies is less than z ~ 3. This might argue
against the hypothesis that the galaxy/XRB cross-correlation detected here is caused
primarily by AGN ‘hidden’ within apparently normal galaxies, and favour non-AGN
mechanisms with a more moderate evolution at high redshifts.
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Figure 7.8 Total 0.5-2.0 keV intensity produced by galaxies out to a maximum redshift zpqez, in a
go = 0.5 Universe, for three models of their X-ray luminosity evolution. The models are (i) no evolution
(solid lines), (ii) X-ray luminosity evolution as in the 7 = 0.4 model of GP (dotted lines), and (iii) X-ray
luminosity evolution equal to that given by the Boyle et al. (1994) V model for QSOs (short-dashed lines).
The upper and lower predictions for each evolutionary model correspond to spectral indices for the galaxies
of @ = 0.3 and o = 1, the o = 0.3 models giving the higher fluxes at higher redshifts. The three models are
normalized (at z = 0.35) to the X-ray emissivity estimated from our cross-correlation of AAT galaxies with
the XRB, and the long-dashed line shows the total intensity of the unresolved XRB on the GSGP4 image.
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Figure 7.9 Total 0.5-2.0 keV intensity produced by galaxies out to a maximum redshift z,4., in a
go = 0.05 Universe, for three models of their X-ray luminosity evolution. The 1models are (i) no evolution
(solid lines), (ii) X-ray luminosity evolution as in the 7 = 0.4 model of GP (dotted lines), and (iii) X-ray
luminosity evolution equal to that given by the Boyle et al. (1994) U model for QSOs (short-dashed lines).
The upper and lower predictions for each evolutionary model correspond to spectral indices for the galaxies
of @ = 0.3 and o = 1, the «« = 0.3 models giving the higher fluxes at higher redshifts. The three models are
normalized (at z = 0.35) to the X-ray emissivity estimated from our cross-correlation of AAT galaxies with
the XRB, and the long-dashed line shows the totalintensity of the unresolved XRB on the GSGP4 image.
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With our estimated X-ray emissivity p, and 3 < zpmqr < 5 for galaxies, the rate of X-
ray luminosity evolution required for galaxies to produce the entire non-QSO component
of the XRB is, in a low gp universe, exactly that given by the 7 = 0.4 evolution model of
GP. If ¢o = 0.5 we may require the X-ray luminosity evolution of galaxies to be slightly
faster than 7 = 0.4, to give fyq1 ~ 70%, but still slower than that of QSOs.

Treyer et al. (1992) found a model in which the XRB was produced mainly by
rapidly evolving star-forming galaxies to be consistent with both the spectral energy
distribution of the XRB and the upper limits on its ACF. However, these authors used a
much lower value of the local X-ray volume emissivity (po ~ 1037 ergs s™'Mpc~3) than
that estimated here, and consequently required extremely rapid evolution (7 ~ 0.1) for
star-forming galaxies to produce the bulk of the XRB. The results of our cross-correlation
analysis suggest a much higher local value of py, requiring only 7 ~ 0.4 evolution for
galaxies to produce all of the background not already accounted for by QSOs.

Treyer et al. also considered a ‘local model” with a very high emissivity at z = 0
(po ~ 1039 ergs s~!Mpc~3), requiring no evolution to produce the entire 3 keV XRB,
but this would be excluded by the ACF upper limits. We found in Section 6.6 that
the XRB could not be produced by non-evolving sources clustered as normal galaxies,
as they would produce much larger fluctuations than are observed, whereas an XRB
produced by galaxies evolving like QSOs would have a much lower ACF amplitude,
within the observed upper limits. Using the methods described in Section 6.6, we can now
investigate whether the slower rates of evolution we estimate to be required to give fgqu ~
70% are still consistent with our ACF upper limits of wacp(6) < 1.4 x 1073 (deg) ¢,

Normally clustered galaxies, distributed out to z = 4, evolving as in the 7 = 0.4
model with & = 0.3 would produce an ACF amplitude of wacr(8) = 6.08x 10~4(deg) 08
if go = 0.05. In a gop = 0.5 Universe, we require evolutionary rates intermediate between
7 = 0.4 evolution with a = 0.3 and and and QSO-like evolution with a = 1 to give
fgat = 70%, which would give ACF amplitudes in the range wacr(6) = (7.21-13.56) x
10~%(deg)~%8. It is clear that, whereas the Treyer et al. model with low pg and very
rapid evolution is excluded by our cross-correlation results which indicate a higher po,
and the opposite extreme of a very high po with no evolution is ruled out by the ACF
upper limits, an intermediate model with pg ~ 5 x 10*® ergs s7!Mpc™3 and 7 ~ 0.4
would be consistent with both sets of results.

The rate of X-ray luminosity evolution which we estimate to be that required to
give fyu1 ~ 70% does not appear to be unphysically rapid, being somewhat less than
the ‘extreme’ rate of X-ray luminosity evolution of QSOs, and quite similar to the
strong luminosity evolution already observed for galaxies in the passbands most sensitive
to star-formation. The 7 = 0.4 rate of Ly evolution in GP’s model was originally
derived from the observed Lgg,m evolution of IRAS galaxies, which is related primarily
to an increase in their SFR with redshift. Furthermore, the exponential timescale for
the evolution of the SFR in late-type (e.g. Sc) galaxies, as determined by comparing
their spectra with the spectral evolution models of Bruzual and Charlot (1993), is also
typically ~ 0.4Hy !, Both these comparisons suggest that the evolution of the mean Ly
of galaxies closely follows that of their star-formation rates.

However, we find that at the depths of our AAT sample, galaxies without ongoing
star-formation produce a similar total X-ray emissivity to star-forming galaxies. A
7 ~ 0.4 rate of evolution for the summed X-ray emission from all types of galaxy might
then suggest that the X-ray emission from hot gas in the early-type galaxies increases
similarly with redshift — although if the total X-ray emission from galaxies becomes
increasingly dominated at higher redshifts by the MXRBs in star-forming galaxies, the
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evolution of the SFR alone might be sufficient to account for the increase of the mean
Lx. Much deeper surveys will be needed to separately investigate the X-ray luminosity
evolution of different galaxy types, as we discuss further in Section 8.9.

7.10 The X-ray Luminosity Function of Galaxies

Although our results appear to favour the 7 = 0.4 model of moderate X-ray evolution
for galaxies, as proposed by GP, our estimate of fy,; is higher than the 20-30% predicted
by these authors using a 7 = 0.4 evolution model and a low go. The difference obviously
lies in the values of pg used to normalize the models.

GP assumed a local X-ray emissivity of
£6(0.5-3.0 keV) = 7.7 x 10%7 ergs s~ 'Mpc—3
(for Hy = 50 km s~ !Mpc~!), obtained by integrating over an X-ray luminosity function
derived using the IRAS galaxy 60pm luminosity function and the measured correlation
between Lx and Leoum. Their value of py was described as a lower limit, as it only

included emission from galaxies with Ly (0.5-3.0 keV) > 1034 ergs s~1.

For a spectral index o = 0.3, p(0.5-2.0 keV) = 0.65p(0.5-3.0 keV), so GP’s emissivity
corresponds in the ROSAT band to
p0(0.5-2.0 keV) ~ 5.0 x 10*7 ergs s™1.

At z = 0.35, the 7 = 0.4 evolution and the k-correction would increase this to
p(0.5-2.0 keV) ~ 1.2 x 10%® ergs s7,

which is still lower than our value by a factor of ~ 4. Consequently, GP required very
rapid QSO-like (7 ~ 0.2) X-ray luminosity evolution for galaxies with their lower local
emissivity to account for > 50% of the 0.5-3.0 keV background, whereas we find 7 ~ 0.4
evolution to be adequate.

One possible explanation for this difference would appear to be that GP underes-
timated pg greatly by not including the emission from the low-luminosity galaxies, ie.
those with Lx(0.5-3.0 keV) < 10394 ergs s~!. The X-ray luminosity function (LF)
derived by GP,

(L) x L%3 for 10394 < Ly < 10407
®(L) oc L~4* for Ly > 10407

is extremely steep even at their faint-end cut-off. Indeed the total emissivity diverges
if the « = —2.3 slope continues faintward. GP found that extending their faint-end
slope to a luminosity a factor of 3 smaller increased pg (and hence their estimate of
fgat) by 60%. A faintward extension by a factor of ~ 30 to Ly = 10379 ergs s~! would
be sufficient to give the high value of py estimated from our cross-correlation analysis.
However, it is unlikely that the X-ray LF remains divergently steep at luminosities as
low as this, as for galaxies with normal Ly /L g ratios, the faint-end cut-off used by GP
corresponds to Mp ~ —19, where the optical luminosity functions will have flattened to
faint-end slopes with « in the region of —1.0 to —1.5.

The X-ray LF derived by GP is steeper by a factor of (0.7)~! than the IRAS galaxy
far infra-red luminosity function as a result of the non-linear relation Ly (LGO“,,,)O'7
In contrast, fitting a relation Ly o (Lp)* gives a linear correspondence € = 1.0, at least
for spiral galaxies and L < L* ellipticals (Fabbiano 1989), which suggests that the X-ray
and blue-band LFs should have similar faint-end slopes. At Ly (0.5-3.0 keV) < 10394
ergs s~!, the X-ray LF must be dominated by galaxies on the faint end slope of the
optical LF, and so it would be more reasonable to extend the GP X-ray LF faintward
of this luminosity with, for example, @« = —1.5 (ie. the optical faint-end slope for the
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bluest galaxies), which increases the total emissivity pg by only ~ 10% when summed
from Ly = 10%%4 to Ly = 0.

At presently attainable flux limits, the detected source counts probe only the bright-
end of the X-ray LF of galaxies (i.e. Lx > 10*15 ergs s~—1, see Table 5.7). GP predict
an approximately Euclidean (v = 1.5) slope for the X-ray number counts of galaxies,
continuing to at least S =~ 10716 ergs cm~2s~1, but with a number count normalization
lower by a factor of more than ~ 10 than that estimated from our correlation between
detected sources and galaxies (Section 5.7). This is even greater than the difference
between the total emissivity pg used by GP and the higher value derived from our
galaxy/XRB cross-correlation, so that the underprediction of the X-ray emission from
galaxies is greater for the bright-end of GP’s X-ray LF than for the integrated X-ray
luminosity of their LF as a whole. Hence the relatively low X-ray emissivity from galaxies
in GP’s model, and therefore their failure to account for more than ~ 25% of the XRB
with a moderate rate of evolution, appears to be primarily the result of including too
few galaxies with very high X-ray luminosities, rather than their failure to include the
emission from very low-luminosity (Lx < 10394 ergs s~1) galaxies.

Figure 7.10 shows the X-ray LF derived by GP, normalized at log &(10%7) =
—43.235 L™ !Mpc~ so as to give the total luminosity density (sunumed for all Ly >
10394 ergs s~1 galaxies) of po = 7.7 x 1037 ergs s"!Mpc—3 used by these authors. The
graph also shows an X-ray LF derived from the blue-band LF of all galaxy types, by
assuming a linear relation f,(2 keV)/f,(B) = 1075 with no dispersion in the flux ratios
of the galaxies. For a flux ratio f,(2 keV)/f,(B) = 107%¢  a galaxy with absolute mag-
nitude Mp = —21.0 and spectral index o = 0.3 will have Lx(0.5-3.0 keV) = 1.72 x 104°
ergs s~L.

From a comparison of these luminosity functions, it is clear that the X-ray LF must
flatten to a non-divergent (ie. o > —2) slope at Lx < 1039, to avoid exceeding the
total number density of galaxies at these lower luminosities.

Over the range 10%%% < Ly < 10415 the optical-derived and IRAS-derived X-ray
LFs give very similar densities of galaxies. At Ly > 10%!5, the optical-derived LF
predicts a much lower density of galaxies than does the IRAS-derived LF, and falls away
rapidly towards zero. This results from the different form of the bright ends of the
respective luminosity functions (exponential cut-off and power-law decrease). However,
the numbers of Ly > 10415 galaxies in the ‘IRAS-derived’ X-ray LF are still insufficient
to explain the numbers detected in our source/galaxy cross-correlation analysis (Chapter
5). On the basis of these detections we suggested that a large dispersion o ~ 0.8 existed
in the logarithms of the Ly/Lp ratios of galaxies, and the mean flux ratio of f,(2
keV)/fu(B) ~ 107%¢ derived from the amplitude of the galaxy/XRB cross-correlation
suggests a similar dispersion.

If the X-ray luminosity of galaxies evolves as 7 ~ 0.4, increasing by a factor ~ 2
between z = 0 and the depth of our AAT sample, the required dispersion would be
reduced slightly to o ~ 0.7. To investigate further the effect of such a dispersion, we
derive a third X-ray luminosity function, ®'p, from the optical luminosity function using
the same linear log L x-log L p relation as was used for ® g, but with a ¢ = 0.7 dispersion
in the log Lx of the galaxies of a given log Lp.
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This function was calculated by means of a convolution of the optical-derived LF
¢ p with a Gaussian distribution with ¢ = 0.7, 1.e. by integrating

P'g(logLyx) = /<I>B(logLX)exp(—O.B(logLX — logL'y)/0.70)%d(log L'y )
at each value of log Ly, and normalizing by dividing by
/exl)(—O.S(;v/O."iO)?)(l;v = 0.70/27

Figure 7.10 also shows the luminosity function ®'g, and by comparison with @ g it is clear
that the introduction of our estimated dispersion into the log L x-log L g relation greatly
increases the predicted number density of very X-ray luminous (Lx(0.5-3.0 keV) >
10415 ergs s™1) galaxies.

We then derived integral number counts of galaxies as a function of X-ray flux limit
for each of the three modelled forms of the X-ray luminosity function shown here. The
models assumed zpq; = 4.0, go = 0.05, a spectral index a, = 0.3, and luminosity
evolution as 7 = 0.4. The three X-ray number count models are shown in Figure 7.11,
together with the ‘observed’ galaxy count of 27.24:10.4 deg™? at a flux limit of 5(0.5-3.0
keV) = 107142 ergs cm™2s7! (i.e. 5(0.5-2.0 keV) = 107144 ergs cm~2s7!) estimated
from the source/galaxy cross-correlation analysis of Section 5.7.

Only the ¢ = 0.7 model predicts a sufficiently high number count at this hmit,
of 23.55 deg=2, to be consistent with our results. The IRAS-derived LF predicts a
galaxy number count of only 1.01 deg™ and the o = 0 optical-derived LF the even
lower count of 0.69 deg™2. The o = 0.7, IRAS-derived and o = 0 optical-derived
LFs predict mean redshifts for galaxies detected at this flux limit of 0.309, 0.025 and
0.023 respectively. Ounly for the o = 0.7 model is this in reasonable agreement with
spectroscopic observations of ROSAT-detected galaxies (giving zmean = 0.22 for the
galaxies listed in Table 5.6, which would perhaps increase to zmeen ~ 0.3 if all the
21 < B < 23 galaxies correlated with sources were included).

We find that an X-ray LF derived from the optical LF of galaxies with no dispersion
in the log Lx-log Lp relation underpredicts p by a factor of ~ 5 and the X-ray counts
of galaxies by a factor ~ 40, even with 7 = 0.4 evolution of Ly. We verify that the
dispersion required in the log (Ly/Lpg) ratio to fit the ROSAT observations is indeed
o~0.17.

The GP X-ray LF, derived from the 60um LF with no dispersion, underpredicts p
by a slightly smaller factor ~ 4 and the counts by a factor of ~ 30. Hence the dispersion
required in the log Lyx—log Lgoum relation to fit the ROSAT observations would be
slightly smaller (perhaps o ~ 0.6) than that required for log (Lx/Lpg). The scatter
in GP’s plot of log Ly against log Lgoum for IRAS and starburst/interacting galaxies
is quite large and appears consistent with this value, suggesting that if Griffiths and
Padovani had included the observed dispersion in the log Lx ~ log Lgoum relation in
deriving an X-ray LF, their modelled galaxy counts may have been high enough to agree
with the ROSAT observations.



—40 |-

—50 |—

38 40 42 44
Log Ly (0.5—-3.0 keV) ergs s

Figure 7.10 X-ray luminosity functions of galaxies, derived from the blue-band lurninosity function by
assuming a Lx /Lp ratio corresponding to f,(2 keV)/f,(B) = 1056, with no dispersion in Ly /Lg ratios
(solid line), and with a dispersion of o = 0.7 inlog (Lx/Lp) (dotted line), and the X-ray luminosity function
derived by GP from the 60um luminosity function of IRAS galaxies (dashed line).
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Figure 7.11 Integral X-ray number counts of galaxies, in galaxies deg™2, as a function of the logarithm
of the 0.5-3.0 keV flux limit, calculated from the three models of the X-ray lumninosity function of galaxies
shown in Figure 7.10. The graph shows the counts given by an X-ray luminosity function derived from
the blue-band LF assuming no dispersion in log (Lx/Lg) (solid line), the X-ray LF derived from the same
optical LF with a ¢ = 0.7 dispersion in log (Lx/Lp) (dotted line), and the X-ray LF derived by GP from
the IRAS LF (dashed line). All three models plotted are computed for a go = 0.05 geometry, and assume
an X-ray spectral index of & = 0.3 and X-ray luminosity evolution as 7 = 0.4 for all galaxies, differing only
in the assumed X-ray luminosity functions.

The plotted point is our X-ray galaxy number count of 27.2410.4 deg~?, which was estimated in Section
5.7 from the cross-correlation between B < 23.0 galaxies and unidentified X-ray sources brightward of a flux
limit of 5(0.5-2.0 keV) = 107144 ergs cm™'s™!, assumed here to correspond to S(0.5-3.0 keV) = 10142

ergs em™!s™1.



7.11 Discussion: Parameters Influencing Lx/Lp

It is clear that a model in which a wide dispersion of o ~ 0.7 in the log (Lx/Lp)
ratios of galaxies greatly increases both the numbers of very X-ray luminous galaxies,
and the X-ray volume emissivity produced by galaxies as a whole, can explain very well
both the individual detections of faint galaxies on ROSAT images and the strength of
the galaxy/XRB cross-correlation.

The reason for such a high dispersion in Lx /L p ratios remains uncertain at present,
and we now consider possible physical causes. Our estimate of the dispersion of Ly /Lp
ratios for galaxies is somewhat higher than the dispersion estimated by Georgantopoulos
(1991) for AGN, expressed as o = 0.12 in the power-law index @,;, which corresponds to
a dispersion in log Lx/Lp of o ~ 0.3, for the factor of ~ 10%3 difference in wavelength
between the ROSAT and blue bands. However, Einstein observations of a wide variety
of galaxies have already provided evidence that galaxies vary in Lx/Lp to a greater
extent than this.

A high dispersion in the Ly /Lp ratios of galaxies may be related to the fact that
star-formation rates (per unit mass) obviously vary greatly between galaxies, and that
the formation of massive stars may increase Ly to a greater extent than Lp if it leads to
the formation of large numbers of very luminous X-ray binaries. The variation in star-
formation rates amongst galaxies at a given blue-band luminosity would then produce a
wide dispersion in Lx/Lp. However, it is unlikely that starbursting alone can explain
all the results discussed here, for the reasons discussed below.

Firstly, normal and starburst galaxies have been found to follow the Ly o (Lsoﬂm)O""
relation with the same constant of proportionality, and so Ly and (Lgoﬂm)o'7 must be
equally sensitive to starburst activity. Variation in the star-formation rates could account
for the fact that the IRAS-derived LF follows a power-law at the bright end, rather than
an exponential cut-off, by producing a wide dispersion in the Lgg,m /L p ratios. However,
as GP’s IRAS-derived X-ray LF still greatly underpredicts the X-ray number counts, the
true X-ray LF of galaxies must be even more extended at its bright end than the IRAS
LF, requiring a a wide dispersion in the Ly/ (L(;(),““)O'7 ratio. The difference between
our estimate of the X-ray emissivity of AAT galaxies and the lower estimate of Miyaji
et al. (1994) for IRAS galaxies also suggests that significant numbers of galaxies possess
a high Lyx but a low 60gm luminosity.

Hence the X-ray properties of galaxies must depend on at least one additional pa-
rameter, which must be independent of the SFR if it is to increase Ly without increasing
(L(;o,“n)o'7 by the same ratio. One obvious choice might be the chemical composition of
the galaxies. X-ray emission from star-forming regions has been found to be inversely
correlated with metallicity, as is illustrated by GP — the metallicity of the Large Mag-
ellanic Cloud, for example, is lower than that of our own Galaxy by a factor ~ 10 and
the X-ray luminosity per type O star 1s more than an order of magnitude higher. For
star-forming galaxies, the effect of metallicity on Lx may then be sufficiently strong to
produce the required o ~ 0.6 dispersion in the log Lx-log Leoum relation. The even
larger dispersion in the Ly /Lp ratios of star-forming galaxies might then result from
the combined effects on X-ray luminosity of differences in metallicity and differences in
star-formation rates.

Secondly, our X-ray detected galaxies possessed a wide range of B — R colours and
3727A equivalent widths, typical of a randomly selected galaxy sample in this magnitude
range. The X-ray selected sample included some ‘passive’ galaxies with no indication of
ongoing star formation. The galaxy/XRB cross-correlation was also similar for red and
blue galaxies. Although large k-corrections at z ~ 0.3-0.5 could have shifted the colours
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of a few spiral galaxies into the B— R > 1.5 subsample, some dependence on B— R colour
would still be expected if the high X-ray luminosities of some galaxies were associated
entirely with star-formation activity. It therefore appears that early-type galaxies, with
little or no ongoing star-formation, produce an X-ray luminosity density comparable to
that produced by star-forming galaxies, at least at moderate (z < 0.5) redshifts.

Furthermore, there is already observational evidence that the dispersion in log
(Lx/Lp) ratios for early-type galaxies is similar to our estimate of o ~ 0.7 for galaxies
in general. For example, as described by Kim et al. (1992), one sample of 37 early-
type galaxies observed with Einstein was found to have a mean log (Lx/Lp) ratio of
30.5 — where Lx is measured in ergs s~! in the 0.8-3.5 keV passband, and Lp given
in units of solar luminosities — corresponding to a mean log(f,(2 keV)/ f,(B)) ~ —6.0,
with a dispersion in log (Lx/Lp) within the sample of & = 0.6. The highest Lx/Lp
ratio of these 37 galaxies exceeded the mean ratio of the sample by a factor of 41, so it
would seem reasonable that a ~ 1% fraction of galaxies might exceed the mean Lx/Lp
ratio by factors of ~ 100, as our cross-correlation results of Chapter 5 would suggest.
Furthermore, the galaxies in the Kim et al. (1992) sample with higher Lx/Lp ratios
tended to have softer C32 colours, where C32 is defined as the ratio of Lx(1.4-3.5 keV)
to Lx(0.8-1.4 keV), so that for observations in the softer ROSAT band (0.5-2.0 keV)
the dispersion in Ly /Lp would be even higher than that of o = 0.6 seen at 0.8-3.5 keV.

As these Finstein observations obtained a similar mean Ly /L pg ratio and a similar
wide dispersion in log (Lx/Lp) from a sample limited to early-type galaxies as our
cross-correlation results suggest for galaxies in general, it is clear that our results cannot
be attributed entirely to star-formation processes. Quite different mechanisms must be
involved in producing a similar dispersion in Lx/Lp ratios for the early-type galaxies.

Some of the variation in Ly /Lp between early-type galaxies must result from the
non-linear relation Ly oc (Lp)*~20, which has been observed for the most luminous
ellipticals (Fabbiano 1989, Sarazin 1990). This would introduce a dependence of Lx/Lp
on Lpg, rather than a scatter in Ly at each value of Lg. The fact that our X-ray
detected early-type galaxies (see Section 5.6.2) tended to be those with high optical
luminosities (Mp ~ —22), while our X-ray detected late-type galaxies appeared to
possess the same distribution of Lp as an optically-selected sample, may reflect this non-
linear relation. As discussed by Sarazin (1990), a relation of the form Ly o (Lpg)!*~20
might be expected if the X-ray emission of the largest ellipticals is dominated by thermal
bremsstrahlung from hot gas. The main sources of energy for heating the gas, which
originates through mass loss from stars, are the orbital motions of the gas-losing stars
and gravitational infall of the gas. For both these mechanisms, the heating rate per
unit mass of gas is proportional to the o2, the square of the velocity dispersion of the
stars (or, equivalently, the depth of the gravitational potential well of the galaxy). This
relates to blue luminosity as o2 o (Lp)?>~ 10, so if we assume the mass of hot gas
in the galaxy as a whole is proportional to its optical luminosity, we obtain a relation
Ly «x (Lgo?) oc (Lp)!»~%% When Sarazin (1990) fitted power-laws to the log Ly
log Lp relation of 81 early-type galaxies observed using Einstein, a very steep relation
Lx L%Wio'% was estimated, whereas when fitting to log L x-log (L po?) for a slightly
smaller sample of 57, the observed relation became Ly o (Lgo?)!19%013 consistent
with the linear relation predicted by the hot gas model.

However, in both these cases a high dispersion of o(log Ly) = 0.51 was still observed
about the fitted relations, suggesting that at least one further parameter, in addition
to o2, influences the Ly /Lp ratio of early-type galaxies. This additional parameter
is unlikely to be metallicity for early-type galaxies. In contrast to the strong inverse
relation between MXRB emission and metallicity in late-type galaxies, Sarazin (1990)
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found a slight positive correlation between Ly and magnesium abundance in early-type
galaxies, although this was weak and of marginal (~ 20) significance. This effect could
result from the fact that in a low-density, hot gaseous medium, the presence of metals
would produce emission lines at keV energies rather than absorption, or might simply
be the result of a dependence of metallicity on mass. However, the effect of metallicity
on Ly for early-type galaxies appears to be much smaller than the observed dispersion
in Lx/Lp.

The globular clusters found in very large numbers around some giant ellipticals might
also be involved in producing the high X-ray luminosities of some early-type galaxies,
as the very high density of stars and stellar remnants in the central regions of globulars
favours the formation of low-mass X-ray binaries. A wide range in the numbers of
globulars associated with each galaxy (relative to the total stellar mass) would produce
a wide dispersion in the ratio of the numbers of low mass X-ray binaries to the numbers
of stars, and would therefore contribute to the dispersion in Lx/Lp. However, the
low X-ray temperatures of individual ellipticals (kT ~ 1 keV) compared to those of
binary sources (kT' > 5 keV), and the presence of emission lines in the X-ray spectra
of ellipticals, suggests that diffuse Lot gas accounts for more of their X-ray emission
than any population of accreting binaries (see e.g. Sarazin 1988). If this is the case, the
contribution of globular clusters to the Ly /Lp dispersion of early-type galaxies would
probably be of less significance than differences between galaxies in the mass and/or
temperature (i.e. velocity dispersion) of the X-ray emitting gas.

Sarazin (1990) suggested that, as Lx/(Lpo?) would be proportional to the ratio of
the mass of hot gas to the mass of stars, the ¢ ~ 0.5 dispersion in log Ly at a given
Lpo? may result from differences in the evolutionary history of the ellipticals. Some
galaxies may have undergone ram pressure stripping within dense regions, removing
most of the hot gas lost from stars, and thus reducing the Lx/(Lpo?) ratio, whereas
other giant ellipticals may have been able to retain much larger amounts of this very
hot gas, resulting in much higher X-ray luminosities at the present day.

The true explanation of the dispersion in Ly/Lp of galaxies, and therefore our
cross-correlation results, may be very complicated. Variations in the star-formation
rates, chemical composition, velocity dispersions and ram pressure stripping histories
of the galaxies may be involved, to varying degrees in different types of galaxy. There
may be other parameters influencing the X-ray properties of galaxies which we have not
considered here. Further investigation of the cross-correlations of early and late-type
galaxies with the XRB are required, ideally using new instruments with sensitivity to
harder (2-10 keV) X-rays and high spectral resolution (e.g. the new ASCA satellite).
Observations of X-ray detected galaxies with high spectral resolution (to determine
spectral indices, gas temperatures, emission line widths, etc.), and the cross-correlation
of galaxies with the unresolved XRB mmaged in a number of different energy bands, may
then enable us to establish the relative importance of the various possible X-ray emission
mechanisms (e.g. massive binaries, low mass binaries, ‘hidden’ AGN, hot gas in galaxies
and the even hotter gas in clusters) i producing the cross-correlation results discussed
in this thesis.



7.12 Summary and Conclusions

(i) A significant cross-correlation was detected between 18.0 < B < 23.0 galaxies
and the 0.5-2.0 keV X-ray background on three 0.35 deg? areas of sky. The strength
of the cross-correlation indicated these galaxies to be the origin of a fraction of the
unresolved component of the 0.5-2.0 keV background estimated as 16.81 + 2.14%. The
ratio of the total X-ray flux to the total blue-band flux from these galaxies was estimated
as 5(0.5-2.0 keV) = (3.69 £ 0.47) x 1071 ergs cm™2s~! per B = 18.0 galaxy. In terms
of luminosities this is Lx(0.5-2.0 keV) = (1.77 £ 0.22) x 10*! ergs s~! for a galaxy of
absolute blue magnitude Mp = —21.0.

(i1) Extrapolating this flux ratio to fainter magnitude limits (B ~ 27.5) using galaxy
counts from deep CCD surveys gave an estimate of fy, = 35% for the total fraction
of the unresolved 0.5-2.0 keV background produced by galaxies. This can probably be
regarded as a lower limit, as the ratio of observed X-ray to blue-band fluxes is likely to
increase at higher redshifts (see Section 7.7).

(iii) Red and blue galaxies in our sample show the same (within 1o) cross-correlation
with the XRB at small separations (< 25 arcsec) within the ROSAT point-spread func-
tion, suggesting that the mean X-ray luminosities of early-type and star-forming galaxies
are similar. However, for the red (B— R > 1.5) galaxies there is more signal in the cross-
correlation at 40 < § < 60 arcsec separations, which may indicate that some early-type
galaxies lie within extended X-ray sources, i.e. galaxy groups and clusters.

(iv) The amplitude of the cross-correlation between galaxies and the XRB gave an
estimate of the X-ray luminosity density of the galaxies in our sample of

p(0.5-2.0 keV) = 5.27 4 0.65 x 10%® ergs s™!Mpc =3 (for Hp = 50 km s~'Mpc™!).
This result would indicate that z < 1 galaxies produce a fraction fyq ~ 30% of the
unresolved XRB.

The contribution from galaxies at higher redshifts depends on their X-ray luminosity
evolution, and is only a further ~ 10% if there is no increase in their mean Ly with
redshift. However, the upper limits on the autocorrelation function of the XRB (Chapter
6) require that the X-ray sources, if clustered as normal galaixes, must increase signif-
icantly in luminosity with redshift. If, as suggested by Griffiths and Padovani (1990),
the X-ray luminosity of galaxies increases with look-back time following an exponential
timescale ~ 0.4H; !, this would increase our estimate of fgal to ~ 70%, with about half
of this flux being produced by galaxies at 1 < 2 < 4.

The QSO counts of Section 5.7, and possibly the ACF upper limits discussed in
Chapter 6, suggest that QSOs produce only ~ 30% of the unresolved XRB, so the 7 = 0.4
evolution appears to be exactly that required for galaxies to produce the remainder. If
galaxies are the main source of the unresolved XRB, we find that this rate of evolution
would be consistent with the upper limits on the ACF. However, a more rapid X-ray
luminosity evolution for galaxies, equal to that observed for QSOs, may predict a galaxy
contribution exceeding the entire XRB intensity.

Hence our observations appear to favour the 7 = 0.4 model of GP as a good descrip-
tion of the X-ray luminosity evolution of galaxies.

(v) The total X-ray luminosity density of galaxies, as estimated here from the
galaxy/XRB cross-correlation, and the X-ray number counts of galaxies (see Chapter 5)
are both much higher than would be expected from the Ly /L p ratios of most galaxies
seen locally. Deriving an X-ray luminosity function for galaxies from either their optical
luminosity function or the 60gm IRAS galaxy huninosity function greatly underpredicts
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the numbers of high-L x galaxies detected by ROSAT, unless we include a wide disper-
sion of ¢ ~ 0.7 in the log Lx-log Lp relation, and a slightly smaller dispersion in the
log L x-log Leo.m relation, in addition to the 7 = 0.4 evolution of Ly suggested above.
These dispersions would greatly increase the numbers of galaxies with very high X-ray
luminosities (Lx ~ 10%? ergs s~!) which we detect as individual sources, and would also
increase the total X-ray volume emissivity of galaxies by factors of ~ 5, accounting for
the high amplitude of our galaxy/XRB cross-correlation function and that of Lahav et
al. (1993).

Uncertainty remains about the cause of the inferred o ~ 0.7 dispersion inlog Lx/Lp.
In spiral galaxies, it may be the result of variations in metallicity between the galaxies
(low metallicity has been found to correlate with high X-ray emission) in addition to
the enhancement of the X-ray luminosity of those galaxies undergoing starburst activity.
In early-type galaxies without active star-formation, variation in the velocity dispersion
and in the proportion of the hot gas lost from stars remaining in the galaxy may be
involved in producing a very similar dispersion in Ly /Lp ratios.
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Chapter 8

Conclusions and Future Prospects

8.1 Summary of Main Conclusions

In the course of the investigations into the clustering, evolution and X-ray properties
of galaxies described in this thesis a number of interesting results have been obtained,
but owing to the limited size of the available datasets, some of these are at present only
suggestive rather than conclusive.

Our strongest results are that:

(1) The w(f) amplitude of galaxies at B > 23.5 is much lower than would be predicted
by a model without a significant increase in the luminosity of L ~ L* galaxies at z > 1,
and/or a reduction in the strength of the intrinsic galaxy clustering relative to a stable
model at earlier epochs.

(i) There is a significant cross-correlation between B < 21 galaxies and X-ray
sources, indicating that ~ 1% of such galaxies (~ 12 in a ~ 1 deg? area) are suffi-
ciently X-ray luminous to be detected above 0.5-2.0 keV flux limits of S ~ 1071%4 ergs
s~1. The X-ray detected galaxies possess high X-ray luminosities of Ly ~ 104 ergs s~1,
and Lx/Lp ratios higher by factors of order of ~ 100 than the majority of galaxies seen
locally.

(iii) There is a significant cross-correlation between 18 < B < 23 galaxies and the
unresolved X-ray background, indicating that galaxies in this magnitude range produce
in total ~ 17% of the XRB flux at 0.5-2.0 keV energies. If the X-ray luminosity of
galaxies increases with look-back time approximately as in the 7 ~ 0.4Hy ! model of
GP, faint galaxies would produce in total about 70% of the unresolved XRB and account
for its entire non-QSO component.

Our investigations have also suggested, at somewhat lower levels of significance, that:

(i) The scaling of the galaxy w(8) amplitude levels out at 25 < B < 27, at an
amplitude of w(f) ~ 4 x 1074(deg)~ %8, suggesting that galaxies are seen out to their
maximum redshifts at these limits. The w(§) amplitude measured at By = 25.0 and
fainter limits would be consistent with a maximum redshift of 3 < z;,,4, < 4 for galaxies,
stable clustering and 0 < ¢g < 0.5.

(i1) Pure Luminosity Evolution models, with a low value of gp and a normalization
consistent with that obtained from the K -band counts, fit the blue-band galaxy number
counts well to B ~ 26, and the w(8) scaling at all magnitude limits. However, the the
differential number counts of galaxies at even fainter magnitudes (B > 26) appear to be

steeper (i(-lj—glﬁl ~ 0.3) than even low-¢go PLE models would predict.

(iii) Bluer (B — R < 1.5) galaxies appear weakly clustered on the sky in comparison
to redder galaxies at the same blue magnitude limit, and the cross-correlation between
red and blue galaxies is much weaker than the autocorrelation of the red galaxies. This
is seen at limits of both B = 23 (on an AAT plate) and B.q = 24.5 (on our CCD
survey).

(iv) The autocorrelation function of the unresolved X-ray background shows no
detectable signal on arcminute scales, and we can set a 20 upper limits on its amplitude
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of w(f) < 1.4 x 1073(deg)*%. This would allow the XRB to be produced by normal
galaxies, if these increase in X-ray luminosity with redshift at least as rapidly as 7 ~ 0.4,
so as to give a large contribution from galaxies at z > 1. However, the ACF upper limits
would allow no more than ~ 30% of the unresolved 0.5-2.0 keV background to be
produced by QSOs, if high redshift QSOs are as clustered on r ~ 1 h™!Mpc scales as
the Shanks and Boyle (1994) measurements indicate on large scales (ie. the power-law
index of £(r) remains as steep as v = —1.8 at high redshifts).

(v) In the 0.5-2.0 keV band, number counts of galaxies are lower than those of
QSOs by a factor ~ 7 at S > 107! ergs cm™2s~!. However, faintward of this limit
the QSO count slope flattens significantly, as predicted by the models of Boyle et al.
(1994), suggesting that QSOs produce only ~ 30% of the unresolved XRB. The number
counts of galaxies continue rising with a Euclidean slope to fainter limits, suggesting
that galaxies may overtake the QSO number counts at S ~ 10715 ergs cm™2s~!, and
if the galaxy counts remain steep to even fainter limits, may account for the remaining

~ 70% of the XRB.

(vi) A high-redshift (z = 0.56) rich galaxy cluster was detected on one ROSAT
image, but was found to possess an X-ray luminosity only ~ 30% of that expected for a
similar cluster at the present day.

We now consider some of these results further, and suggest ways in which the con-
clusions can be better verified and the investigations extended.

8.2 Galaxy Counts and Clustering at 23 < B <25

8.2.1 Interpretation of the Low w(f) Amplitude

The low w(#) amplitude of B ~ 24 galaxies in comparison to non-evolving predic-
tions, first reported by Koo and Szalay (1984), is now a well-established result, having
been observed in many photographic and CCD surveys of faint galaxies. The investiga-
tions described in Chapters 2, 3 and 4 of this thesis, together with the w(f) results of
Efstathiou et al. (1991), have verified that low w(#) amplitudes continue to be obtained
at even fainter limits (B ~ 25), where the discrepancy with non-evolving models is even
larger (a factor of ~ 4).

Our observation that the clustering of the redder galaxies at B < 24.5 is consistent
with non-evolving models would appear to exclude the very rapid (e ~ 3) rate of clus-
tering evolution which would be needed to explain the w(8) scaling with a non-evolving
N(z) and similar clustering for all types of galaxy. We found that the BEG merging
model might still be marginally consistent with our w(6) amplitudes if clustering evolu-
tion occurs as rapidly as € = 1.2, as the Melott (1992) models of the growth of clustering
might predict if the index of the initial power spectrum of fluctuations is as negative as
n = —2. However, according to the Roukema and Yoshii (1993) models of clustering
evolution, if galaxy merging is a significant process in causing density evolution then it
will also slow the growth of clustering, giving e = —0.4 & 0.3 whether the power spec-
trum is n = 0 or as negative as n = —2. Our w(f) results would then strongly exclude
the BEG merging model, quite apart from the difficulty of reconciling the rapid recent
merging of L ~ L* galaxies in this model with the disk/spiral-dominated morphologies
of the majority of present-day large galaxies. Hence it does not appear that physical
merging alone could cause a very low (non-evolving) median redshift for the excess blue
galaxies at B ~ 24.



A large excess of blue galaxies at z ~ 0.4 may instead consist of a vanishing popula-
tion of starbursting dwarf galaxies, but this can only be reconciled with our w(8) results
if the blue starburst galaxies are intrinsically very weakly clustered in comparison to,
and uncorrelated with, other galaxies at the same redshifts. If the excess blue galaxies at
B ~ 24 lie entirely within a no-evolution N(z), then even if they possess a zero strength
of clustering, the w(#) scaling would require most or all of these excess galaxies to have
effectively disappeared at the typical redshifts of B ~ 22 surveys, where the w(8) am-
plitude 1s much higher. It would be difficult for any physical model of galaxy evolution
to account for this. The extreme brightening of blue dwarf galaxies (~ 3.5™) between
z =0 and z ~ 0.4 which would be needed for low redshift dwarf galaxies to produce the
entire number count excess at B ~ 24 would only be possible if these galaxies formed
their entire stellar populations at z ~ 0.4 epochs. Even then, for these galaxies to fade
sufficiently since z ~ 0.4 to fit within the present day luminosity function, or merge into
ellipticals without making present-day elliptical colours too blue, an extremely top-heavy
IMF would be required for their stellar populations.

The interpretation of faint galaxy observations might be aided by much more de-
tailed investigations of local galaxies, providing information about, for example, the
distribution of the ages of their stellar populations and therefore a ‘fossil record’ of their
star-formation histories. On the basis of investigations of local group dwarf galaxies,
van den Bergh (1994) recently claimed that star-formation in the more isolated dwarf
galaxies appears to have begun at an early epoch of ~ 15 Gyr ago and continued at a
fairly constant rate to the present day (see Section 8.3.3). Blue dwarf galaxies formed at
high redshifts, with constant SFRs, would brighten too slowly with redshift to account
for the entire number count excess at B ~ 24, so that, even if intrinsically very weakly
clustered, they could not explain the low w(f#) amplitude. The van den Bergh investi-
gations, as they suggest a high zfornation for even the smallest (L ~ 0.0001L*) dwarf
galaxies as well as L ~ L* giants, would appear to support our interpretation of both
the number count excess and the low w(§) amplitude at B ~ 24 as being caused by the
initial starbursting of large galaxies at high redshifts.

However, an entirely unambiguous determination of the the relative importance of L*
and ¢* evolution may only be possible when true spectroscopic redshifts can be obtained
for all galaxies at these magnitudes. For galaxies at z > 1, this will require detection
of the OII[37274) and OIII[5007A] emission lines at infra-red (10000A < A < 200004)
wavelengths, where the sky background is much brighter than at blue wavelengths. It
may therefore be necessary to place very large (~ 10m aperture) telescopes in orbit or on
the moon, before ~ 100% completeness can be reached in spectroscopic redshift surveys
at sufficiently faint limits (B ~ 25) to distinguish between the various evolutionary
models.

8.2.2 Additional Constraints from Ultraviolet Observations

In the absence of complete spectroscopy, investigations into the nature of the ex-
cess blue galaxies at B ~ 24 can be continued with further broad-band imaging and
correlation analysis, including the extension of observations into other wavelengths. For
example, extending very deep CCD imaging to the U-band at A >~ 35004, may greatly
facilitate investigations of the dependence of clustering on the type of galaxy. Star-
forming galaxies will be blue in U — B at all redshifts up to z ~ 3, so the use of this
colour will better distinguish between these and the ‘passive’ early-type population,
independently of redshift, than is possible with B — R colours alone.

The addition of UV observations at even shorter (A ~ 2000A) wavelengths would
be even more useful. The Lyman limit cut-off will be shifted through A ~ 2000A at
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z ~ 1, so that high redshift galaxies will not be seen in this passsband, whereas star-
forming galaxies at z < 1 will be quite blue in their mggpp — U colour, as well as in
U — B and B — R. Furthermore, if the number count excess is dominated by low-
redshift ‘disappearing dwarf’ galaxies, the top-heavy IMFs which may be required for
such galaxies to fade sufficiently rapidly would result in extremely blue mag90 —U colours
compared to normal galaxies. Sufficiently deep imaging in a A ~ 2000A passband could
in itself distinguish such galaxies from a high redshift blue population.

Number counts in a A = 2000A passband have recently been obtained by Armand
and Milliard (1994), but, at present, only to relatively shallow depths corresponding
approximately to B ~ 19 for galaxies of blue colours. The relatively high UV number
counts obtained suggested a high local ¢* with a mix of galaxy types rich in late-type
galaxies, as used in the models of MSFJ and in this thesis. This might support the
claim of MSFJ that the B < 21.5 spectroscopic results of BES were still consistent with
a PLE model.

Furthermore, the bluer galaxies in the Armand and Milliard (1994) sample possessed
UV colours of mggoo — B ~ —1.5, typical of normal Sdm/Irr galaxies seen locally and
corresponding to an approximately f, o »~! SED, rather than the extremely blue
colours of mgpgp — B ~ —2.5 which correspond to a truly flat spectrum of f, « 0.
As the mgypoo — B colour would be particularly sensitive to the proportion of extremely
massive stars, the observed distribution of this colour might argue against the presence of
significant numbers of galaxies with ‘top-heavy’ IMFs, at least at low redshifts. However,
this survey would need to be extended by a further 5 magnitudes to reach B ~ 24 blue
galaxies and therefore constrain the redshifts and/or IMFs of individual members of the

excess faint blue galaxy population.

Measurements of the unresolved A ~ 2000A background (Pagel 1993) might also be
used to set constraints on any starburst processes at redshifts less than z ~ 1, especially
if these produce stellar populations with a top-heavy IMF. At present, only upper limits
have been obtained, but these are much higher at A ~ 30004 than at A ~ 20004, and
so would allow much more star formation at z > 1 than at lower redshifts. If actual
measurements of the spectrum of the UV background confirm the drop in the intensity
between A ~ 3000A and A ~ 2000A suggested by the upper limits, this would, by
indicating the presence of a very large population of star-forming galaxies at z ~ 2,
support the ‘Bruzual-type’ coeval PLE models.

As flat spectrum objects will produce about half of their total energy output in
the ultraviolet, it should eventually be possible to extend A ~ 2000A galaxy counts
to the same limits as have been reached in the blue band with comparable telescope
apertures and exposure times, although this will require satellite observatories, as A <
3300A wavelengths are strongly absorbed by the ozone layer. A deep CCD survey with
thousands of faint galaxies imaged in U, B and A ~ 2000A to at least B ~ 25, U ~ 25,
and magoo ~ 25, could be divided into passive galaxies (red in U — B), low redshift
starburst galaxies (blue in U — B, blue in mggeg — U), and z > 1 star-forming galaxies
(blue in U — B, red in mageo — U).

Because of the additional constraints on the redshift of star-forming galaxies pro-
vided by 2000A observations, such a multi-band survey would not merely indicate the
relative numbers of low-redshift and high-redshift galaxies within the ‘excess’ blue galaxy
population, but would also, through the w(f) analysis of the colour-divided subsets, al-
low us to compare the intrinsic clustering properties of passive z < 1 galaxies with those
of both their high-redshift progenitors (indicating the rate of clustering evolution of
L ~ L* galaxies out to high redshift) and those of dwarf starburst or late-type galaxies
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at z < 1 (indicating the type-dependence of galaxy clustering). Furthermore, the cross-
correlation of z < 1 star-forming galaxies with passive galaxies may provide information
about the dependence of star-formation history on the galaxy environment, by indicat-
ing the relative numbers of dwarf galaxies undergoing starbursts induced by mergers
and interactions with larger galaxies relative to the numbers undergoing star-formation
in isolation.

8.3 Galaxy Counts and Clustering at B > 25

8.3.1 Summary and Interpretation

Analysis of our very deep (B ~ 27) CCD image, in comparison with the counts and
clustering results from the Tyson (1988) survey, gave two important results concerning
galaxies at B > 25:

(i) At B ~ 25, the scaling of w(f) appears to level out at a minimum amplitude of
w(8) ~ 4 x 107%(deg) 0¥, suggesting that galaxies are seen out to a maximum redshift
at this limit, with the low amplitude suggseting that this maximum redshift is at least
z ~ 3. The luminosity of large (L ~ L*) galaxies must therefore brighten sufficiently on
going back in time to 2 < z < 4 epochs to enable these ‘primordial’ galaxies to be seen
at B = 25 magnitudes. This requires that star-formation rates were generally much
higher at z > 2, as in Bruzual’'s g models, and that most L ~ L* galaxies have not
merged with other large galaxies since z ~ 2 epochs.

(i1) At B > 26 the galaxy number count increases with a gradient dllogh) 0.3, steeper

than would be expected if a maximum redshift has been reached and the differential
number count is simply looking down the faint-end slope of a luminosity function similar
in shape to that of galaxies seen locally (i.e. with e ~ —1.25). This would suggest that
the faint-end slope of the luminosity function steepens to o ~ —1.75 at z > 1.

These two results are as would be expected for a combination of Bruzual-type lu-
minosity evolution and the ‘¢* — o’ mass-dependent merging process proposed by GRV.
However, both these results are at present of somewhat marginal (~ 20) significance, on
account of the small areas covered by present surveys at these very faint limits, where
very long (> 10 hour) exposure times are necessary on each field, even with the largest
telescopes. The evidence for a steepening of o with redshift is therefore suggestive rather
than conclusive at present, in comparison to the much stronger evidence from the low
w(f) amplitudes at B ~ 24-25 that the luminosity L* does evolve significantly.

8.3.2 Future Observations

Measurement of the number count slope at B > 25 with improved statistics, and
verification of the possible levelling out of the w() scaling, are obviously both very
important, as significant constraints could then be placed on the nature and extent
of galaxy evolution at high redshifts. The use of large-format CCDs would improve
the analysis both by providing larger faint-galaxy samples (> 10* galaxies) and by
minimizing the integral constraint correction — for the purposes of analysing the galaxy
clustering, a single large image is preferable to many small images with the same total
area. Furthermore, the use of larger fields would enable the measurement of w(f) out
to large angles of § ~ 20 arcmin, indicating whether there is any flattening in its slope
for high redshift galaxies, and therefore whether there 1s a changeover from stable to
comoving clustering evolution at large physical separations (see Section 6.7).
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If the w(f) amplitude becomes constant at B > 25 while number counts continue
to rise, the signal-to-noise in the w(f) amplitude will actually improve at the faintest
limits. Hence the best way to verify these results would be through CCD surveys which
both cover larger areas and reach even fainter (ie. B > 27) magnitude limits. Using
the 4.2 m William Herschel Telescope, Metcalfe et al. (1994) obtained galaxy number
counts to limits ~ 0.5™ fainter than the INT data used in this thesis, although only
for a much smaller area at the time of writing. It seems probable that with the latest
generation of large ground-based optical telescopes, such as the 10m Keck Telescope,
the combination of even larger apertures with image sharpening through in-built active
optics will enable number counts and w(f) amplitudes to be obtained reliably to limits

faintward of B ~ 28.5 and galaxy surface densities exceeding 105deg 2.

A large-format CCD survey at these depths could not merely verify whether a level-
ling out of the w(#) scaling does occur, but would be able to determine both the slope of
the number counts and the asymptotic minimum w(8) amplitude quite accurately. The
number count slope could then be used to estimate the evolution of the faint-end slope
(discussed further in Section 8.3.3) and the minimum w(f) amplitude could be used to
set constraints on go (Section 8.3.4).

8.3.3 Evolution of the Faint-end Slope

It has recently been claimed that a steepening of o, in addition to a brightening of
L*, is seen in the Glazebrook et al. (1993) redshift survey if it is divided into 0 < 2 < 0.3
and 0.3 < z < 1 intervals. The significance of this result remains poor at present, but
is is interesting that the results of this survey appear to be at least as consistent with a
mixture of L* and « evolution, which we found to be favoured by our number count and
w(6) results, as with the original BEG interpretation of pure ¢* evolution. However,
‘an accurate determination from spectroscopy of the change in « at high redshifts is
obviously more difficult than an estimation of the L* evolution — at present we appear
to be limited, even more so than is the case for the measurement of the high redshift
proportion at B ~ 24, to the use of number count and w(§) data.

A steepening of the blue-band luminosity function with redshift, if we assume for now
that this is genuinely observed in our number counts, could be the result of a number
of possible physical processes. For example, a steepening of the luminosity function
of galaxies may reflect a steepening of their mass function, due to a mass dependent
merging process in which dwarf galaxies frequently accrete onto larger galaxies, whereas
mergers between giant galaxies are rare events. Recent physical models of galaxy merging
processes (e.g. Cole et al. 1994) suggest that merging could produce an evolution of «
in agreement with that inferred from our data.

A change in the « of a blue or UV selected sample could also result from differences
in the star-formation histories of galaxies of different mass. For example, as suggested by
Babul and Rees (1992), dwarf galaxies may lose their entire gas content in their initial
starbursts, preventing further star-formation and causing very rapid fading, whereas the
stronger gravity of L ~ L* galaxies may oppose the pressure exerted by supernova winds
sufficiently to retain most of the hydrogen. The gas content of L ~ L* galaxies would
then undergo a more gradual exponential decline through gas being formed into stars,
resulting in a slower luminosity evolution, as in the Bruzual PLE models.

However, the observations of local group dwarf galaxies described by van den Bergh
(1994) suggest that even the smallest isolated dwarf galaxies may contain stars with
a very wide range of ages (0-15 Gyr), indicating that they formed at early epochs
but were able to continue forming new stars until the present day. This suggests that
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‘isolated’ blue dwarf galaxies tend to be ‘normal’ late-type galaxies, formed ~ 15 Gyr
ago and undergoing luminosity evolution described approximately by a constant-SFR
model such as the ‘Irr’ model of Bruzual, rather than more recently formed galaxies
undergoing initial starbursts of short duration, as in the Babul and Rees (1992) model.

The Cole et al. (1994) models of galaxy formation predict evolution of this type
for low-mass (circular velocity Vi < 100 km s~!) galaxies. In this model, supernovae
do not remove all the gas from dwarf galaxies, but instead reheat the gas to the extent
that only a small fraction remains in the cool phase and is available for star formation.
This has the effect of increasing the SFR evolution timescale from 7spr ~ 2 Gyr to
7sFR 2> 20 Gyr, leading to spectral evolution approximated by a constant-SFR model.
Blue dwarf galaxies undergoing evolution of this type would brighten only very slowly
with redshift. Such galaxies could become somewhat more dominant in blue-selected
samples at moderate redshifts as a result of their near-zero k-corrections, and, as the LF
measured for blue galaxies is relatively steep (o ~ —1.5), cause some steepening with
redshift of o as determined from blue-limited samples. However, as we have already
included a population of constant-SFR galaxies with @ ~ —1.5 in our Bruzual PLE
model, this effect would seem insufficient to explain the steep counts at B > 25.

On the other hand, van den Bergh found that dwarf galaxies very close to giant
galaxies (within ~ 100 kpc in the case of our own Galaxy) generally ceased forming stars
very soon after an early (~ 15 Gyr ago) initial starburst, becoming dwarf spheroidals
with red colours and a near-zero gas content at the present day. This environmental
dependence would suggest that the main mechanism involved in removing the gas content
of dwarf galaxies, and halting star-formation, is ram pressure stripping from the halo
of nearby giant galaxies, rather than supernova winds from the initial starbursts of the
dwarf galaxies themselves. In the models of Lacey et al. (1992), supernova-driven mass
loss from dwarf galaxies produced a significant flattening of o between z ~ 2 and z = 0,
without affecting the L* luminosity, and we would expect mass loss from ram-pressure
stripping to produce a similar effect on the luminosity function. Even closer to L ~ L*
galaxies, van den Bergh found a lack of dwarf galaxies, suggesting that dwarfs forming
in these regions might have merged into the larger galaxies.

Both luminosity dependent luminosity evolution (ram-pressure stripping and/or self-
destruction of dwarfs) and luminosity dependent number evolution (merging of dwarfs
into giant galaxies) may then have played a part in causing a reduction in the number of
dwarf galaxies since early epochs, depending on the proximity of the dwarfs to L ~ L*
galaxies. The cross-correlation of B ~ 25 blue galaxies (ie. L ~ L* galaxies starbursting
at high redshift) with the even fainter B ~ 27.5 blue galaxies (ie. L ~ 0.1L* galax-
ies starbursting at high redshift) on a very deep CCD image might help to determine
whether there is any influence of environment on the evolution of dwarf galaxies, and
high resolution imaging of faint blue galaxies, for example with the HST, might provide
some indication of the proportion undergoing mergers.

An alternative explanation for the steep number counts at B > 25 may be suggested
by recent claims (e.g. Driver et al. 1994) that the local luminosity function of blue
galaxies may possess a faint-end slope as steep as & = —1.8. By combining such a steep
local LF with strong L* evolution, the w(f) scaling and the steep number counts at
B > 25 might both be fitted by a PLE model, although this model would overpredict
the number of low redshift dwarfs in the redshift surveys of BES and Glazebrook et al.
(1993).

It would clearly be easier for dwarf galaxies with a low surface brightness (in the blue
band) to be missed in the B < 24 surveys (where they would lie at low redshifts), but
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detected at higher redshifts in the number counts at B ~ 27, if their surface brightness
is much higher at the rest-frame wavelengths of A ~ ZOOOA which are shifted into the
observed blue band at z > 1. As described by MSFJ, the LF of late-type galaxies with
blue B — R colours has already been measured to be significantly steeper (o ~ —1.5)
than that of the early-type galaxies with the reddest B— R colours (for which o ~ —0.7).
If this trend extends further, there may be a population of extremely blue (in mag00 — B
as well as B — R colours) galaxies, with a local luminosity function as steep as o ~ —1.8,
which might dominate a 2000A-selected sample to a much greater extent than at blue or
longer wavelengths. In a blue-limited sample, an observed steepening of a with redshift
might then result from the negative k-corrections of the @ ~ —1.8 population, rather
than from any form of merging or luminosity-dependent luminosity evolution.

However, the A ~ 20004 selected sample of Armand and Milliard (1994) found
few local galaxies with magg9 — B colours bluer than the f, oc »~! SED of normal
Sdm galaxies, and so might argue against such a hypothesis. Further observations of
nearby galaxies at A ~ 2000A are clearly needed, including galaxies with a low surface
brightness, to determine the form of the local UV luminosity function for comparison
with blue-band observations of galaxies at the high redshifts where the same region of
the rest-frame spectrum is observed.

Additional information about the processes causing the steep blue-band number
counts may be provided by the K-band counts at comparable depths (ie. reaching the
maximum redshift). As discussed in Section 1.5, the K-band luminosity of a galaxy
reflects its total stellar mass, regardless of whether this exists as red dwarfs or blue
giants, and so is insensitive to star formation processes. Hence the form of the I-band
luminosity function will be very similar to that of the mass function, and the slope of
the K-band number counts at very faint limits will indicate the faint-end slope of the
mass function.

If the number counts continue to rise as steeply at faint limits in the I{-band as in the
blue-band (i.e. with ﬂ%) ~ 0.3), this would indicate that the mass function steepens
with redshift as much as the blue-band luminosity function, and would therefore favour
‘¢* — o physical merging models over luminosity-dependent luminosity evolution as the
main explanation of the steep number count gradient.

On the other hand, if K-band number counts level out as much as PLE models,
with no steepening of «, would predict (i.e. to dllogh) 0.1), this would suggest

that the steepening of « in the blue-band is caused{h’ll)y differences in star-formation
histories between dwarf and giant galaxies rather than any merging process. If there is
no evolution at all of the rest-frame «, and the steep blue-band number counts simply
result from a steeper « for an ultraviolet-selected galaxy sample, we would expect counts
in the K-band, which at high redshifts corresponds to the rest-frame I-band or R-band,
to flatten at faint limits to the gradient corresponding to the faint-end slope of red-
selected local galaxies. This faint-end slope i1s no steeper than o ~ —1.25, again giving
a differential K-hand count slope of only ‘I(IOJM ~0.1.

A turn-over in the I{-band counts from d(llﬂl ~ (.67 to %\Q ~ (.26 has already
been observed (Gardner, Cowie and Wainscoat 1993), which appears closer to the merg-
ing prediction, but with present data the K-band counts also remain consistent with
low-go PLE models. The K-band counts plotted in Chapter 1 of this thesis would need

to be extended at least another magnitude fainter, to I{ > 23.5, to distinguish between
the osl) ~ g3 slope seen in the blue band, and the dllog) ~ 0.1 slope given by a

dm dm.

PLE model at faint limits.



With the new 10m Keck telescope, designed for both optical and K-band observa-
tions, it should be possible to obtain accurate number counts to at least B = 28.5 and
K = 24, sufficient to verify at a statistically significantly level whether the number count
slopes in either or both passbands are steeper than low-qy PLE model predictions, and
therefore determine whether the blue-band luminosity function and the mass function
evolve in the same way.

8.3.4 Possible Constraints on ¢y from Number Counts and w(6)

The high number counts and low w(8) amplitudes obtained from our data and that
of Tyson (1988) would tend to favour the large volume elements and angular diameter
distances of either a negatively curved, low density Universe with zero cosmological con-
stant (ie. @ ~ 0.1-0.2, go ~ 0.05-0.1) or, alternatively, a flat Universe with a ‘moderate’
cosmological constant (e.g. @ ~ 0.3, A ~ 0.7), which might be more consistent with the
inflationary model (see e.g. Peebles 1984, Koo 1990).

Even with the relatively high normalization of our number count models, which the
K-band counts confirm as being appropriate, PLE models require a very low ¢y to fit
the number counts at B > 25. These high number counts may still be consistent with
go = 0.5 if very strong evolution of o and/or ¢* of the galaxy luminosity function has
occurred, in addition to L* evolution. However, when we combined the L* evolution
given by our Bruzual models with a ‘¢* — o’ merging process, which conserved the
comoving luminosity density, a low ¢o was still required to fit the counts. In a ¢o = 0.5
Universe, the comoving blue-band luminosity density of galaxies would therefore have
to increase with redshift to a much greater extent than in Bruzual’s models, regardless
of any merging processes which may also occur.

In view of the uncertainties about the evolution of o and ¢*, to which number counts
at faint limits are sensitive but the w(#) amplitude is not, correlation analysis of deep
galaxy data will continue to be more useful than number counts alone. The minimum
value reached by the w(6) amplitude at faint limits will depend only on the value of the
maximum redshift, the angular diameter distance of high-redshift galaxies (and therefore
q0), and the rate of evolution of clustering. However, if the redshift cut-off is at least
z ~ 3 for blue-band observations and clustering is approximately stable, our w(f) results
remain consistent with any value of {2 from 0 to 1. To obtain meaningful constraints
on qo, we would require both improved statistics on the w(§) amplitude at B > 25 and
more definite constraints on the maximum redshift and the rate of clustering evolution.

Extending very deep number counts into other wavelengths, from U to K, would
enable the position and nature of the maximum redshift cut-off to be investigated. Any
starbursting galaxies at 3 < z < 4 will be blue in B — R but red in U — B, or not visible
at all in the U band, as a result of the Lyman cut-off. At 4 < z < 6 the Lyman cut-oft
would be shifted to a wavelength between B and R, so any galaxies at these redshifts
would become red in B — R, but remain blue in B — K if they are undergoing active
star-formation.

As discussed in Section 8.2.2, through the w(#) analysis of large colour-divided sub-
sets it may be possible to determine accurately the rate of evolution of clustering. When
these other parameters are constrained, the w(f) amplitude of B > 25 galaxies (mea-
sured from a larger CCD survey) could then be used to estimate directly the angular
diameter distance of high-redshift galaxies, and therefore .
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8.4 Further Investigation of X-Ray Sources

8.4.1 X-Ray Luminous Galaxies

We have found that ~ 1% of galaxies seen at z ~ 0.25 possess very high X-ray
luminosities of Ly ~ 10%? ergs s~1, suggesting that there is a high dispersion of o ~ 0.7
in the log (Lx/Lp) ratios of galaxies. Explaining these results will require further
observations of high-Ly galaxies, including those detected on these ROSAT images, to
determine the relative importance of the various possible mechanisms of X-ray emission.

As described by, for example, Kim, Fabbiano and Trinchieri (1992), and Pellegrini
and Fabbiano (1994), it is already possible, using the low resolution X-ray spectral data
from Einstein and ROSAT, to estimate the relative proportions of the thermal and
accreting binary components of the X-ray emission of some galaxies. The new ASCA
satellite, providing similar angular resolution to the ROSAT PSPC with a larger effective
area, will be much more effective in this as a result of its much higher spectral resolution
and its sensitivity to harder X-ray energies (2-10 keV).

Measurement of the ‘flat-spectrum’ component of the X-ray emission from galaxies,
caused by MXRBs rather than hot gas, would indicate the numbers of MXRBs formed
in starbursts. This might help to determine whether galaxies differ in the high-mass
ends of their Initial Mass Functions (as would A ~ 20004 observations). It has been
also suggested by, for example, Griffiths and Padovani (1990), that X-ray emission from
star-forming regions could be enhanced by conditions of low metallicity. Measuring
the MXRB component of the X-ray luninosity of a sample of star-forming galaxies,
in combination with far infra-red and UV (A ~ 20004) observations to determine the
numbers of very massive stars and optical spectroscopy to estimate the metallicity, will
enable the effects of metallicity and star-formation rate on the MXRB emission to be
disentangled.

As the low mass X-ray binaries tend to form in globular clusters, the strength of this
component of X-ray emission might enable the numbers of globular clusters associated
with galaxies to be estimated, even at distances too great for individual globulars to be
seen. This would provide information about the dependence of the number of globular
clusters on the morphological type, mass and environment of galaxies.

Furthermore, it will be possible with ASCA to measure the temperature of the hot
X-ray emitting gas much more accurately than with Einstein or ROSAT, determining
its velocity dispersion and distinguishing between the gas in individual ellipticals (with
kT ~ 1.5 keV) and the hotter gas in rich clusters (with AT ~ 7 keV).

A combination of X-ray spectroscopy and multi-wavelength observations — including
optical spectroscopy, radio, sub-mm (e.g. with the James Clerk Maxwell Telescope),
ultraviolet and far-infra-red observations ~ of X-ray detected galaxies could be used to
study the relationship between X-ray emission and the star-formation rate, chemical
composition and cluster environment of galaxies, and identify other possible parameters
which may influence the Ly /Lp ratio.



8.4.2 X-Ray Observations of Clusters

We found that a rich Coma-type galaxy cluster at 2 = 0.56 produced an X-ray flux
an order of magnitude above the 40 threshold on ROSAT images of the depth used in
our survey. Using ROSAT or ASCA it should therefore be possible to detect many other
rich clusters on X-ray images, and identify these with their optical counterparts, out to
redshifts of at least z ~ 1. It will then be possible to estimate the rate of their X-ray
luminosity evolution.

Our comparison of the X-ray luminosity of GSGP4X:32 with that of the Coma cluster
suggested that rich clusters possessed lower X-ray luminosities at earlier epochs. Bower
et al. (1994) describe recent ROSAT observations of 14 other high-redshift (zpean =
0.42) clusters, which appear to confirm this trend. Castander et al. (1994) describe
recent ROSAT observations of 5 clusters at even higher redshifts (0.7 < z < 0.9),
for which they measure relatively low X-ray luminosities of L < 10%* ergs s~!. Their
luminosity function indicates that either the comoving number density or the X-ray
luminosity of rich clusters must be lower by a factor of at least ~ 10795 at z ~ 0.8
relative to the present day. Our measurements of the X-ray luminosity of GSGP4X:32
would obviously be consistent with this rate of negative evolution.

Using ASCA it will also be possible to measure accurately the temperature of the
X-ray emitting gas in high-redshift clusters, and the equivalent widths of emission lines
in the X-ray spectra. This will provide information about the nature and cause of the
luminosity evolution.

The X-ray temperature of a gravitationally bound cloud of hot gas is proportional to
the square of its velocity dispersion, which depends on the depth of the potential well. X-
ray temperatures of clusters could therefore provide information about the evolution of
their physical structure — galaxy merging within the cluster would deepen the potential
wells and increase the X-ray temperature and luminosity, as would the transfer of hot
gas from the small gravitational wells of individual galaxies to the centre of the cluster’s
much larger gravitational well. An increase of the X-ray luminosity of rich clusters
between z ~ 1 and z = 0 would indicate that these heating/merging processes have
generally been dominant over cooling processes during the last 10 Gyr. As the cooling
time of the hot gas in a rich cluster 1s typically Hj Vor longer, their X-ray luminosities
may not reach a peak and start to decline until some Gyr into the future.

Equivalent widths of emission lines may provide information about the ionization
state and chemical evolution of the cluster gas, and therefore its origin. The detection of
emission lines, in particular the very strong Fe line at 7 keV, would also help to determine
the redshift of a cluster, if this is difficult from optical data, e.g. if the optical image
is contaminated by foreground objects, or is simply too faint for significant features to
be found in the optical spectrum (which unlike the X-ray spectrum would probably not
contain strong emission lines if the cluster galaxies are early-type).

Furthermore, the use of X-ray observations to identify very massive clusters at
0.3 < z < 1, and accurately determine their centres of mass, will enable studies of
the gravitational lensing of faint galaxies seen close to the cluster positions. The pro-
portion of the faint galaxies near each cluster which show indications of lensing could
be used to estimate the relative numbers of these galaxies which lie at redshifts higher
or lower than the cluster itself (see e.g. Tyson 1990), providing information about the
galaxy N(z) at very faint (24 < B < 27) magnitudes.
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8.5 Faint Galaxy Clustering and the X-ray Background

One of the most important results presented in this thesis, and also one of the most
statistically significant (~ 50), is the detection and measurement of a cross-correlation
between the unresolved X-ray background, as observed on deep ROSAT PSPC images,
and 18 < B < 23 galaxies on AAT photographic plates. The 18 < B < 23 galaxies
appeared to produce 16.8 & 2.1% of the unresolved component of the 0.5-2.0 keV back-
ground, with a similar strength of cross-correlation being seen for the redder and bluer
galaxies in the sample.

The nature of the X-ray emission associated with these galaxies might be investigated
further by cross-correlating similar galaxy samples with the XRB imaged, using the new
ASCA satellite, in a number of different energy bands between 0.5 keV and 10 keV. It
would be useful to again divide the galaxy sample by colour into passive and star-forming
galaxies. If, as discussed in Section 7.11, the X-ray emission from late-type galaxies is
dominated by MXRBs and that from ellipticals by thermal emission, we might expect
the bluer galaxies to be more correlated with the 2-10 keV background than with the
XRB at softer (0.5-2.0 keV) energies, while the reverse would be true for the red galaxies.

In combination with the detection of a cross-correlation between 18 < B < 23
galaxies and the XRB, the fact that a similarly weak clustering amplitude (w(f) <
10~3(deg)~%®) was obtained for both the fainter (B > 24) blue galaxies and the unre-
solved XRB supports the hypothesis that faint blue galaxies do produce a large com-
ponent of the XRB. However, it will only be possible to verify this directly by cross-
correlating these fainter galaxies with the XRB, and the resolution of the ROSAT PSPC
(FWHM ~ 25 arcsec), and that of ASCA, may be insufficient for such an analysis - at
least 5 galaxies at B ~ 25 would be found in each X-ray resolution element. The use of,
for example, the ROSAT high resolution imager (FWHM ~ 5 arcsec), with sufficiently
long exposure times (> 10° s), would reduce this confusion problem.

The cross-correlation between galaxies in a deep CCD survey with a high-resolution
X-ray image of the same area would enable the contribution of these fainter galaxies
to the X-ray background to be measured directly, thus distinguishing between diffuse
emission (which would show no correlation with the faint galaxy sample) and the weakly
clustered faint blue galaxies as the cause of the uniformity of the XRB, and enabling
the rate of X-ray luminosity evolution of galaxies to be estimated.

Soltan and Hasinger (1994), combining results from a large number of ROSAT im-
ages, recently claim to have detected a significant signal in the ACF of the unresolved
XRB. For a 8% power-law, their result corresponds to an ACF amplitude of only
wacr(8) = (4.5 £1.6) x 1074(deg) ¥, which is consistent with the upper limits ob-
tained from our smaller dataset. More importantly, the Soltan and Hasinger estimate
is very similar to both the w(f) amplitude we measure for faint blue galaxies, and the
ACF amplitude predicted by models in which galaxies with X-ray luminosity evolution
of at least 7 ~ 0.4 produce most of the unresolved XRB (see Section 7.9).

The narrower point-spread function of a deep HRI image would allow the ACF to be
measured at smaller separations, where the signal from any clustering of the unresolved
discrete sources will be stronger. In this way, higher resolution imaging should further
improve the constraints on the clustering of X-ray sources.
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8.6 Extending X-Ray Observations of Galaxies to High Redshifts

To investigate directly the X-ray luminosity evolution of individual galaxies would
require us to reach extremely faint detection limits of S ~ 1071°-10~16 ergs cm=—?s~1,
with ~ 1 arcsec angular resolution. Such observations would require much higher spatial
resolution and larger effective areas than are attainable using ASCA or any of the ROSAT
instruments, and must await the availability of the AXAF observatory in the late 1990s.
Much larger numbers of galaxies could then be detected in X-rays, out to at least z ~ 1
and possibly z ~ 3, enabling the galaxy X-ray luminosity function to be studied as a
function of redshift, and allowing the X-ray properties of individual galaxies, as well as
those of large clusters, to be studied at much earlier evolutionary stages. It may also be
possible to obtain redshifts for some high-redshift galaxies from X-ray observations alone,
by detecting the Fe emission line at 7 keV, which can be extremely strong (equivalent

width ~ 1 keV) in some sources.

We might expect to see a strong increase of the hard X-ray enussion from MXRBs
with redshift, similar to the luminosity evolution already seen at ultraviolet and far infra-
red wavelengths, as the luminosity in all these passbands would reflect the numbers of
very massive stars. The emission from low mass X-ray binaries might show only a slight
increase with redshift, similar to the K-band evolution, if it simply relates to the total
number of stars of any mass in a galaxy. However, if merging processes cause globular
clusters to be formed, we might observe stronger evolutionary trends for this component
of the X-ray emission in some galaxies.

The luminosity and temperature of the thermal component of X-ray emission, to-
gether with observations of emission lines, will provide information about the velocity
dispersion and chemical composition of the hot gas in individual giant ellipticals as well
as in rich clusters. While X-ray emission associated with star-formation would definitely
be expected to increase with redshift, and the X-ray emission from hot gas in clusters
appears to decrease on going out to z ~ 0.5, it may be less obvious how the X-ray
luminosity of early-type galaxies would evolve. The X-ray temperature of the hot gas
in ellipticals would increase (by a factor of ~ 205=1-0if 52 & (Lg)%5~1.0) if two similar
galaxies merged, but the cooling times would be much shorter (ie. less than Hy ') than
for the much more massive clusters. If a significant fraction of the heating of the gas
in ellipticals is caused by supernovae, the total rate of heat input would be lower at
present than during the initial starbursts. Furthermore, the mass of the X-ray emitting
gas in individual galaxies, if they lie within clusters, would gradually be reduced by ram
pressure stripping.

These considerations suggest that the X-ray luminosity of the hot gas in ellipticals
would probably have been higher at z ~ 1 epochs (see e.g. Sarazin 1990) than at
the present day, except perhaps for galaxies which have recently undergone a great
deal of merging. Through observations of X-ray luminosities and temperatures it may
be possible to set constraints on the importance of merging in the evolution of large
galaxies.

The spectrum of the XRB with resolved sources removed bears more resemblance to
the hard, power-law spectrum of MXRB emission than to the softer (kT ~ 1 keV) X-ray
emission from hot gas in early-type galaxies. This suggests that, even if star-forming
and early-type galaxies contribute similarly to the total X-ray emissivity of galaxies at
the present-day, the MXRB component is likely to increase with look-back time to a
greater extent. At z > 2 the star-formation rates in early-type galaxies would be very
high, so the X-ray emission from MXRBs would increase by a much greater extent, and
might dominate the total X-ray emission even for the largest ellipticals with the highest
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gas temperatures. High-redshift elliptical galaxies would then become ‘blue’ in their
X-ray colours as well as their optical colours (so could be described as a ‘flat-spectrum’
population in both passbands), and could account for the hard, power-law (f, o« ¥=04)
SED of the unresolved XRB as well as the lack of signal in its ACF.

The cross-correlation of faint blue galaxies with the XRB, imaged at high resolu-
tions in a number of X-ray passbands, would verify whether these galaxies produce the
non-QSO component of the XRB and can explain its uniformity and the form of its
SED. However, the combination of high-resolution X-ray and optical observations of in-
dividual galaxies may eventually, as described above, provide much more information,
determining the dependence of the X-ray luminosity evolution and the evolution of the
star-formation rate on the morphological types of galaxies, their environment at the time
of formation, and their subsequent interactions with other galaxies and the intergalactic
or intra-cluster medium.

8.7 Afterword

Whether we visualize an expanding and evolving universe or simply a limitless array
of quantum states through which our stream of consciousness moves outwards from
the ‘Big Bang’ to regions of higher entropy, it is clear that we now find ourselves in
a universe full of various types of stars, which are clumped into galaxies, which are
themselves clustered together. Both our optical and X-ray observations indicate that we
are in the midst of a transition between a universe full of blue galaxies and one of red
galaxies. The blue galaxies contain dense gas clouds and undergo rapid star-formation,
and consequently their stellar populations include hot, massive stars and massive X-ray
binaries. The red galaxies consist of only red dwarf stars and less massive red giant stars,
and tend to be found within centrally condensed clusters containing very hot, diffuse,
X-ray luminous gas.

Locally we see a mixture of these types of source, while at high redshifts the blue
galaxies predominate. We find that large galaxies appear to have formed at early (z > 3)
epochs, over a much shorter timescale than the age of our Universe, and that the conver-
ston of gas into stars within galaxies has followed more or less intermediate evolutionary
timescales (~ 0.1-1Hy '), varying greatly between individual galaxies. The inferred
timescales suggest that the Universe is now in a fairly late stage of its star-formation
history, having already formed ~ 70-90% of the stars which will ever be formed.

In the distant future (~ 10!2 years hence) only condensed clusters and red dwarf stars
will remain as significant sources of X-ray and optical emission. Further on, even these
will cool and cease to be luminous, and the Universe will enter a black-hole dominated
epoch. From the gradual decline of the hot blue stellar population we infer from our
observations, we may obtain the picture of a luminous universe fading inevitably towards
darkness. Yet, if each black hole connects to the ‘white hole’ at the beginning of another
universe, in which the process of galaxy formation can begin anew, then — even in an
open universe — galaxy evolution forms only part of Nature’s endless cycle of creation
and destruction.
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Appendix 1

Limber’s Formula

In this thesis, we make extensive use of Limber’s formula, which relates the projected
clustering of sources on the two-dimensional sky plane (described by the angular corre-
lation function w(#)) to the clustering of sources in three-dimensional space (described
by the two-point correlation function £(r)), by means of an integration over the source
redshift distribution N(z)

In this appendix, we describe the form and derivation of Limber’s formula, as given
previously by, for example, Phillips et al. (1978) and Peebles (1980).

First consider two solid angle elements, 6 and 6Q, separated on the sky by angle 6.
If the mean surface density of the galaxies in a survey is N, and their angular correlation
function is w(f), the probability § P() of finding a galaxy in §Q; and another in 8§,

will be given by
6P(6) = N%(1 + (w(8))60169

Now consider the two volume elements, 61627 and 89629, which lie on the lines of
sight to 6 and 693, at redshifts z; and zy respectively. The separation of these two
volume elements in proper distance 1s r, and the mean of the two redshifts, %(zl + 23),
is z. If the galaxies in the survey possess a redshift distribution N(z), and a two-point
correlation function §(r, z), the probability §P(r, z) of finding a galaxy in 6Q2162 and
another in 62362y, will be

6P(r,z) = N(z1)N(22)(1 + (&(r, 2)) 601621602629

The surface density N is given by summing N(z) in all the volume elements along
the line of sight to the solid angle 692,

N= [ N(z)d

0

Similarly, the galaxy-galaxy pair probability 6 P(8) will be equal to the double integration
of §P(r,z) over z1 and 23, covering all possible separations of the two volume elements,

/ / 6P(r,z) dz1d
641622 1422

Substituting for 6 P(8) and § P(r, z) then gives

N1+ w(8 / /0 N(z1)N(z9)[1 + €(r, 2))dz1dzy

If we consider only the volume elements for which zy — z5 is small compared to the mean
redshift 2 (i.e. assume clustering is only significant on scales which are small compared
to the survey depth), we can approximate both N(z1) and N(z3) by N(z). We can then
subtract N? from both sides of the equation, leaving

/ / (r, z)dz1dzy

192



Defining y = 21 — 23, and changing variables from (z1, 23) to (y, 2),
0)= N2 [7 [ NG, 2)dydz
0 —00

The radial component of the separation r is y%}z, where d_rdgzﬂ is the derivative of
proper distance with respect to redshift, and the transverse component of r, assuming
the small-angle approximation, is 8d4(z), where d4(z) is the angular diameter distance.

With

Limber’s formula then becomes

wl8) = N7 [T [7 INGIPe( (2 4 62 da(2)) 105, 2y

We now assume for £(r, z) the power-law form
£(r,2) = (S2)7(1 4 2)=C+)
”

where the strength of clustering is parameterized by the correlation length r¢ (the sep-
aration at which the probabilty of finding another galaxy is twice that expected from
a random distribution). The power-law index is v, assumed to remain constant, and ¢
expresses the rate of clustering evolution with redshift, relative to a stable model for
which € = 0 (see Section 3.2).

Lilllbel"s forlnula. Would then 'ive an an ‘ulztr COl'l'e].a,tion fullCtiOll Of the fOI'lll
g g
LU(H) = A91 7

with a dimensionless amplitude at one radian separation of A, given by the integration
over the redshift distribution,

A= 0N [TINEPAE) (D) (14 )04

dz

where C is calculated from the power-law index as

Ty =1)/2]
C=VTTrGR)

giving C = 3.679 for y = 1.8. The use of the Limber’s formula imntegration to investigate

the galaxy redshift distribution is discussed in Section 1.7, and its use to interpret the
autocorrelation function of the X-ray background is discussed in Section 6.6.
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