2 VNRAS. Z60L . 5577

K]

Mon. Not. R. Astron. Soc. 269, L55-L60 (1994)

Physical processes in the X-ray/gamma-ray source of IC 4329A

A. A. Zdziarski,'* A. C. Fabian,2 K. Nandra,? A. Celotti,2 M. J. Rees,? C. Done,’

P.S. Coppi* and G. M. Madejski’

' N. Copernicus Astronomical Center, Bartycka 18, 00- 716 Warsaw, Poland

2 Institute of Astronomy, Madingley Road, Cambridge CB3 O0HA
3 Physics Department, Leicester University, Leicester LE1 7RH

4 Department of Astronomy and Astrophysics, University of Chicago, 5640 Ellis Avenue, Chicago, IL 60637, USA
s Laboratory for High Energy Astrophysics, NASA|Goddard Space Flight Center, Greenbelt, MD 20771, USA

Accepted 1994 June 16. Received 1994 May 17

ABSTRACT

Theoretical implications of the recent simultanecous ROSAT/OSSE observation of
the Seyfert 1 IC 4329A are discussed. We find that either thermal or non-thermal
Comptonization models can fit the data. Thermal models require optically thin
plasma and mildly relativistic electrons. Non-thermal models require most of the
injected power to be at low values of the electron Lorentz factor. Both models predict
a spectral cut-off at energies below ~1 MeV, which agrees with broad-band data
including non-simultaneous Ginga spectra that match the ROSAT 2-keV flux. Also,
Compton reflection corresponding to cold matter covering a solid angle of 2 is
required, and partial covering is ruled out. :

Since the spectrum of IC 4329A is typical of Seyfert 1s, their contribution to the
cosmic hard X-ray background can be estimated: without cosmological evolution, it is
30 per cent at 3 keV. As the peak of the vF, spectrum of IC 4329A is much broader
than that of the hard X-ray background, however, Seyfert 1s cannot account for the
X-ray background spectrum without spectral evolution.

Key words: galaxies: individual: IC 4329A - galaxies: Seyfert - diffuse radiation -

X-rays: galaxies.

1 INTRODUCTION

In this paper, we discuss theoretical implications of the
simultaneous observation of the Seyfert 1 IC4329A by
ROSAT and OSSE aboard the GRO (Madejski et al. 1994,
hereafter M94). The data given in M94 are well fitted by an
intrinsic power law with an exponential cut-off, external
absorption and a Compton reflection component [using the
angle-averaged formula of Lightman & White (1988) and
White, Lightman & Zdziarski (1988)]. The best-fitting para-
meters are a power-law energy index of a =0.87%32}, a cut-
off energy of E.=220*, keV, and a (poorly constrained)
relative normalization of the reflected component (f;) of
about unity (model A in M94). An exponential cut-off is not
required by the ROSAT/OSSE data; only the upper limit
from EGRET on the GRO implies that E- < 300 MeV. The
model with E.=300 MeV has a=1.07 and f,=2.

* E-mail: aaz@camk.edu.pl
+Universities Space Research Association.

The spectral constraints become much tighter with the
inclusion of archival Ginga data. Although these are not
simultaneous, they match the flux measured by ROSAT at 2
keV. The best fits to two sets of Ginga observations give
092<a<1, 250<E-<1700 keV, and 09<f <14
(models B and C in M94). As the X-ray spectral shape in
IC 4329A is fairly constant (Fiore et al. 1992), these para-
meters indeed give a plausible broad-band spectrum of the
active galactic nucleus (AGN). Furthermore, M94 find that
the OSSE spectrum also remains constant with time, which
allows them to use the spectrum from the sum of this and two
previous OSSE observations. This reduces the allowed range
of E to between 240 and 900 keV. We note that this value of
E. is much larger than that seen in the brightest Seyfert,
NGC4151 (Maisack et al. 1993; Zdziarski, Lightman &
Maciotek-Niedzwiecki 1993).

The X-ray/y-ray spectrum of IC4329A is very typical for
Seyfert 1s. Its intrinsic X-ray spectral index is consistent with
the average one for Seyferts, a=0.95+0.05 (Pounds et al.
1990; Nandra & Pounds 1994, hereafter NP94), and the
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relative normalization of the reflection component is close to
the average Seyfert value (f,= 1.0 £ 0.2, NP94; note that we
have multiplied their normalization, corresponding to the
face-on reflection spectrum, by 1.33 in order to get f, for the
angle-averaged reflection spectrum,; see Ghisellini, Haardt &
Matt 1994). The y-ray spectral index in the OSSE range
(50-200 keV), a =1.6 + 0.2, is again very similar to the aver-
age index for Seyferts observed by OSSE, a=1.4+0.25
(Johnson et al. 1994). Thus, unlike NGC 4151, conclusions
regarding the nature of the X-ray/y-ray source in IC 4329A
are likely to be applicable to Seyfert 1s as a class. In parti-
cular, the contribution of Seyfert 1s to the cosmic X-ray
background (hereafter XRB) can be re-evaluated using the
spectrum of IC 4329A.

2 MODELS OF THE X-RAY/y-RAY SOURCE
2.1 Thermal Compton scattering

Optically thin thermal Compton scattering spectra are well
represented by power laws with exponential cut-offs (e.g.
Zdziarski 1986). This spectral form was in fact used to fit the
data (section 1, M94). An intrinsic spectrum with a=0.95
and E-=400 keV (within the confidence regions of models
D and E in M94) is almost identical to the thermal Comp-
tonization spectrum (obtained using the Monte Carlo
method of Gérecki & Wilczewski 1984) from a slab irradi-
ated from below by UV photons with k7=256 keV
(Ec=1.6kT)and 7=0.09, as shown in Fig. 1. The scattering
plasma has to be optically thin in general, since the allowed
range of a=1 and E (>110 keV, using the ROSAT/OSSE
data only: M94) implies 750.5 [see equations (1) and (2)
below]. Compton scattering in optically thick plasmas
(Sunyaev & Titarchuk 1980) is ruled out. :

Quantitatively, for optically thin plasmas we have

o= —InP (1)
In(1+40+1602)

(Zdziarski 1985, hereafter Z85; Pozdnyakov, Sobol’ &
Sunyaev 1977), where © = kT/m,c?, m, being the electron
rest mass, and P is the average scattering probability, which
for a uniform slab is

_i.exp(=7)(l_ ) 1z
P ]_+ 2 (‘[ 1 2'[+2E](t)

1-1/(27), >1, @)

where E, is the exponential integral (Press et al. 1992).
Equations (1) and (2) fit Monte Carlo results well for any T,
for r<afew.

Furthermore, Monte Carlo simulations show that spectra
for ®2 1 (which correspond to 750.02 and Ec2 800 keV)
are very bumpy, with distinct individual scattering profiles
(see e.g. Haardt & Maraschi 1993, hereafter HM93). Since
the intrinsic X-ray power law in IC4329A is smooth,
E:=800 keV is required, which approximately agrees with
the fitted maximum Ec (models D and E of M94) (unless a
spatial distribution of plasma parameters is fine-tuned to give
asmooth a =1 power law over the 1-30 keV range).

The parameters for the thermal Comptonization model in
Fig. 1 are consistent with the disc-corona model of HM93
with most of the accretion power released in the corona. This
is because, in our Monte Carlo model, the seed photon
power equals almost exactly the power in the photons scat-
tered back towards the slab (crosses in Fig. 1) and thermal-
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Figure 1. An optically thin thermal Comptonization model for the intrinsic spectrum of IC4329A. Blackbody photons (dashed curve;
kT, =10 eV) emitted by a disc are Compton-upscattered in a thermal corona with kT=256 keV and 7=0.09. Circles and crosses give the
spectra of photons emitted away from and of photons scattered back to the disc, respectively. The powers in those spectra are 1.0 and 1.25,
respectively, of the power in the seed photons. Note that the total emitted spectrum also includes unscattered blackbody photons (not shown
here). The solid curve, which gives the intrinsic spectrum of IC 4329A [xE'~exp(—E/Ec), a=0.95, Ec=400 keV], approximates well the
emitted spectrum. As ~ 80 per cent of the power in photons scattered back to the disc is absorbed and thermalized (~20 per cent is reflected

by the cold disc, the component of which is not shown here), all the blackbody emission is due to the absorbed power and very little internal
dissipation in the disc is allowed. Thus, this model fits well the dissipative corona-disc scenario of HM93,
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ized. This then implies that all the disc thermal emission is
due to reprocessing of the hard X-ray flux, and that the
intrinsic, thermal viscous stress emission from the disc is
negligible. Models with E-<400 keV require larger values
of 7 in order to produce the observed a. For the same inci-
dent blackbody flux, the scattered spectrum (which starts at a
point a factor of ~ 7 below the peak flux of the blackbody) is
then higher in normalization. Thus this model predicts rather
more reprocessed blackbody flux than for E-=400 keV, and
so is not consistent with the disc-corona model. This prob-
lem can be circumvented, however, if a fraction of the repro-
cessed photons do not return to the hot scattering cloud
(which can be achieved if the hot cloud is at some height
above the disc). On the other hand, models with E.2 400
keV allow for some dissipation taking place in the disc.

Is the X-ray/y-ray source made of electrons or of pairs?
As the plasma is optically thin, the answer depends sensi-
tively on the pair escape rate (Z85). In the absence of that

process, the ‘standard’ pair equilibrium (e.g. Svensson 1984)"

applies, with the pair production rate (dominated by
photon-photon interactions) balanced by pair annihilation in
the hot cloud. The plasma is pair-dominated for the maxi-
mum allowed (local) compactness, £, ~ 20 for E-=400 keV,
which decreases (increases) quickly with increasing (decreas-
ing) Ec (see fig. 3b of HM93). The annihilation feature is,
however, broad and not distinguishable from the continuum
(Zdziarski 1986). For ¢, much lower than the maximum
4(E¢), the plasma is e -dominated. Furthermore, in the
corona geometry we have to distinguish the local com-
pactness, i.e. that corresponding to the luminosity L pro-
duced locally in a volume with size equal to the corona
scaleheight H, from the global compactness, ¢=
Loy/(Rm,c3)=(3R/H)¢,, where R is the corona radius
(Bjornsson & Svensson 1991) and o is the Thomson cross-
section. In gas-pressure-dominated e~ coronae, H/R=
0.03r%2, where r= R/Rg (Svensson & Zdziarski 1994), and
thus £=100r"12¢,. (R is the Schwarzschild radius.) From
the observed iron linewidth, »<50 (Done, in preparation),
and thus the corona would be e “-dominated for £ < 300 (at
Ec=400keV).

However, pair escape can cause the corona to be e “-domi-
nated even at much larger £. Pairs can diffuse to the disc with
an effective pair velocity B and annihilate there or be blown
away by the radiation pressure. (Note that an annihilation
line from escaping pairs is negligibly weak, with the local
compactness in the annihilation photons of <p7<1.) The
ratio of this process to the coronal annihilation is ~208/7~
2008 (at ©®=0.5: Z85). The compactness at which the
corona can be pair-dominated increases then by the same
factor, and the condition for the e "-domination in the para-
graph above becomes £<K6Xx10%B. Since ¢<10° is
expected in sub-Eddington accretion sources (Svensson
1987, hereafter S87), any 82 0.02 (i.e. even much below the
sound speed) would cause the corona to be e “-dominated. In
conclusion, the corona in IC 4329A is likely to consist of
electrons unless pair escape to both the disc and the exterior
is strongly suppressed.

2.2 Non-thermal plasmas

As discussed in Section 1, a spectral break in the intrinsic
(power law) spectrum is not required if one takes into
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account only the simultaneous ROSAT/OSSE data. A single
power-law spectrum extending to y-rays can be naturally
produced by non-thermal power-law electrons with a power-
law index of p=2a + 1= 3 (e.g. Blumenthal & Gould 1970).
The power-law electrons can scatter, for example, UV
photons emitted by an accretion disc. If this is the case, the
power-law distribution has to continue down to Lorentz
factors y ~ 3, for the upscattering of the UV photons (with
characteristic energy of ~ 50 eV or so) to form a power law
with a=1 above 0.7 keV, as required by the data (M94).
Also, the compactness of the non-thermal source has to be
low, £, S 1, for pair production not to modify the power-law
spectrum (e.g. S87; Lightman & Zdziarski 1987). In this
limit, pair absorption cuts off the spectrum above E.~ 150
MeV/¢ (S87).

The compactness in accreting black hole sources, how-
ever, is likely to be =1 (S87), and then the pair production
effects dominate. The energetic electrons cool before they
can escape, so their distribution is described by the conti-
nuity equation where the injected spectrum is balanced
against Compton cooling. For injected distributions of the
form y =%, s<1 gives p=2, while, for s= 1, p=s+1. ‘Stand-
ard’ non-thermal pair models use monoenergetic injection of
pairs or electrons, which Compton-cool on the UV photons
to produce a power-law particle distribution of p=2 (e.g.
S87). Thus for ¢,,<1 the spectrum has a=0.5. An
increase of ¢, increases the amount of pair reprocessing if
y-rays are produced, i.e. for large particle Lorentz factors.
This increases the spectral index to a ~ 1, but also increases
the number of cooled pairs in the source. This gives rise to a
pair annihilation line containing about 10 per cent (the pair
yield) of the injected power. Downscattering of the line
superimposed on the non-thermal emission and the reflec-
tion component causes the spectrum above ~200 keV to be
above the observational upper limits. The best monoener-
getic injection pair model by Lightman & Zdziarski (1987,
fitted to the same data set as in model D of M94) has
£.»,=70 with injection at y;=6000*1300, a compactness
corresponding to the seed blackbody photons (at kT, =10
eV), 4,,=600, and a reflection normalization f,=1.0. The
model yields Ay2=25 with respect to the best-fitting thermal
model (D in M94); this increase is due mostly to the photon
flux in the 180-360 keV range being 40 above the OSSE
sensitivity. The fit can be only slightly improved if one allows
for pair escape (either diffusion to the disc or pair wind, see
Section 2.1), since this gives fewer cooled pairs and a weaker
annihilation feature. For the effective escape velocity §=0.3,
Ayx?=17, which still allows us to rule out the monoenergetic
injection non-thermal model.

On the other hand, non-thermal models with substantial
power supplied to the source at moderately relativistic
energies have lower pair yield and can fit the data. One
example is a model with a steep power-law injection (which
gives a steep intrinsic spectrum, producing fewer secondary
pairs). The best-fitting model (Lightman & Zdziarski 1987;
fitted to the same data set as in model E of M94) is shown in
Fig. 2. It yields the same x? as the best-fitting thermal model.
Still, the model predicts the photon flux in the 180-360 keV
range at 2.8 above the OSSE sensitivity. Since this sensi-
tivity can be increased by increasing the detection time, this
model can be tested in the near future.

As noted by, for example, Ghisellini, Haardt & Fabian
(1993), electron injection at y; S5 gives rise to spectra
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Figure 2. A fit of a non-thermal model with e* pair production and
a power-law pair injection to the broad-band spectrum of IC 4329A
(from ROSAT, Ginga and OSSE; the upper limits are 20). The
dashed curve gives the non-thermal pair emission alone, and the
solid curve is the sum of the pair emission and a Compton reflection
component (with an iron Ka line). The parameters are s=2.8,
Lo =70, Vanin =5, Ymax = 10° (fixed), £, =30 and f, = 1.50.

extending only slightly above the threshold for pair produc-
tion, which results in very few pairs. The spectra in this
model are from repeated Compton scattering by non-ther-
mal electrons, and are very similar to those from thermal
Compton scattering. We have tested this model using the
code by Coppi (1992), and have obtained a good fit (a =1
and a strong cut-off above ~ 300 keV ) for £,, =70, £,, =20,
and monoenergetic electron injection at y, = 3.5.

2.3 The presence and state of the reflecting medium

Can the spectrum of IC 4329A be explained by partial
covering rather than by reflection? The continuum spectral
signature of reflection is quite similar to that of partial cover-
ing by a substantial column density (~102* cm~2) of cold
material (Piro, Yamauchi & Matsuoka 1990). The absorbed
spectrum only contributes above ~ 10 keV, so the sum of it
and the direct component produces a high-energy excess.
Note that this is very different from the partial covering con-
sidered by M94, in which a much lower N;; (~5Xx102!
cm™2) was used to account for the observed excess below 0.7
keV. However, partial covering, unlike reflection, has the
same shape at high energies as the incident spectrum, so a
break at an energy lower than in the reflection model is
required, as reflection no longer contributes to the steepen-
ing in the OSSE band. An incident power-law spectrum
without a break or cut-off is now ruled out at higher signifi-
cance than in the case of reflection [y?=172/127 degrees of
freedom (d.o.f.), fitted to the data as in model D of M94]. The
intrinsic steepening in the ROSAT/Ginga/OSSE data can be
modelled either by an exponential cut-off power-law spec-
trum (0=0.85+0.03, E.=170%$3 keV, Ny=(2410.7)x
10%* cm~2 and covering fraction 0.29 +0.05; y2=105/124
d.of) or by a broken power law (a;=0.88+0.02, a,=
27103, Epe=55+19 keV;, x2=109/123 d.of) with
similar partial covering parameters.

It is difficult, however, to reproduce the observed line
emission from such models. For the fitted partial covering,
the line equivalent width would be only ~30 eV (Inoue
1989), whereas the observed equivalent width is about 110

eV (M94), which agrees with the reflection model (George &
Fabian 1991). External sources of the line may be important
(Ghisellini et al. 1994) but, in that case, a line much narrower
than observed (o, ~ 0.5 keV: Done, in preparation) would be
produced. Thus we can rule out partial covering as a model
for the overall X-ray/y-ray spectrum.

The reflecting medium is likely to be partially ionized by
the incident photons. We have fitted ionized reflection
spectra (Done et al. 1992) to the ROSAT/Ginga spectra, and
found that £ =L/n,R?< 50, where L is defined as the total
ionizing luminosity between 5 eV and 300 keV, and n, is the
electron number density. Over the more usual bandpass of
13.6 eV-13.6 keV, this corresponds to & < 30, where iron is
less ionized than Fe xv. This is rather less than the ionization
required to produce the observed soft X-ray excesses in
some Seyferts from reflection alone (Czerny & Zycki 1994).

3 CONTRIBUTION TO THE X-RAY/y-RAY
BACKGROUND

As discussed in Section 1, the spectrum of IC 4329A is typi-
cal of Seyfert 1s. We thus use it to estimate the contribution
of Seyfert 1s to the XRB. The volume emissivity at z=0
from local sources is estimated to be ~10% hergs™! Mpc ™3
[h=H,/(100 km s~! Mpc~!)] in the 2-10 keV range (Lahav
et al. 1993), which is in fact the same as the estimated local
AGN emissivity, dominated by Seyferts (Piccinotti et al.
1982). The solid curve in Fig. 3 shows the contribution to the
XRB assuming the best-fitting spectrum of IC 4329A (model
D in M94) and no evolution up to z,,,=5. The Seyfert 1
contribution to the XRB is then about 30 per cent at 3 keV
and 18 per cent at 340 keV.

On the other hand, Seyfert 1s may undergo evolution of
the comoving volume emissivity. We find it has to be slower
than (1+2)#, B=1.6 (with no spectral evolution and a cos-
mological density parameter Q,= 0), as the case with f=1.6
already produces most of the 2-keV XRB (dotted curve in
Fig. 3). The integrated Seyfert 1 spectrum, however, peaks at
too low an energy (20 keV) and is much too soft at low
energies to explain the XRB peak at 30 keV. This is just a
manifestation of the well-known spectral paradox (Boldt
1987) of the striking difference between the spectra of the
XRB and of observed AGNs. To reproduce the hard XRB,
either suitable spectral evolution or a new class of source is
required.

It turns out that the contribution of Seyfert 1s to the back-
ground cannot constrain the exponential cut-off energy in the
spectra of individual Seyfert 1s. The dashed curve in Fig. 3
shows the source model with & =1.07 and a high E.=300
MeV (see Section 1), and without evolution. We see that this
contribution is entirely within the measured y-ray back-
ground. This conclusion differs from that of Rothschild et al.
(1983), who required a break in the Seyfert 1 spectrum based
on the contribution to the y-ray background. The difference
is due to their average Seyfert 1 spectrum having a=0.7,
whereas Ginga showed the intrinsic Seyfert 1 power-law
index tobe a =1 (NP94).

4 CONCLUSIONS

The simplest description of the spectrum of IC 4329A is in
terms of thermal Comptonization. In this model, the scatter-
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Figure 3. The possible contributions of Seyfert 1 galaxies with IC 4329Aclike spectra to the cosmic X-ray/y-ray background. The 0.5-2 keV
error contour gives the preliminary ROSAT results (Hasinger 1992); circles are a compilation of best results from various experiments by
Gruber (1992); the hatched region is the systematic error contour for the Apollo results, with the middle dot-dashed curve being the best
estimate of the spectrum (Trombka et al. 1977); and the 35-100 MeV error contour is from Fichtel, Simpson & Thompson (1978). The models
are for Q,=0, and the 2-10 keV local emissivity of 10% & erg s™' Mpc~>. The solid and dashed curves give the case without evolution for
Zoax=>5 and for (@ =0.93, Ec =320 keV, f,=1.04) and (a =107, Ec =300 MeV, f,=2) (M94), respectively. The dotted curve corresponds to
the fastest allowed evolution (8= 1.6, z,,,, = 4) for the model with E- =320 keV.

ing medium has to be optically thin, with the Thomson opti-
cal depth 0.02s7<0.5, and mildly relativistic,
100 kT<500 keV. Optically thick Comptonization
(Sunyaev & Titarchuk 1980) is ruled out. The best-fitting
parameters, 7=0.1 and kT=250 keV, fit well the dissipative
disc-corona model of HM93. The plasma in the corona is
probably electron-dominated.

The spectrum can also be fitted by non-thermal models,
with either power-law electron injection extending to y <10
(and pair production), or monoenergetic injection at y;~ 3,
for which very few pairs are produced. Non-thermal pair
models with monoenergetic injection (at y;>>10) and pair
production are ruled out, as they strongly over-predict the
flux above 180 keV. This excess flux is partly due to Comp-
ton downscattering of the annihilation line.

Both classes of models require a substantial contribution
from Compton reflection, and partial covering by optically
thick matter is ruled out. The high-energy tail of reflection is
important in the OSSE range, resulting in the incident spec-
trum being harder than the observed one. Therefore the
break energy in the incident spectrum is at a much larger
energy (~ 500 keV) than the break in the observed spectrum
(at ~30 keV). Since the spectrum of IC4329A is very typi-
cal of Seyfert 1s, this conclusion is likely to apply to the aver-
age Seyfert 1 spectrum, for which a break at ~ 50 keV was
inferred based on models without reflection (Johnson et al.
1994).

The contribution of Seyfert 1s to the hard XRB, based on
the IC4329A spectrum, is about 20-30 per cent without

evolution. The contribution fits neither the 3-10 keV slope

nor the 30-keV peak in the background. To fit the XRB,
spectral evolution or a different class of object is required.
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