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ABSTRACT

From a search of a ~ 2400 deg? region covered by both the Sloan Digital Sky Survey and UKIRT
Infrared Deep Sky Survey databases, we have attempted to identify galaxies at z ~ 0.5 that are
consistent with their being essentially unmodified examples of the luminous passive compact galaxies
found at z ~ 2.5. After isolating good candidates via deeper imaging, we further refine the sample
with Keck moderate-resolution spectroscopy and laser guide star adaptive-optics imaging. For four
of the five galaxies that so far remain after passing through this sieve, we analyze plausible star-
formation histories based on our spectra in order to identify galaxies that may have survived with little
modification from the population formed at high redshift. We find two galaxies that are consistent with
having formed 2 95 % of their mass at z > 5. We attempt to estimate masses both from our stellar
population determinations and from velocity dispersions. Given the high frequency of small axial
ratios, both in our small sample and among samples found at high redshifts, we tentatively suggest
that some of the more extreme examples of passive compact galaxies may have prolate morphologies.
Subject headings: galaxies: formation,—galaxies: kinematics and dynamics,—galaxies: stellar

content,—galaxies: structure

1. INTRODUCTION

Massive galaxies found at z ~ 2.5 comprising only
relatively old (~ 2 Gyr) stars appear to be essen-
tially pristine examples of galaxies that apparently
formed > 10''M, at redshifts of 5-10 or more. Vir-
tually all of these, as well as a significant fraction
of the population of passive galaxies at z ~ 1.5,
are extremely compact when compared with galax-
ies of similar mass in the present—da% universe (e.g.

2004; Daddi et all WM=

;mm-m cGrth&La_
008: [van Dokkum ct all 200%; Buitrago et all R008;
Damjanov et all 2009; Muzzin et all 2009). Importantly,

these massive compact galaxies must each have formed in
a strongly dissipational event over a very short time pe-
riod; they are remnants of the very first major episodes of
star formation in the universe. The morphologies of these
galaxies are important because they can preserve infor-
mation relevant to formation mechanisms of earl[y) -epoch

massive galaxies in general. found . .
Figure 1. Image of the z = 2.472 passive compact galaxy

that ~ 45% of the massive K-band-selected galaxies at
z ~ 2.3 have old stellar populations, and m
(2008) estimated that ~ 15% of the stellar mass in red-
sequence galaxies with masses above 10'' M today was
already in place in similar-mass galaxies on the red se-
quence at z ~ 2.3. In any case, a significant frac-
tion of the very oldest stars incorporated into the most
massive present-day galaxies may have had their ori-

1 Some of the data presented herein were obtained at the W.M.
Keck Observatory, which is operated as a scientific partnership
among the California Institute of Technology, the University of
California and the National Aeronautics and Space Administra-
tion. The Observatory was made possible by the generous finan-
cial support of the W.M. Keck Foundation.

2 Now at Department of Astronomy, The University of Texas
at Austin, Austin, TX 78712

TXS2332+154 ERI1, obtained with the laser guide star adaptive-
optics (LGSAO) system and the NIRC2 camera on the Keck II
telescope. The upper-left inset is the GALFIT (Peng et all 2002,
[20104) model, the lower-left inset shows the residual after subtrac-
tion of the model from the observed image, and the upper-right
inset shows the model without convolution with the PSF.

gin in these passive compact galaxies at high redshifts.
fvan Dokkum et all (2008), using high resolution Hubble
Space Telescope (HST) images of the Kriek et al. sam-
ple, estimated that ~ 90%-100% of these massive galax-
ies with old stellar populations are extremely compact,
with mean effective radii of < 1 kpc. In Figure 1, we
show the most extreme example of such a galaxy that
we have found in a survey of z ~ 2.5 radio-source fields
(A. Stockton et al., in preparation). This galaxy, at a
redshift of 2.472, has an apparent stellar mass (based on
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a model fit) of ~ 3.5 x 10*! My, a stellar population age
of 1.9 Gyr for an exponentially declining star-formation
model with an e-folding time of 0.3 Gyr, a Sérsic index
n = 3.2, and a circularized effective radius of 360 pc.

These massive compact galaxies with old stellar pop-
ulations at high redshifts have posed some real enigmas:
(1) several of these galaxies for which good photometry
exists appear to have reasonably well-determined stellar
population agesf These indicate that, for at least some
massive galaxies, the bulk of the stellar population was
in place by z ~ 10. Such an early epoch of star for-
mation would imply an average star formation rate of
~ 1000 Mg, per year sustained for a few x10% yr, or
even higher rates for shorter periods. (2) The very high
stellar density implied by the mass and compactness of
these galaxies requires an extreme degree of dissipation,
probably coupled with extreme starburst and/or quasar
superwinds. The only detailed mechanisms proposed so
far (merging extremely gas-rich galaxies;
2010; [Sommer-Larsen & Toftl2010) predict that the com-
pact galaxies should be surrounded by a faint extended
distribution of old stars and have high Sérsic indices,
neither of which is consistently observed. Extremely
deep HST Wide-Field Camera 3 (WFC3) images (e.g.,
Cassata et all 2010) show no evidence for the predicted
extended envelopes, and some of the best studied high-
redshift compact galaxies show low-to-moderate Sérsic
indices (Stockton et alll2004; [Stockton & McGrath 2007,
van Dokkum et all 2008). (3) What is the final fate
of these galaxies, and why are they so extremely rare
at the present epoch? One possibility that has been
put forward is the so-called “inside-out” buildup of
present-day massive galaxies (e.g., [Bezanson et all(2009;
Hopkins et all 2009; van de Sande et all 2013). In this
scenario, envelopes are acquired over time by the mas-
sive compact galaxies, which have become the cores of
the most massive local galaxies. The extreme dearth of
unmodified survivors in the present-day universe indi-
cates that such an addition of material cannot be an in-
frequent, highly stochastic process, such as major merg-
ers (Taylor et all [2009). Instead, there would have to
be a more-or-less steady accretion of material, possibly
via many minor mergers. However, there is disagree-
ment whether the amount of material that can reason-
ably be added is sufficient to explain the necessary size
growth (see, e.g., Peng et alll2010H; [Qogi & Habd 2013;
van de Sande et all[2013). Whether this lack of massive
compact galaxies at the present epoch is a serious matter
or not must await a more careful comparison of (comov-
ing) volume densities between z ~ 2.5 and z ~ 0 than
is yet available, with special care to match morphological
criteria and mass ranges. See (Quilis & Trujilld (2013)
for a discussion of this still unresolved issue.

At high redshifts, we can determine general spectral-

4 There are of course all sorts of caveats regarding ages of inte-
grated stellar populations. Here we refer to ages determined from
the best-fitting |Bruzual & Charlotl (2003) models, which even now
appear to be among the more realistic spectral-synthesis models
currently available (e.g., [Zibetfi et all 2012). We have explored
instantaneous burst and exponentially decreasing star-formation
models with 0.4, 1.0, and 2.5 solar metallicities. For galaxies at
z ~ 2.5, the universe is only ~ 2.6 Gyr old, integrated spectra of
passive galaxies change rapidly, and the ages are unlikely to be too
far off. For lower-redshift galaxies, absolute ages are more suspect,
but at least relative ages should be roughly reliable.

energy distributions (SEDs) from photometry or very low
resolution spectroscopy, and we can estimate global mor-
phologies of these galaxies from high-resolution imaging,
with either adaptive optics with large ground-based tele-
scopes or the HST WFC3. But it is extremely difficult
to do much more than this with current facilities. In a
heroic effort, lvan Dokkum et _all (2009) were able to mea-
sure an absorption feature in a galaxy at z = 2.19, but
this took 29 hr of observing time on an 8 m telescope.
Very few additional galaxies at z ~ 2 now have simi-
lar quality spectroscopy (van de Sande et all[2011, [2013;

2012). Until much larger telescopes (ground-
or space-based) are available, it will be extremely difficult
to learn much more in detail about the luminous compact
passive galaxies at z 2 2 than we are able to determine
now. In our opinion, the best way to make progress at
the moment is to identify and study, at lower redshifts,
galaxies from this population that have survived rela-
tively unscathed, or at least galaxies that appear to have
had similar formation histories.

This approach, of course, has its own difficulties. First
of all, our pilot studies so far have indicated that, at
z ~ 0.5, galaxies that are essentially unmodified sur-
vivors of typical examples found at high redshifts, or even
close analogs to these, are extremely rare. We estimate
that, for those with masses > 10 M, effective radius
R 5 1 kpe, and z < 0.6, the surface density on the sky of
such galaxies is probably < 0.02 deg=2 and quite possi-
bly much less than this. Second, we have to deal with the
question of how we can know that examples that we do
manage to find actually are examples of, or at least rep-
resent true analogs to, those at high redshift. We discuss
these issues below in some detail, but the bottom line is
that we believe that it is possible to identify a very small
sample of galaxies at z ~ 0.5 that are apparently true
“survivors” from high redshift, having formed essentially
all of their mass in stars at z > 5; others among our can-
didates may have formed more recently, but have similar
histories, including, critically, extreme dissipation. At
z ~ 0.5, we are not only able to explore the morphologies
and color gradients of the galaxies to much lower surface
brightnesses than we can at high redshift, but we can
also potentially obtain spectroscopy of sufficient S/N to
determine detailed properties of the stellar populations,
such as kinematics and metallicities.

2. FINDING NEEDLES IN A VERY LARGE HAYSTACK

There have been a number of recent efforts to iden-
tify compact passive galaxies at low redshifts. Taylor et
al. (2009) searched the Sloan Digital Sky Survey (SDSS)
database for early-type compact galaxies in the redshift
range 0.066 < z < 0.12, using both SDSS spectra and
photometric redshifts. They found a number of galaxies
with 1.1 < R, < 1.5, but these all had indicated masses
~ 5 x 10'% Mg, so they are not really comparable to
the more massive compact galaxies found at high red-
shifts. [Taylor et all (2009) conclude that such galaxies
must be extremely rare at the present epoch and that
their size evolution cannot be a result of a stochastic
mechanism such as major merging. On the other hand,
[Valentinuzzi et all (2010) have claimed to have found
substantial numbers of massive, old, compact galaxies in
nearby X-ray-selected clusters, including a small num-
ber with M > 10" My and R, < 1.5 kpc that may be




of interest. However, the actual identifications of these
galaxies were not given. [Trujillo et all (2009) have pub-
lished a list of compact passive galaxies with z < 0.2
culled from the SDSS. We have investigated three of these
with deeper, higher resolution imaging (Shih & Stockton
2011). Two of the galaxies had effective radii and in-
ferred stellar masses that agreed with those estimated
from SDSS (R, ~ 1.4 kpc, M ~ 1.5 x 1011 M), but the
third had an R, nearly three times larger than the SDSS
estimate. Furthermore, all of these galaxies turned out to
have quite complex structures for which single Sérsic fits
left quite large systematic residuals. [Ferré-Mateu et all
) have made detailed observations, including spec-
troscopy, of another seven of the galaxies identified by
ji (2009), finding that for essentially all of
these galaxies, the light (and sometimes the mass) is
dominated by stellar populations younger than 2 Gyr.
Poggianti et all (2013) have searched the Padova Millen-
nium Galaxy and Group Catalogue (Calvi_et_all2011) for
superdense galaxies in the redshift range 0.03 < z < 0.11,
covering ~ 38 deg? of sky and finding some 32 galax-
ies that meet their criteria. All but three of these,
however, have indicated masses < 10'' M. Most re-
cently, Damjanov et all (2013) have identified nine com-
pact galaxies at intermediate redshift, including two with
essentially pure old stellar populations. However, as far
as we can determine, none of these searches seem to have
turned up galaxies like the more compact massive ones
typically found at high redshift, with R. < 1 kpc and
M > 10" M.

The principal goals of our program have been to carry
out a systematic search for minimally altered moderate-
redshift examples of the luminous, passive, compact
galaxies found at high redshifts, as well as to identify
closely related objects that might shed more light on the
subsequent evolution of these galaxies. Our primary re-
sources for this search have been the SDSS and UKIRT
Infrared Deep Sky Survey (UKIDSS; [Lawrence et all
2007) databases. Our search has focused on higher red-
shifts (z ~ 0.5) than the searches mentioned above, with
the hope that at this redshift we might have a better
chance of isolating at least a few massive compact galax-
ies that had survived from the high-redshift population
relatively unscathed. On the other hand, this redshift is
still sufficiently low that we can obtain high S/N spec-
tra and LGSAO imaging of sufficient quality to allow
us to explore in considerable detail morphologies, stel-
lar populations, velocity dispersions, and other physical
properties. Our search is by no means complete, in that
we have not been able to explore all of the relevant pa-
rameter space, nor have we yet been able to follow up
every potential candidate. In addition, a single errant
SDSS or UKIDSS magnitude outside the typical error
estimates (which we find to be not terribly uncommon)
will throw an object out of our sample. Nevertheless, we
feel that we have done sufficient exploration to confirm
that galaxies with old stellar populations that meet our
criteria (R, < 1 kpe and M > 101 M) exist at z ~ 0.5,
but we also find that they are extremely rare.

We select candidates that have SEDs matching those
of old stellar populations, where the spectral synthesis
models are calculated for each interval of 0.05 in redshift.
We also impose a “compactness” criterion based on the
difference between the SDSS “model” and point-spread
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function (PSF) magnitudes; many of the objects selected
by our search criteria and that finally turn out to be of
interest are classified as stars by the SDSS. For objects
at z ~ 0.5, the SDSS almost never has spectra, although
occasionally one will have been flagged as a high-redshift
QSO candidate and have a spectrum for that reason. We
indeed find occasional contamination from certain types
of carbon stars and from red QSOs, but over 90% of
the objects found by our current selection procedures are
galaxies at close to the expected redshift, so we no longer
have found it worthwhile to obtain low S/N spectra to
further refine the sample as a first step. However, we do
first have to obtain deeper imaging observations at finer
pixel scales, since both the SDSS and UKIDSS have 074
pixels and do not go deep enough to show faint envelopes.
This imaging program is an essential step in sifting our
sample: the great majority of our original candidates
turn out to have R, much greater than 1 kpc (for best-
fit single Sérsic profiles).

3. FIVE MASSIVE COMPACT GALAXIES AT Z ~ 0.5

We have carried out our search over ~ 2400 deg? of sky.
We have so far identified just five galaxies that meet our
selection criteria. Two of these have been published be-
fore (Stockton et all 2010, Article 1), but we reanalyze
these as well as the new ones here. (Note that Article 1
quotes major axis values for R, whereas in this article we
use circularized values, unless clearly specified otherwise,
as in the following paragraph). All of the spectroscopy we
show has been obtained with LRIS (Oke et all[1995) on
the Keck I telescope, and all of the high-resolution imag-
ing has come from the LGSAO system (Wizinowich |
m) and the NIRC2 camera on the Keck II telescope.

We first show in Figure [ the Keck II LGSAO im-
ages of the galaxies, along with GALFIT
2002, 2010a) model fits to these images. Note that we
initially select these by the major-axis effective radius
(Ae) rather than by the usual circularized effective ra-
dius (Re = Acv/b/a), which we otherwise quote, in or-
der to minimize selection bias against face-on flattened
systems. We select all candidates with A, < 2 kpc; nev-
ertheless, because of their small projected axial ratios (a
point to which we return in Section F3)), all of these so
far have ended up with R. < 1 kpc, with a maximum
of 1.33 kpc. We have found that we virtually always
need to model two components in order to avoid signifi-
cant systematic residuals. In two special cases (presence
of a stellar nucleus; spatially resolved companions), we
have had to add a third component. Beside each row we
give the parameters derived from the image modeling,
together with the spectroscopic redshift.

Figure[Bshows the LRIS spectra for four of the galaxies
(for SDSSJ011227 we have only a short Keck IT ESI spec-
trum sufficient to give the redshift). Superposed on the
spectra are model fits obtained with the penalized pixel-
fitting (pPXF) procedure of i

) using the (2003) spectral syn-
thesis models. SDSSJ101305 and SDSSJ160720 both
show some [O 1I] A3727 emission, which has been ex-
cluded from the pPXF fits. Since our spectra gener-
ally have reliable calibrations, we have used pPXF in the
mode for which we fit to both the continuum shape and
the absorption lines. The one exception is SDSSJ232949,
where our calibration is suspect; in this case, we use a
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Figure 2. Keck LGSAO images and model fits for the 5 galaxies in our sample with single-Sérsic major-axis effective radii Ae < 2 kpc,
SED masses > 1.5M¢, and initial estimated stellar-population ages > 2 Gyr. For each galaxy, from left to right, the panels give the
observed LGSAO image, the GALFIT model (Peng et all 2002, 20104), the residual from subtracting the model from the data, the GALFIT
model without PSF convolution (which should give the best global impression of the galaxy morphology), and, finally, the spectroscopic
redshift and fit parameters for each of the components. Insets for SDSS J101305+071636 give lower-contrast versions to show the three
discrete components of this apparently merging system. Each panel is 3”2 square, with N up and E to the left.
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Figure 3. pPXF model spectra (red) superposed on observed spectra (black).

polynomial fit to the continuum; thus the fit is dependent
on spectral features alone. Population fitting with pPXF
involves choosing a regularization parameter that affects
the smoothness of the solutions, and it needs to be em-
phasized that acceptable fits to the observed spectra can
be obtained with a considerable range of star-formation
histories. Mostly these involve a simple (but asymmet-
ric) narrowing or widening of the duration of star-forming
events, but there can also be modest variations of mass
fractions between different events. Given the strong dis-
sipation that must have been involved in the formation of
these galaxies, we assume that the initial starburst was
likely intense and rather brief. Accordingly, we have cho-
sen regularization parameters that tend to give fairly nar-
row distributions for the major star-formation episodes,
rather than the smoothest possible distribution consis-
tent with the spectra. But it should clearly be under-
stood that this choice is an assumption rather than a
result.

The star-formation histories corresponding to these
models are shown in Figure [l where we have collapsed
the three metallicities we have used (0.4, 1.0, and 2.5
solar) to give a clearer indication of the total mass frac-
tion as a function of epoch. The average mass-weighted
metallicities of the pPXF-derived populations are 1.4,
2.3, 1.8, and 1.0 solar for SDSSJ011436, SDSSJ101305,
SDSSJ160720, and SDSSJ232949, respectively. Even
though they are constrained by the reasonably high S/N
of our spectra, the fitting uncertainties in these metallic-
ity estimates are typically at least ~ 30%, not including
any systematic uncertainties that may be present. These
metallicities are of course somewhat coupled with the age
estimates.

We can check the consistency of the pPXF star-
formation histories, obtained from detailed fitting of both
spectral features and the SED over a narrow spectral
range (typically 0.35-0.50 pm, as shown in Figure B]), by
plotting the resulting SEDs over the much wider spectral
region covered by the SDSS/UKIDSS photometry. These
are shown in Figure[ll Because the SDSS photometry is
based on a model fit to the profile and for the UKIDSS
we have used a 2’-diameter aperture magnitude, we al-
low for a small offset between them, which will likely
depend on the actual source light distribution, among
other factors. In order to estimate these offsets, we use
Hyper-z (Bolzonella et all [2000) with the BC03 models
and |Calzetti et all (2000) reddening to fit to the SDSS
photometry plus the UKIDSS Y and J points (only),
where the latter magnitudes are given stepped offsets
until a minimum x? is found for the best model fit. It
should be stressed that because of the small wavelength
offsets between the z, Y, and J points, this determination
is not sensitive to the exact SED used; any other consis-
tent fit (e.g., by ignoring reddening) gives essentially the
same offset. The offsets were always in the sense that the
UKIDSS flux densities had to be increased. The magni-
tude offsets for all galaxies except SDSSJ101305 were 0.1
mag or less; for SDSSJ101305 it was 0.35 mag. The off-
sets were then applied to all of the UKIDSS magnitudes
to give the SEDs shown in Fig. Bl These show that the
pPXF model fits over their limited spectral region fit the
photometry over a much wider region remarkably well,
allowing for the occasional errant data point (such as the
SDSS z-band point for SDSSJ160720).
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4. SURVIVORS FROM THE HIGH-REDSHIFT COMPACT
PASSIVE GALAXY POPULATION?

4.1. Stellar Populations

For the two galaxies discussed in Article 1
(SDSSJ011436 and SDSSJ232949), we concluded
from single population fits that the stellar populations of
both galaxies had ages of about 5 Gyr, which would have
placed their formation epoch at z ~ 1.8. With the wider
options given by the pPXF fitting procedure, we see the
possibility that at least some of these galaxies formed
most of their mass at high redshifts and therefore may
be only slightly modified survivors of the high-redshift
population. In particular, SDSSJ011436 is an excellent
candidate for such an object, where the pPXF model
has ~ 1% (by mass) of ~ 500-Myr-old star formation
being added to an overwhelmingly dominant population
formed at z > 6. Quite aside from the spectral fits,
the photometric SED shown in Figure [3] reinforces this
picture, where the SDSS w-band point, in particular,
indicates the effect of the small admixture of a young
population. A similar scenario applies to the model for
SDSSJ160720: the overwhelming bulk of the mass is
formed at high redshift, with a couple of more recent
episodes of star formation (perhaps due to wet minor
mergers) accounting for < 5 % of the total mass.

SDSSJ101305 is more ambiguous, both in terms of
star-formation history and in terms of morphology. It ap-
pears to comprise three galaxies on the verge of merging,
and it is tempting to identify the three discrete episodes
of star formation shown in Figure @ (at ~ 1, 3, and 7.5
Gyr) with the three merging components. Whether this
is the case or not, there is evidence that a significant
portion of the total mass formed at z ~ 5. Finally, for
SDSSJ232949, the pPXF spectral fit (which, as discussed
earlier, is dependent only on spectral features, not the
continuum shape) indicates major star-formation events
at both z 2 5 and z ~ 1.2, with some additional star
formation at z ~ 0.65, or ~ 1 Gyr before the epoch of
observation.

Thus, we end up with two galaxies that appear to
have formed 95% or more of their mass at high red-
shift and two that, while they have significant amounts
of mass formed at high redshift, also have considerable
mass added at more recent epochs.

4.2. Masses

The actual masses of passive compact galaxies are a
complex and somewhat contentious subject (see, e.g.,
[Ferré-Mateu et all 2012). We can attempt to estimate
the total stellar masses for these galaxies from the
adopted stellar population fits, and we can also try to
estimate the dynamical masses from the measured veloc-
ity dispersions. For the pPXF stellar population fits, we
have used BC03 models with [Chabrier (2003) IMFs. By
scaling the mass-fraction-weighted sum of the SSPs con-
tributing to the total spectrum, corrected for reddening,
to the photometric SED, we can obtain an estimate of
the stellar mass.

We have also used pPXF to fit velocity dispersions to
the spectra, following the prescriptions for setting the
bias parameter. We can then obtain an estimate of the
mass using the virial mass estimator my = BR.0?%/G,
where 3 is a parameter that takes into account the rela-
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tion between (r) and R., as well as that between (v?)
and o2, where the former in each case are the virial
quantities for the stellar distribution and the latter are
observable quantities. For a sample of local ellipticals,

[Cappellari et all (2006) found 8 = 5.0 & 0.1, and this
value has generally been used, with a slight deendence
being noted on the Sérsic parameter n
2002). In Table [ Columns 4 and 5, we compare es-
timates of the stellar mass derived from our stellar pop-
ulation fits with the dynamical masses, assuming 8 = 5.
For the dynamical masses, we estimate R, from the el-
lipse enclosing half the total light measured on our GAL-
FIT model (without PSF convolution). We correct our

measured o to the ¢ that would be measured within R,
with the relation given by Equation 1 of[Cappellari et all

There are clear discrepancies between these mass es-
timates, always in the sense that the dynamical mass is
less than the mass inferred from the stellar population
histories. There are two main assumptions that could
explain the difference:

1. The mass we have derived from the stellar popu-
lations assumes the ) initial mass
function (IMF). If the actual IMF is more top
heavy than we have assumed, these masses could
be smaller. However, there is recent evidence that
local massive elliptical galaxies may instead have
a bottom-heavy IMF (e.g., [Conroy & van Dokkuml
[2012). Nevertheless, since these compact galaxies
will have formed under rather specialized condi-
tions that we do not yet understand very well, we
cannot know what sort of IMF would have pre-
vailed, and IMF variation may account for some
part of the discrepancy.

2. In estimating the mass from the velocity dispersion
in Column 4, we have assumed that the parameter
[ is the same as that for the local ellipticals stud-
ied by Ig‘@pmllanﬂ_aﬂ (2006). This means that
we are assuming homology between our compact
galaxies and these ellipticals, which is unlikely to
be strictly true and may possibly be very far off
the mark. The possibility of a substantial differ-
ence in structure is reinforced by the recent work
of [Peralta de Arriba et all (2013), who find an ap-
proximate empirical relation between 8 (K in their
paper) and the compactness of a stellar system at
a given mass. When we apply their correction,
we get the dynamical masses given in the last col-
umn of Table [l These masses are all somewhat
above our estimate of the stellar mass, possibly
because of contributions from dark matter. How-
ever, given the simplifications and uncertainties in-
volved, these values probably are not significantly
discrepant.

4.3. Prolate Morphologies?

The models shown in the last column of Figure [2 have
b/a ratios for single Sérsic fits ranging from 0.26 to 0.47
(for SDSSJ101305, we consider only the central com-
ponent; if we were to include all components, the ra-
tio would be even less). These low ratios are similar



Table 1
Galaxy Mass Estimates

SDSS o Re Dynam. Mass 1* pPXF Mass Dynam. Mass 2P
(km s~1) (kpe) (101 Mo) (10" M) (10" M)
J011436.33—011438.1 264.4+ 6.5 0.82 0.86 2.74 3.50
J101305.634-071636.7 290.1+ 4.0 1.33 1.57 2.23 3.95
J160720.64+235223.8 268.6 £ 8.7 1.10 1.13 2.14 3.26
J232949.60+151106.3 258.8 £11.0 0.42 0.46 2.00 2.80
& Calculated from the virial relation Mgy, = Bo2Re/G, with 3 = 5. The measured velocity dispersions given in column 2 have been

corrected to those expected within Re as described by [Cappellari et al! (2000).

b Calculated from the virial relation, but with 8 = 6(Re/3.185)70-81 (M, /1011)045 | following [Peralta de Arriba et all

), where Re is

in kpc and M, is the stellar mass from Column 5, corrected for the difference between our assumed [Chabried (2003) IMF and the Salpeter
IMF assumed by |[Peralta de Arriba et all (2013), following the prescription of [Longhetti & Saracca (2009).

to those often found for passive galaxies at high red-
shift (Stockton et all [2004; [Stockton & McGrath 2007;
van der Wel et all [2011)). While our sample is too small
to be more than indicative of a possibility, it does serve
as a basis for speculating that the intrinsic morpholo-
gies of many of these galaxies, at both high and low
redshifts, may in fact be prolate. One can easily show
that the distribution of projected axial ratios of an en-
semble of disk galaxies with a given intrinsic b/a will
be approximately uniform over the range from the in-
trinsic value to 1, whereas the distribution for prolate
objects will be strongly peaked near the intrinsic ratio.
For example, formally, with the probability for a ran-
domly oriented thin disk to have a projected b/a < 0.5
being 1/3, finding five such objects all with projected
b/a < 0.5 has a probability of only 0.4%. If, on the
other hand, we consider an idealized rod with intrinsic
b/a = 0.2 (one cannot use an infinitely thin rod for obvi-
ous reasons), the probability of having five objects with
projected b/a < 0.5 is about 22%. Since our targets
were initially selected from the SDSS/UKIDSS surveys,
where they all look essentially stellar, and since our fi-
nal selection was based on the semimajor axis parameter
Ae, there should be little or no selection bias favoring
small axial ratios. The possibility that passive compact
galaxies at high redshift might be prolate was briefly con-
sidered and rejected by lvan der Wel et all (2011), on the
grounds that such objects are not seen locally and that
galaxy formation mechanisms should “be independent of
cosmic time.” We believe, on the contrary, that while we
have no compelling model for how these massive com-
pact galaxies form, the very fact that passive galaxies
in the early universe typically have morphologies quite
unlike those seen locally is an indication that galaxy for-
mation mechanisms have evolved over cosmic time. If
these galaxies were actually to be found to be prolate,
such a morphology would imply an anisotropic stellar
velocity field and structural differences that could very
well account for the discrepancy between the calculated
stellar mass and the dynamical mass estimated from the
relation that works well for the population of local ellip-
ticals.

5. OVERVIEW

Our search for examples of galaxies with M, >
10" My, R. < 1 kpe at z ~ 0.5, with the overwhelm-
ing bulk of the stellar mass having been formed at z > 5,
is by no means complete, although it does seem to in-
dicate that such galaxies are quite rare at this red-

shift. Nevertheless, our stellar population analysis with
pPXF, having found at least two galaxies that seem to
fit this description, does seem to indicate that it is pos-
sible to identify a few galaxies at this redshift that come
very close to being unmodified survivors from the high-
redshift population. In such cases, it would often be ex-
tremely valuable to obtain UV spectra in order to place
firmer constraints on the contaminating young popula-
tion. While mass determinations are still uncertain, the
arguments of Peralta de Arriba et all (2013) on the likely
lack of homology with the local elliptical galaxy popu-
lation, as well as the possibility that the stellar veloc-
ity dlstrlbutlon may be highly anisotropic, lead us, like
[Ferré-Mateu et all (2012), to tend to trust the stellar
population masses over the dynamical mass estimates. If
the stellar mass estimates are correct, our galaxies typ-
ically have masses of 2-3 x 10! M. Although our cur-
rent sample is small, the fact that all five of our galaxies
have small b/a ratios has led us to tentatively consider
the possibility that these galaxies may have prolate mor-
phologies. It will be necessary to identify a larger sample
to test this suggestion.

As indicated in Section 1, we still do not seem to have
a wholly adequate understanding of the nature of the ap-
parently highly dissipative process by which these mas-
sive compact galaxies form. If prolate morphologies were
to be confirmed for a significant subset of these galaxies,
this finding would almost certainly help point the way to
a better understanding of their formation mechanism.

After this article was submitted, [Trujillo et all (2013)
announced the remarkable discovery that NGC1277, at
a distance of only ~ 73 Mpc, is an apparently essentially
unaltered survivor from the high-redshift massive com-
pact galaxy population. This discovery gives us some
hope that it may be possible to identify a reasonable
sample of such galaxies at fairly low redshifts.
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