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ABSTRACT
We report HEAO-1 A-2 high time resolution X-ray observations of the
X-ray emitting Seyfert I Galaxy NGC 6814. 1In sharp distinction with a sample
of over 30 active galactic nuclei (Tennant et al. 1981, this object showed
strong X-ray variability on timescales less than 3 hours. The mean flux on a
timescale of 90 minutes varied by a factor of ~ 2.5 corresponding to ALx ~1x
1093 ergs/sec. An autocorrelation analysis shows a characteristic time for
variability of 100:22 seconds. There is no indication of spectral variability
with an upper limit on a change in the power law spectral index
of |aT| ¢ .37, for a factor two change in intensity. We consider in detail

the constraints of such rapid variability on a wide variety of X-ray source

mechanisms.
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X-rays: sources
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1. INTRODUCTION

X-ray obgervations of the time variability anAd spectra of active
galactic nuclei (AGN) relate directly, in the present conventional wisdom, to
the engine responsible for the enormous luminosities of these cbjects. 1In
particular, observations of rapid X-ray variability place strong constraints
on the size of the “central engine®”, information which is difficult to obtain
from obaervations in the radio, infrared, optical or ultra-violet bands.

Various models of the energy generation mechanism in AGN's have centered
(Fabian 1979) on the existerce of a compact object in the nucleus of these
galaxies. Indirect arguments and various scaling laws indicate that this
putative central object has an effective scale size of less than 10'5 cm
(Fabian 1979). Such an object vould be revea’ad by characteristic time
variability of less than one day. A general constraint on the fastest
timegscales expected has been proposed by Fabian and Rees (1979), building on
work by Cavallo and Rees (1978). If a spherically symmetric, homogeneous,
cloud of stationary matter is converted into radiation with efficiency n, the
shortest observed timescale for the conversion occurs when the optical depth

of the cloud is unity. This gives a minimum timescale At ~5 L43/n sec,

min
where Las is the luminosity in units of 1043 ergs/sec. Typical AGN's have

L‘3 > 1 and, if n is as large as 0.1, timescales as short as 50 sec are
possitle. On the other hand models of accretion disks (Shapiro, Lightman and
Bardley 1976) indicate that most of the X-ray luminosity would come from a
region of size R, ~ 10 Q% + 1f the luminosity of these objects is Eddington
limited then R, ~ 101! :43 cm for a characteristic time of ~ 4 L,y sec.
Clearly X-ray obgervations capable of measuring timescales in the 1-10,000 sec

time range will sampl: the predicted characteristic times of the “central

engine” in AGN's. Previous X-ray observations of time variabiiity in AGN's



have been prevented from sampling such short timescales by a combination of
low source flux, low effective area and relatively high internal background.
For only a few objects, NGC 4151 (Tananbaum et al. 1978), Cen-A (Delvaille,
Epstein and Schnopper 1978), and NGC 4051 (Marshall et al. 198l1) are there
reported timescales less than 6 hours. 1In addition, Tananbaum (1980) has
reported timescale of ~ 6 hour for NGC 6814.

In this paper we report the detection of short timescale fluctuations
(t < 1 hr) in the X-ray flux from the Seyfert I galaxy NGC 6814. This
observation is the result of a larger program to look for short term
variability from AGN's, the results of which will be reported elsewhere
(Tennant et al. 1981).

II. OBSERVATIONS3 AND DATA ANALYSIS

The GSFC detectors on “he HEAO-1' satellite have been described in

*The a2 experiment on HEAO-1 is a colladorative effort led by E. Boldt of GSFC

and G. Garmire of CIT, with collaborators at GSFC, CIT, JPL and UCB.

detail by Rothschild et al. 1979. Because of the peculiarity of our results
and the importance o{ ensuring their validity we describe in Appendix A the
analysis procedure used to derive the NGC 6814 data.

Briefly, the observations of NGC 6814 were performed by the HEAO-1
satellite experiment A-2 on April 28 of 1978 from 0 hours UT to 8 hours UT
while the satellite was in the pointed mode. Counting rates were returned
every 5.12 sec from 8 "independent®” counters. Background was determined from
deep exposures of "source free" regions of the sky where no sources of flux >
2 x 107" ergs/cmz/sec were seen. The net counting rate was corrected for the

effective exposure of the detectors to the source. The rates from the



different detectors could then he summed together to construct a "light

curve"”, with the best available statistics.

In Appendix A we discuss the wide variety of checks made in order to
ascertain that the strong variability seen in NGC 6814 was not a result of
instrumental problems. We conclude that NGC 6814 is the source of the

variable X-ray flux detected with HEAO=1 A-2.

I1I. RESULT3
. Examinatior. of F{ .iir:, 1 showg that the flux from NGC 6814 is strongly
variable. On an orbit-by-orbit {1.5 hour) basis the flux varies by a factor

of ~ 2.5 (Table 1). In Table 1 we also show the xz calculated on the

assumption that the source was constant during each individual orbit. For all
but one of these orbits the value of xz allows us to reject the hypothesis of

source constancy on timescales less than 1.% hours at > 99.99% confidence.

B .

This is clearly shown in Ffigure 2 in which a prominent flux change on a
timescale of less than 500 seconds is evident.

Having established source variability on timescales less than 1.5 hours
we now attempt to characterize the nature and timescale of this variability.
A. Timescale of variability

The autocorrelation function (ACF) was computed for the first and second

. orbits using a 10.24 sec bin size. 1In Appesndix B we discuss how the ACF was
generated and how errors in the reported timescales were determined. The
inferred characteristic timescale of the source intensity and the errors are
given in Table 2 for these orbits and the entire data stream. All the data
are consistent with a characteristic time of ~ 100 seconds. There was
insufficient data for orbits 3-5 for a meaningful autocorrelation function to
be calculated separately. In Figure 3a we show the ACF for the complete data

set (orbits 1-5 inclusive). The characteristic time for variability is the
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slope of the natural logarithm of the ACF (Figure 3b). In panels 3¢ and 3d
are shown, respectively, the “detrended" ACF function and its natural
logarithm for the same data (see Appendix B for details). The timescale of
170 seconds seen when the data are “detrended® confirms that this is a
characteristic time for the entire data set.

An exponential ACF could be interpreted in terms of a shot nois=»
model. However, we note that many other processes give similar ACF's
espacially when there is a large amount of statistical noise in the datia. 1In
addition, it is quite clear from Figure 1 that the shot parameters change from
orbit to orbit. A final note is that a shot noise model is only a method of
parameterizing the data and does not necessarily have any physical
significance.
B. Limits on Spectral Variability

We have searched for spoctral variability in four different ways. 1)
we have computed the mean spectrum on an orbit by orbit basis. 2) We have
sorted the data on the value of their flux and have computed a mean "“hardness"
ratio for each value of the flux. 3) We have computed the cross-correlation
function between two energy bands. 4) We have looked for spectral
variability during a given event. Each of these methods is most sensitive to
different types of spectral change as discussed below.

l. Orbit-by-Orbit Variabiiity

The best fit spectra on an orbit-by-orbit basis assuming a power law

model of photon index [ and equivalent column density of hydrogen in the line
of sight Ny, are shown in Table 3 (all errors are 10). These valuegs are to be
compared with the flux weighted average for the entire observation of [ =

+2.7 22

1.73£.22, Ny = 4.3, x 107~ cm"? (Mushotzky et al. 1980) (90% confidence

error). The value of xz computed on the assumption that I and Ny, for each



orbit is the same as the flux weighted mean is 6.8 for 10 parameters of
‘ interest. This indicates that, despite a factor of 2 change in intensity -wn a
- i timescale of 1.5 hours, the time averaged spectrum did not vary signiticantly.
| If we assume that N, did not vary during this observation (consistent
with ‘he values in Table 3) and fix Ny at the value derived for the entire
observation, the formal error in I' decreasas. In Table 4 we show the best fit
values of I' for each orbit under this assumption. There is a slight
. indication that the source spectrum is marginally flatter when the flux is
higher. 1In Figure 4 we plot ' vs the 2-20 keV flux on an orbit-by-orbit basis

and find that a linear relation of the form [ = mF+b (where F is the flux)

+.022
-.032 *

only 2.50 however. Alternatively we place a 30 upper bound of Al' < .37 on an

gives an acceptable fit with m = -.054 This trend is significant at
orbit-by-orbit basis.
2. Limits on Spectral-Intensity Correlation
We have accumulated data at E > 6 keV (guigh) and X < 6 kev (E; )
on an 82 second basis. We then sorted the data irto 10 intensity bins on the
basis of Erows In Figure 5 we plot the average of Euigh whenever E, . was
within the prechosen bin limits, along with lines which correspond to power

law spectra of slopes I' = 2.0, 1.75 and 1.50 with N, fixed at 4.3 x 1022

. cm™2. The data are all consistent with the I' = 1.75 line. We note that each
point in Figure 5 represents an independent measure of the power law index.
po We conclude that there is no intensity related spectral variability with an
upper limit on a change in spectral index of Al ¢ .30. (This method of
analysis could hide possible variability if the same intensity state has
different spectral indices and if these values scatter about a given mean

value which is also characteristic of the total time averaged spectrum.)

3. gpectral Cross-Correlations
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A defect of the prior two methods is the relativeiy large bin sizes
(30 minutes and 82 seconds), necessitated by the relatively low flux, compared
to the characteristic variability time of ~ 100 seconds. The
cross-correlation function allows one to test the entire data stream on
shorter timescales to see whether the softer photons systematically lead or
lag the hard ones. We report here the result of two cross-correlation
analyses, one designed to minimize the detectable timescale, and the other to
maximize the difference hetween the selected energy bands.

Cross correlation of the total flux from the MED (which is sensitive to
photons with a mean energy of E = 5.46 keV for the NGC 6814 spectrum) with the
total flux from HED3 (E = 8.67 keV) shows that the MED leads HED3 by 6.3 & 3.3
gec for a bin size of 15.3 sec (see Appendix B). We also cross correlated
photons of energy < 6 keV (E = 5.17 keV) with photons of energy > 6
kev (E = 12.50 keV). For this analysis we used a bin size of 41 sec since
this made the errors due to Poisson noise similar to those in the MED vs HED3
analysis. We found that the > 6 keV photons lead the softer photons by 4.1 t
9.6 sec.

4. Spectral Variability of a Resolved Event

The flux change shown in Figure 2 has sufficient statistics to
examine spectral variability within a given event. As can be seen in the
middle panel the ef.ective spectral index I' did not change (Al € .30) during
this event despite the five fold change in source flux. These data also rule
out variation in X-ray column as the origin of the short term variability.
Due to the low flux the hardness ratios are binned in 82 second bins and thus
we cannot comment on spectral variability on the shorter timescale indicated
in the previous. section. We conclude that, for this one event, spectral

variability does not occur on the characteristic time of intensity
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variability.
V. DISCUSSION

The rapid variability observed in NGC 6814 can place strong constraints
on the physical processes producing the X-ray flux and the environment in
which it is produced. We shall discuss with respect to the NGC 6814 data
general constraints, and limits we can place on "standard" X-ray emission
mechanisms.

A. General Considerations

The average luminosiiy of NGC 6814 is 1.1 x lo43 h~2 ergs/suc in the
2-20 keV band where h is Hubble's constant measured in units of 50
km/sec/Mpc. Since the amplitude of the variability is guite large we will
assume that the change in luminosity is greater than 1043 ergs/sec. If the
X-ray spectrum extends out to ~ 500 kev, as does the X-ray emission from Cen-A
(Baity et al. 1981), then the average luminosity is ~ 4.7 x 1093 n~2
erg/sec.

If NGC 6814 is powered by accretion onto a single compact object, then
we can set a firm upper limit on the mass of this object by requiring that the
fluctuation time be longer than the light travel time across the Schwarx=zchild
radius. This gives

3
c ot > 7
M‘ZG 1l x10 Ho

for At = 100 sec. On the other hand, we find that

M> 9 x 109 M,,/'n2

by requiring that the luminosity not exceed the Eddington limit. Without a



detailed model we cannot restrict the mass range any further. As we will see
though, a lo6 M, object is consistent with thermal Compton models.

Using the Fabian and Rees (1979) relation given in the introduction
with AL > 1043 erg/sec and A‘min ~ 100 sec, we find that n > 5s/h?2. However,
if the variations extend out to 500 keV then n - 25\/h2. If one requires n €
108 then h ~ 2. Conversely, if h ~ 1 then one must consider models that
allow high efficiencies (Thorne 1974) or argue that one of the assumptions
used in deriving the Fabian and Rees relation is violated. This could imply
either non-spherical geometry, relativistic bulk motions, or that the source
of the X-ray flux is not directly due to accretion.

B. Emission Mechanisms
1. Synchrotron Radiation and Synchrotron Self-Compton Emission
If the X-ray flux is produced by relativistic particles in a “steady
state” type process via synchrotron emission, or synchrotron self-Compton
(8SC) emission, then one requires that the particles "live" long enough to
£111l the emitting region.
The lifetime of a relativistic electron against Conpton losses is

9

T Z&l%a_lﬂi’ vhere the energy of the electron is ynbcz and u is the energy

density of the photon field. For L ~ 1.1 x 1043 ergs/sec and a size
R ~ cAt ~ 100 light seconds,u ~ 2 x 107 etg/cms.
-1
Therefore T s y seconds. In order to produce X-raye via the synchrotron

process one needs 725 2 6x 10‘1 (where B is the magnetic field in gauss).

4

Por "reasonable” values of B (5 10° gauss) one needs Y 2 10‘. Therefore for

these particles tc <1 x 10" seconds. If the X-rays are produced by a single
Compton scattering off some photon population characterized by a

frequency v then v © 12v1 (Jones, O°'Dell and Stein 1974). 1f we

assign v_ in the range 10 - 10'S #z (radio to optical photons),y * 1045 -
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10'°5 which gives Compton loss lifecimes of 10~'*3 - 10745 geconds.

All these timescales are much less then the light travel time across the
emitting region. We conclude that synchrotron and 88C models, without
continual injection and/or reaccelereation and/or relativistic belk wotion,
cannot work.

Cavaliere and Morrison {1980) have considered a model in which the
particles are continually raaccelerated and in which the radiatioa rate is
controlled by the acceleration rate. Their model, for the parameters measured
in this paper, implies electron densities n, *~ 1 x 109 and B fields ~ 20 gauss
for the case in which the X rays are primarily due to Compton interactions and
the ontical photong are due to synchrotron radiation, a rather higher valuve
for n, and a lower value of B than Cavaliere and Morrison found for NGC 4151
or 3C273.

2. Thermal Bremsstrahlung and Blackbody Radiation

The luminosity from an optically thin sphere emitting X-rays due to
thermul bremsgtrahlung at a temperature of T is

L~24x%x 10-27 T‘/Z n°2 V erg/sec

where V is the volume of the source region and n, is the clectron density.
For T . 10® x (as required by the spectral fits (Mushotzky et al. 1980’) one
requires n, ~ 1 x 10" cm™3 for v ~ 1 x 10°8 cm?. This gives an optical depth
to Thompson scattering t o ncoz s~ 200. Therefore our initial assumption of
optically thin emission cannot be correct and the output spectrum must be
optically thick in shape if the X-rays originate in a sphere of hot gas.
However the X-ray spectrum does not have this shape; therefore, we conclude
that the X-ray emission without Compton amplification cannot be purely thermal

in character.

3. Thermal-Compton Models
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Although simple accretion with the»mal emission can explain the
source of power, we need & more exotic smission mechinism to be consistent
with both the spectrum and the rapid variability. Another X-ray source that
shows rapid time variations in addition to a power law X-ray spect-um is Cyg
X-1. We will now consider models originally constructed to explain Cyg X-1
but scaled up to L = 1043 ergs/sec.

The more successful models have involved unsaturated
Comptonization. PFor this mechanism to function the source must consist of a
cloud of hot electrons with an optical depth to electron scattering 1.' less
than a few and a copious source of soft "seed"™ photons. Under these
conditions soft photons entering the cloud can be up-scattered in energy to
X-rays, btut do not spend enough time in the cloud to come into thermal
egquilibrium with the electrons. Shapiio et al. (1976) and Katz (1976) showud
that the resultant spectrum is & power law for energies below kT, with an
exponential fall-off at higher energies. Pozdnyakov et al. (1979) and
Takahara (1980) found qualitatively similar results in Monte Carlo
calculations for a wide range of temperatures and optical depths. The
location of the rcll over is somewhat model dependeit with the result from
Shaprio et al. occurring at the lowest temperatures. However, all of the
calculated spectra roll over significally by 3 kT,. There is no evidence for
either a roll over or a Wien peak in the spectrum of NGC 6814 or of any other
AGN where spectra have been measured to higher energies. This implies that
kTq > 15 keV in NGC 68l14. Since Cen-A, the source with the best determined
spectrum, has a pover law out to ~ 500 keV (Baity et al. 1981) it is possible
that kT, > 300 keV.

For unsaturated Compton models Tes and kT, are related by

"
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e (880 keV 172 _
Tes ( kT, ) 2/3 (1)

(S8unyasv and Titarchuk 1979;, for I' = 1.7 as meacured for NGC 68i4. Using
Equation 1 we compute that t“ = 4.0, 1.9, .8 for electron temperatures of 30,
100 and 300 keV. Notice that although kTq ranges over a factor of 10 the
product (t.. . ch’ only changes by a factor of 2. This will be useful below.
In any mechai.ism involving inverse Compton scattering, the harder
photons are on the average scattered more times than th. softer photons.
Lightman et al. (1978) pointed out that this implius that the harder photons
spend more time in the source region, causing the more energetic photons to
lag the soft during fluctuations. Lightman et al. suggested that the rise

time of a flare t,, measured at energy E, should be given by

ta = tg A In(E/E,) (2}

where t. = R/c (size of source region), A is a constant on the order of unity

R
and E; is the 2nergy of the original soft photons. More detailed calcuiztions

(Payne 1980; 1. jhtman and Rybicki 1979) have shown that

2
m.c

A TW, 15 20 3

where T = NoTR and g is the powar law index of the persisteant
source (a = I=-1). 8ince (7t . kT.) appaars as 3 product we can easzily estimate
A to within a factor of 2. If we use kT, ~ 100 kev, we find A ~ .6.

In equation 2, t, is unobservable since it is meagured from the
(unobserved) injection time of the original soft photons. We set t, = (1+f)t
where t is the observed rise time of the flare and f is model dependent but

only a slowly varying function of 8.. solving for te gives
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(1+£) ‘o
R~ .6 1n(i7xs) .

(4)

Before we can go on we must estimate E . Lightman et al. (1978)
suggested measuring the rise time of a flare in two energy windows and then

determining the ratio of rise times

p-dil. T2t (s)
t ln(lexs)

Solving for Bs one finds that, for ss < .1 kev, Bs is proportional to E1 and
E, raised to large powers. Thus a small error (1%) in D can result in a
factor of 10 uncertainty in E;. 1In addition, equation 5 is only approximate
since it uses t, instead of the observable time t,. An obgservational problem
is that the statistics are not good enocugh to determine two different rise
times in two narrow windows. Thus we are unable to determine E; accurately,
but estimating this number will not result in too large an error in tR.

Since Seyferts are known to be strong IR sources we choose Eg =1 eV.
This is consistent with the hypothesis of the soft seed photons originating in
a large accretion disk which should be rather cool. We define t  as the time

for the intensity to go from .37 I . to I .« With log(s/ns) = 3.8 we find

max
f ~ 2 using the function given by Payne (1980). Thus

tR ~ 60 sec ,
which says that the size of the source region is slightly smaller than the

variation time. If we assume the peak flux comes from ~ 5 Schwarzschild radii

then we estimate the mass of the compact object as

S _si_ﬁﬂ_sss 6
M= G mVx10 M.



If the geometry is canonical Kerr then the peak X-ray flux comes from 0.8

Schwarzschild radii (Thorne 1974). For this case M ~ 8 x 10° M.
Although it has been impossible to measure D and thus check the

congistency of the unsaturated Compton model, another test can be made.

Photons at E, (>B4) should always lag photons at By by an amount

ac = to " tm = Mg 1n(§2/8') . (6)
This equation is independent of the soft photon energy but is a function of
the electron temperature. It is possible to measure At,, using the
cross-correlation function, for the entire data stream, not just during the
rising portion of an event. Using tp = 60 sec and A = .6 one redicts Atm =
30 and 17 sec for the < 6 keV vs > 6 keV and MED vs HED 3 data respectively.
Recall from the observations in Section III that the measured times were -4 t
10 sec and 6 + 3 sec, respectively. Both of these values of the lag time are
consistent with the observed lag time being 1/3 or less of the predicted
valﬁe. One possibility is that tp is smaller than our estimate of 60 sec (see
below). Another point is that we are using rather broad energy windows which
will "smear” the effect. Until we obtain more photons, allowing a smaller
energy window, we cannot make any strong statements. However, the fact that
the observed MED vs HED3 delay is in the right direction is encouraging.

Both Payne (1980) and Lightman and Rybicki (1979) predict large (and so
far unobserved) spectral changes during an intensity fluctuation. We note a
few reasons why we might not see such changes. First, Lightman and Rybicki
suggested that one may identify the observed time for variability with the
timescale for a change in the soft photon flux rather than tp. Equation (27)

of Lightman and Rybicki is then applicable. This equation predicts ng >4 x

14
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1012 cn™? which would result in ty < 13 sec, consistent with our upper
limit. However, if we use the determination of Atm = 6 £ 3 seconds and apply
Bquation 6 we find tR " 22 ¢ 11 seconds. Secondly, it is possible that the
output spectrum calculated by Payne (1980) and Lightman and Rybicki (1979) is
incorrect becasue they have not calculated a truly self-consistent model.
Therefore, we cannot at present use our observations to critically constrain
such models. PFinally, it is possible that unsaturated Comptonization is not
the correct model.
C. Source Lifetime

We can set an upper lirmit for the object's lifetine at its current
luminosity by requiring that it cannot have accreted more material than its
prese.t mass at an assumed constant accretion rate. If we assume a 108
conversion efficiency of matter into radiation, congistent with some of the
theoretical discussions of accretion onto a black hole (see wees 1979 for
discussion of the energetics of accretion onto black holes and gee Thorne 1974
for a discussion of possible values of the efficiency), the accretion rate for
NGC 6814 must be > .002 Mblyr to account for the observed luminosity. This

gives a lifetime

106 M

—— = 8
7062 M_/yr 5 x 107 yrs

LA
which is considerably shorter than the Hubble time:. We cannot rule out the
poasibility that M > 5 x 106 M, and that the efficiency is near 30V (Thorne
1978), in which case the source could have maintained its present luminosity
for a Hubble time. If the 108 efficiency assumption is correct, one must
consider alternate rcenarios. Possibilities are that the object has a duty

cycle of ‘L/tuuhblo < +03 or that the high luminosity is a recent
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phenomenon. We note that - .02 of all galaxies with N, <=19 are active
galaxies (Huchra 1977). The value of the “on" Auty cycle is therefore
consistent with the hypothesis that all galaxies show a Seyfert-like nature
for ~ .02 of their llfotlmns.

D. Why Is NGC 6814 Different?

NGC 6814 is the only AGN in the HEAO=1 A-2 sample (Tennant et al. 1981)
to show such rapid variability. In this section we speculate on why this may
be so. For convenience we have d' .vided this section into two parts. First,
we consider whether the same emission mechanism could account for the observed
differences. Next we consider if we are observing a different emission
mechanism but a “"typical" galaxy. Throughout this section we will be using
the fact that most active galaxies are ten times more luminous than NGC
6814. However, if the observed variations are a property of luminosity only
then both NGC 4151 and Cen A should show such rapid variability but do not, at
least in the HEAO-1 data.

1. Similar Bmission Mechanism

The light curve for NGC 6814 differs from other objects in two ways,
the magnitude of the variations and the timescale involved. Let us now
consider how decreasing the amplitude of variations would affect our ability
to detect variations. For a source counting rate of S and a background rate

of B one can shiow
¢
/2
- x{a+dH Ly (7)

where T is the bin size, and k% = ¢ o.Z/oC2 > is the average ratio of source
variance to the counting statistics variance. For the case where os is

independent of time, the reduced xz is a measure of 1 + kz. Thus equation 7
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allows us to relate reduced X2 to the intrinsic source variance.

In order to minimize gystematic errors we will compare NGC 6814 with
other objects using only the counting rate from the small field of view of the
xenon detector (which has only one-fourth of the total area). NGC 6814 data
with a 300 sec bin size and total length of 2000 seconds gives x: = 10. Using
B=28.7 and S = 1.4 ct/sec we find that os/s = 368%. Other sources with
counting rates similar to NGC 6814 typically have x\z’ < 2 which implies
that oB/s < *3%. If other sources show similar variations then the amplitude
must be reduced by at least a factor of three. A factor of three can be
accounted for in a shot noise model. 1In this model one sees a superposition
of identical shots each with height h and decay time t occuring at a rate A.
In this case S « Aht and 082 « Ahzt. For the case where h and T are constant
from source-to-source we find o, /s = 1//A « 1//L. It will be possible to test
if this relation holds with our data for other sources.

L X2 test on a variable source will be indicative of variability if the
timescale for variation is greater than the bin size and less than the total
sample time. The HEAO-1 pointed observations are sensitive to all timescales
from 10s of seconds to ~ 3 hrs. To observe longer timescales one needs to use
scanning data. However, to obtain similar statistics a bin size of one to two
days is required. Therefore timescales from 3 hr to 30 hr have not been
adequately sampled. If we assume that the source variance is due to shot
noise then it is possible that the brighter sources have the same shot rate
but a longer decay time. 1In this case the more luminous sources would show
longer timescales and again os/s = 1/VL.

If rapid time variability only occurs in episodes, then our data
indicate that at any one time only one object in -~ 30 will be having an

episode. This can be tested only by watching a large number of objects in



addition to NGC 6514 for a long period of time.
2. Different Process

In this section we asgume that the X-ray emission from NGC 6814 is
due to a different physical process than for other AGN's. We further assume
that other scurces also have a component similar to that in NGC 6814 but that
for some reason it is generally not seen. Let us call the small variable
component V and the larger more constant component C. We have to assume that
the X-ray spectrum from V must be quite similar to the spectrum from C.
Additionally we note that NGC 6814 is not unusual in its X-ray or optical
properties. Thus the only obvious difference between V and C is the rapid
time variability.

Consider ways in which the V component could normally be hidden.
One possibility is that the C component is normally much more luminous. If
this case is correct then one might expect os/a a L-a. This is consistent
with the observation (Mushotzky et al. 1981) that on timescales > 12 hours the
low luminosity sources are typically more variable.

Another way that one might hide a V component is with geometry. This is
possibly supported by the fact that NGC 6814 is almost a face on object.
Heckman et al. (1978) surveyed 2t-cm emission from 23 Seyfert galaxies. Of
this sample no other active galaxy had a smaller HI line width than NGC 6814,
showing that most of the rotation is in the plane of the sky. If active
galaxies send matter and or radiation out along the rotation axis then it is
most likely that we would see it in NGC 6814. BEven if we do not see such a
"jet" directly then it might have blown a hole in the accreting gas
surrounding the central object. This would allow us to see the nucleus
directly whereas from other directions it would be obscurred by material

accreting onto the central object.
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VI. CONCLUSIONS

NGC 6814 exhibits strong X-ray variability on timescales less than 5000
seconds. The autocorrelaction function shows a characteristic time of < 100
seconds. There does not appear to be a strong spectral-temporal effect since
any change in the spectral index is less than .35 during strong intensity
variations. There is a weak indication, however, that soft photons may
systemactically lead hard photons by -~ 10 seconds.

We compare our data with various models and concliude that, unless
reacceleracion or continuous injection of particle occurs, neither the
synchrotron nor the synchrotron self-Compton processes can be the origin of
the X-ray emission. However, we do find t..at our data are consistent with the
general predictions of thermai-Compton models. We nocte that it is necessary
to observe a roughly exponential rollover in the high energy end of the X-ray
spectrum in order to confirm the validity of thermal Compton models of AGN's.

NGC 6814 appears to be unigue. In our sample of over 30 active galactic
nuclei (Tennant et al. 1981) only NGC 6814 shows rapid variabilicy. We
speculate that this might be related to its low X-ray luminosity.
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APPENDIX A -

DATA CONSISTENCY CHECKS

Since the rapid variability of NGC 6814 is so far unique we feel that a
detailed discussion of the checks that we made will be useful.
A. Instrumental Self Checks

The Goddard Space Flight Center's A-2 experiment (Rothschild et al.
1979) is a powerful tool to conduct stability studies of X-ray sources. The
instrument consists of four detectors each with two different fields of
view. Usually, three of the detectors (deck) view the source while the fourth
(offset) detector views background. During the NGC 6814 pointed observation,
each of the three deck detectors independently saw statistically the same
light curve that is shown in Figure 1, while the offset detector had a
counting rate consistent with a constant for the duration of the point.

Instrumental sta™ility is quite good and was tested during the so called
"blank sky" points. A "blank sky” point occurred whenever the A-l instrument
on HEAO~1, which looks 180° from our look axis, was pointed at a source and
there were no HEAO~1 sources (flux > 2 x 10~ ergs/cm2 sec) in our field of
view. Examining the look position from all A-1 pointings we found that 55
different observations were truly "blank sky” for a total observation time of
380 hours. We have analyzed the data from these points and report that only
once did we see a short duration rate increase in more than one detector.
This event turned out to be time coincident with a solar flare. At no time
did we see a short duration rate decrease.

The rates during the “blank sky" points were analyzed with our standard
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data selection flags. At no time 4id we see a clear indication of
contamination due to particle events. Therefore, we conclude that the net
contribution due to particle contamination of the background subtracted
counting rate is usually less than 0.1 count/sec in each detector.

The "blank sky” points also showed that the background can differ by 4%
from one point on the sky to another. Changing the background flux by 4%
changes the average NGC 6814 flux by ~ 20% but does not significantly affect
the shape of the light curve.
B. Source ID

Ariel-S was first to repcrt an X-ray source at the position of NGC 6814
(Elvis et al. 1978). Their identification was uncertain since their error box
also allowed the globular cluster PAL 11, which lies about 2° away, to be the
X-ray source. ‘he HEAO-1l error box (Mushotzky et al. 1980) was aligned in
such a way that it is unlikely that the cluster is the X-ray source. For the
pointed observation we can rule out the cluster with 1008 certainty since it
was never in our small (3° x 1.5°) field of view. For a picture of the two
error boxes gsee Mushotzky et al. (1980).

The Einstein Observatory observed the source with both the HRI and the
IPC (Tananbaum 1980). The HRI showed a point source within 5" of the visible
light nucleus which confirms that the galaxy is an X-ray source. The IPC
showed no other sources with a flux greater than one-tenth the NGC 6814 flux
in the 30' fiuld of view (M. Elvis 198l). 1In addition, the IPC detected
strong variability with a timescale of a few hours. Faster variations could
not be detected since the count rate was only 0.07 ct/sec. We expect the IPC
to detect a lower flux than HEAO-l since it has a gmaller area and it looks in
a lower energy band which is affected by the low energy absorption seen in

NGC 6814. We have converted the IPC counting rate into a spectral



normalisation by assuming a spectrum and using the tables in Giacconi et al.
(1979). wWe find that 0.07 IPC counts/sec correspond to & norm of 4.7, 2.2 and
9.4 photons/cm? ksec kev for spectra with [ = 1.75, Ny = 5.0; T = 1.50, Ny =
2.9; ' = 2.0, Ny @ 7.9 respectively where Ny has units of 1022 atono/cnz. The
three spectra represent the best fit, lower and upper 908 confidence range
found by Mushotzky et al. (1980). The norm found by Mughotzky et al. for the
total observation using the best fit values was 19 which is a factor 4 greater
than the IPC norm assuming the same spectrum. However, if one compares the
range of possible norms found for the IPC with the numbers in Tables III and
IV we find that they do overlap. Thus the low IPC flux is not inconsistent
with NGC 6814 being the X-ray source.
C. Aspect

HEAO-1 was designed as a scanning experiment and this has meant that the
aspect solutions during a point are not as accurate as obtained during sczan.
The HEAO~1, A-3 experimenters generate their own aspect solutions and have
kindly provided some information to us. By comparing the two aspect solutions
we find that the A-2 solution can drift up to 0.3° at the end of 6 hrs. Often
the solution is much better. By looking at strong constant sources we have
found that errors in the GSFC provided aspect solution can introduce an
apparent 10% variation in source intensity. We find that it ia relatively easy
to identify aspect problems since the area corrected rate is inversely
proportional to the effective area. Thus although we can identify aspect
errors we still cannot make any strong statements about source gtability below
the 10% level.

For the NGC 6814 observation we have compared the observed flux with the
effective area and see no correlation. We note that many of the variations

are seen in the raw counting rate. Further we have conducted the stronger




test of comparing the counting rate with look position. If the aspeoct is in
error or a oconfusing source is inside the detector beam one would expect to
see a similay flux whenever the spacecraft is looking at a similar positic  in
the sky. We sees no correlation between look position and counting rate.
During the rapid rate decreases in orbits one and three the spacecraft look
position was moving slowly through a region it had bsen looking at for more

than 1/2 the orbit.
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APPENDIX B
NONPERIODIC SIGNAL ANALYSIS

In this appendix we will present some details of the methods used to
analyze the NGC f814 light curve. We feel that such a presentation of this is
needed for several reasons. Pirst, there are several definitions of the
autocorrelation function (ACF) and several ways one can use the function. We
discuss our choice an’ reasons. Further, application of the ACF to real data
requires consideration of the effects of the data gaps, finite data trains and
photon counting statistics. Finally, it is not trivial to compute the
uncertainties in the d:rived results. This is due to the fact that the data
are correlated and th.s straight propagation of statistical errors can grossly
underestimate the errors involved. PFor NGC 6814 we found that the dominant
source of error arose from the finite observation length. Therefore we spend
the most time discussing errors from this source.

Given a binned set of observations Y; with statistical errors o, we

i
compute the ACF from

p(u) = ;(n)/r(O)

where

(Y, =¥ (Y, =Y
1 u i i+u
riw) =% ¥ Bl
N i CRCH

where Y is the weighteé mean and u is the lag time measured in bins. Jenkins
and Watts (pl72f) show that using 1/N instead of 1/(N~-u) in the definition of
r(u) introduces a dias into the estimator of the ACPF for large u, but the

biased estimator has lower mean square error. Bquation 81 shows that the



weighted ACF is directly related to reduoed x'. Thus x. should differ from
1.0 by many sigma in order to determine a statistically significant ACF. This
beocomes apparent as one goes to smaller bin sizes since the statistical errors
dominate and so x: becomes less significant. We have found that for practical
purposes the minimum bin size occurs when xt differs from 1.0 by ~ S sigma
whery, sigaa is given by /(2/N). For smaller bin sizes noise dominates the
ACPF.

We now consider data gaps, which can be of two types, short (a few
minutes) or long ( ~ 1/2 hour). Short gaps have relatively little affect on
the ACF, which means that any reasonable method of gap filling should work. We
gap f£ill by replacing the missing data with the average. This method will not
introduce any false peaks into the ACF, since the ACF is only sensitive to
deviations from the average.

The long gaps present a somewhat different problem. One could again gap
£i11 with the average but this is equivalent to assuming that the entire data
strean is a sample of a stationary stochastic process. We are uncertain
whether this is a reasonable assumption. In particular, the large change in
the average flux from orbit-to-orbit will increase the short ‘erm
correlations. If we assume that we are dealing with a stochastic process
superimposed on top of a time varying mean, then we can detrend the data to
concentrate on the short term variations. We "detrend” by subtracting the
orbital mesan from each orbit's worth of data. Another method to treat large
gaps is to simply not cross the gap. 'rr':u means that one computes the ACF for
only one orbit at a time. We prefer this method since it allows comparisons to
be made between different observations.

The dominant source of error in the timescales reported here is due to

the finite length of the data stream. Crudely put, to measure a



26

timescale T one needs an observation with a length of many (~ 10) . To
estimate the error introduced by the finite data length we have generated
simulated data streams using & fi:>* order autoragressive process (see Jenkins

and Watts 1968). Por a first order process a data point y(I) is generated by
y(I) = ay(1=-1) + 2 B2

where |a|] < 1 and 2 ig a random number with mean <Z> and variance, var(Z).

The mean and variance for the y's are given by

<2>
1=a

var(y) = var(z)

1-02

<y -
B3

The ACP for the first order process is an exponential with decay
time t = =1.0/1n(a). Since the ACPF is independent of the various moments of
the data, the errors in the timescale will also be independent of the
moments. The autoregressive process is useful since it is easy to compute and
allows one to separate sasily the timescale parameter a from the various
moments. The shot noise model also allows this separation.

The maximum likelihood estimate for a !s p(1) (Jenkins and Watts
1968). Althouch one feels that it is possible to obtain a better result by
using more than one point, numerical tests have shown that the best estimte

is p(1) alone. It is possible to estimate the uncertainty in p(1) from

ol s 1 oA B4
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(Box and Jenkins 1976) where L is the number of points in the longest,
continuous data segment. We numerically tested the estimate for ¢ for various
L's and with a = .9 and believe the estimate is quite good for L > 100. To
allow for photon counting noise, which is not congidered above, and any other
systemati~ effects the errors reported are 50% larger tnan the value given by
B4. It is po: ‘ble for p(1) +1.50 to exceed unity. This tells us that the
timescale could be as long as the obsevation, which is reported as +# in Table
II.

For any finite observation of a varying signal, the ACF must show
periods of negative correlations. We can estimate the lag time t, when the

ACF crosses zero by finding the time when p(t) equals 1.5¢. This gives
t, > (1/2) 1n(28/3(1-p(1) ) BS

For orbits one and two, N ~ 200 and T ~ 100 sec, equation B5 predicts tz = 330
sec. The observed time for both orbits was 250 secs. This shows only that
the zero crossing time is closely related to the obgervation length.

Finally, Weisskopf et al. (1975) pointed out that photon counting noise
affects the normalization of the ACF for non-zero lags. Their procedure for
generating the correct autocorrelation function pc(u) was to multiply by a
correction factor P(u); i.e., p,(u) = F(u) p(u). The function that we used

has two values given by

1 v for u=0
F(u) = 2 B6
-5-1——- ¢ for u#®0,
X =N

vwhere xz is the standard chi~-square computed assuming the N data points have a

constant mean. For NGC 6814, F was typically in the range 1.5 to 2.5.



£ u: T

Correcting for photon noise means that the best estimate for t is no

longer p(l). To be consistent we determined t by making a least squares fit
to 1n(p(u)) for lags in the range 0 to t. This procedure is only slightly
affected by data binning and for the most-part gave estimates of T consistent
with p(l).

The spectral cross-correlation function CC(u) is based on equation Bl
but now using two different sets of Y values. The cross-correlation lag time
t is given by the ratio

CC(l)/CC(=1) = exp(2t/t) (B?)
if t is less than the bin size. Notice that the ratio CC(1l)/CC(-1l) does not
need to be corrected for photon noise and also is independent of a bias (to
first order). To allow for the smaller expected error we apply equation B4
with L replaced by N, the total number of data points used in computing the
cross-correlation function. We use B4 to estimate the percentage error in
p(l) and arque that the error in the ratio is twice the percentage error in
p(l). Since the ratio is independent of the bin size we used rather farge

bins to minimize Poisson errors.



ORB1IT

MEAN FLUX

cts/cm2 ksec

5.6

4.8

2.5

2.9

TABLE 1

NGC 6814

(82 sec bins)

279.6

67.9

77.2

12.3

35.9
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ORBITS USED

1=5

TABLE 2

AUTOCORRELATION FUNCTION

No

No

No

Yes
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RESULTS

TIMESCALE (SEC)

854'60

230_‘30

248_1'0

+59
101_26



ORBIT A
1 20.4
2 7.2
3 7.7
4 5.7
S 6.0

TABLE

NGC 6814 SPECTRAL FITS

+.23
1.67_ 54

+.46
1.68_.35

+.23
1.35_]

+.51
1.55_.07

+.52
1.58-0‘0

N, (xlozz)

+

2
5.4- v2

N W

+3.8
2.5-205

+2.5
2.5-203

+3.6

+3.8
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1.5

4.8

14.0

7.7

5.3



ORBIT

TABLE 4

NGC 6814 SPECTRAL FITS

(ABSORPTION FIXED AT 4.3 x 1022)

16.5

11.2

11.1

18.9

20.4
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FIGURE CAPTIONS

Figure 1 - The X-ray flux from NGC 6814 as a function of time for the first
three spacecraf* orbits. Data from both MED and HED3 were added together to
construct this curve, giving an effective bandwidth of 3-20 keV. The bin size

is 83 gec. 2ero corresponds to April 28.00 (UT), 1978.

Figure 2 - a. Enlarged section of the NGC 6814 light curve plotted in Fig.
1. Time of zero seconds corresponds to 24 minutes in Fig. 1. For this figure
the bin size was 20.48 sec. The data point at t = 500 sec occurred during a

data drop out and so does not exist.

b. The hardness ratios defined as > 6 keV flux Adivided by the <
6 keV flux in HED 3 during the event shown in Fig. 2a. The hardness ratio was
computed every 82 sec. The values of I' for a given hardness ratio are
indicated as straight lines labeled by the value of T.

c. The counting rate for HED 1 during the event shown in Fig.
2a. The HED 1 field was offset by 6° from MED and HED 3 and so was monitoring
the background. For the data shown xz was 42.06 for 42 degrees of freedom.
Figure 3 - a. The ACP function for orbits 1-5.

b. The natural logarithm of the ACF shown in 3la.

¢c. The “detrended” ACF for orbits 1-S.
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4. The natural logarithm of 3a.

Figure 4 - The photon index computed for each orbit is plotted as a function
of the average flux during that orbit. We have fixed the absorption at Ny =
4.3 x 1022 atoms in the line of sight. The point near 9 x 10-11 erg/elz
occurred during orbit 3 where the spectral fit was unacoeptable. Thus the one

sigma error shown may be underestimated.

Figure 5 - The average hard flux is plotted whenever the soft flux was
within a certain range. The line labeled I' = 1.75 is the best fit line to the
data. The fact that the line does not go through the origin indicates that
the background subtracted.was slightly in error. If the shape of the spectrum

is constant: during an intensity change then the data should lie along a line.
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