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ABSTRACT

Recent Ginga observations of the Seyfert 1 galaxies NGC 4051
and MCG 6-30-15 show a positive comrelation between the 2-10
keV luminosity and photon spectral index a. Similar behavior
has also been reported in Exosat and Einstein observations of
other active galactic nuclei, and is suggested in hard X-ray
low-state data of the galactic black-hole candidate Cygrus X-1.
A two-temp e thermal Comptonization model with i 1
soft-photon production provides a simple explanaton for this
correlation. The el p d ined by a

between ion heating and radiative cooling, decreases in fesponse
to an enhancement of the soft photon flux, resulting in a
softening of the spectrum and an increase in the soft X-ray
luminosity. The bulk of the soft photons are produced through
pion production in collisions b the hot ions. Pivoting of

range of values of o and I, g observed in AGN, The model
depends on only two parameters: the Thomson depth ty of the
system, and the ion temp T;. The tion berween
X-ray spectral index and intensity is interpreted as being due t0
changes in the ion temperature, with Tr remaining constant. A
good fitto of xasaft X-ray i ity for
a number of AGN is obtained. A number of clearcut predictions
follow from this model. Most important is the appearance of a
softening in the spectrum at & ~ several hundred keV,
ding to i 1 in the el distribution.

A high energy tail at MeV energies, associated with pion
pracesses, is also expected. Also, hard X-rays variatons should
lag behind variations in the soft X-ray flux because thermal
Comptonization of soft ph from soft 10 hard energies is
ible for the formation of the X-ray spectrum.

the spectrum at photon enagies's >50keVisa g af
variations in the ion temperature. An important test of the model
would be time correlations between soft and hard X-ray bands.

Keywords: Active galacdc nuclei; X-rays: spectra and variability

L INTRODUCTION

The origin of the variable, luminous X- and y-radiation tmitted
by active galactic nuclei (AGN) and orher black-hole Sources
remains a puzzle, although Compton or Compion-synchrotron
processes seem to be required in order to sadsfy luminosity and
time-variability constraints. Any convincing model for the
high-energy emission of AGN must, however, be able o explain
a number of observational features, including the tigk: clustering
of the 2-10 kAV X-ray photon spectral index near @ = 0.7 (Ref.

1), and spectral softening at y-ray energies, which is required in
order not to conflict with the measured intensity of the
extragalactic y-ray background radiation (Ref. 2), Furthermore,
values of the 2-10 keV X-ray compactness parametee |3 0,
deduced from X-ray variability time scales, are obscrved to fall in
the range ~0.05 - 10 (Ref. 3). In recem years, evidence has also
been accumulating for another important observational
characteristic of the high-energy emission from AGN. This is the
appeafance of a positive correlation between the soft X-ray
intensity and spectral softness. This correlation has been
reponed in five Suyert 1 galaxics (Refs, 4,5,6,7), and is inferred
from Exosat data of a narrow emission line galaxy (Ref. 8).
Notably, it was not scen in Exosat observations (Ref. 9) of a
3eyfen 2 galaxy. This behavior is also apparcnt in hard X-ray
data of Cygaus X-!, suggesting an underlying connection
between the radiation mechanisms operating in solar mass and
supermassive black-hole sources.

Here, fesulls of a two-temperature thermal model (Ref. 10) are
used o explain the correlation between speciral index and
luminosity seen in the high-energy emission from black-hole
sources. This model was proposed last year to account fur the

r
Observations of these signatures would provide strong evidence
for the validicy of this madel.

1. HOT ION MODEL

We make use of model results published in Ref. 10, without
funther modification. The premise of the model is that the
high-eneigy radiation emitted from the central engine of AGN
initially resides in thermal ions with temperatures T; between ~10
and 200 MeV. If a significant fraciion of the ions' thermal
energy is < d into radiation, ion wemp in this range
are in accord with estimates that ~10% of the rest-mass energy of
the accreting maner is converted into radiant energy. Radiation
from pion production alone is 100 inefficient 10 provide this
luminosity, since ~70% of the mass energy in pions is converted
into neutrinos. If an electron plasma is present, as required by
charge neutrality, Coulomb losses trom the ions to the elecrons
€an be much more imponant than energy losses through pion
production provided that the electron plasma temperature T, <
0.5 MeV (Fig. 7, Ref. 11). if the valuc of T, is governed by the
condition of thermul bal , sleczon temperamures below ~1
MeV are exptcied from the weakness of Coulomb coupling
between ions and el Collective p could transfer
ion kinetic energy to the thermal electrons more rapidly than is
possible through Coulomb coupling. But pair production
becomes imponamt when the elecron 1emperature exceeds ~1
MeV, so that again, electron temperatures in excess of ~1 MeV
are not expected. For simplicity, collective processes are
assumed not to be important here.

The electrons in the thermal plasma can efficiently radiate their
energy through thermal bremsstrahlung, thermal cyclo-
synchrotron emission, and through thermal Comptonization of
soft photons. Cyclotron and synchrotron emission are, of
course, only imponant when a magnetic field is preseni. The
magnetic field streagth in an ion plasma is ly
very uncertain, In this model, an equipartition magnetic field is
assumed.
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Soft photons are generated not onty through bremsswrahlung and
thermal cyclo-synchrotron emission, but also through
synchrotron emission of pion-decay clectrons and posiuons
formed in collisions of the hot ions. In fact, Comptonization of
synchrotron photons radiated by pion-decay positrons becomes
the most important cooling mechanism of the thermal electrons
when T; > 20 MeV. Itmay be surprising that pion production is
so important, since the average ion energy in the distribution is
well below the threshold value for pion production (~300 MeV
kinetic energy for a proton). But the center-of-mass energy can
often exceed the pion production threshold energy in collisions
between jons in a self-interacting diswibution, since in this case
both particies are energetic.

Model results (Ref. 10) giving @ as a function l5.1q are showa in
Fig. 1. Also shown are compiled data (Ref. 373 ?t’ _10 is the
luminosity in the 2-10 keV X-ray band and R is the radius of the
emission region, assumed to be spherical, the 2-10 keV X-ray
compactness is defined by the relation

_ Lyglergs” 1/Riem)

. o)
(m.c" /o)

l24]0

where mec3/0y = 3.7x1028 erg 51 e, Lightman and Zdziarski
(Ref. 3) obuain values of 15,10 for specific AGN by relating R to
the X-ray variability time scale Al, through the expression R =
cAt,. This gives a lower limit to the compactness of the source
since R could be smaller than the size inferred from the variability
time scale. Arguments (Ref. 12) have, however, been advanced
that it is incorrect to infer the source size from an e-folding, o*
doubling, time scale. because of the 1/f character of the X-ray
emission. According to this reasoning, if one waits long enough,
the preferred criterion for variability will ultimately be met. In the
results presented below, we follow the conventional
interpretation that the minimum varability time scale gives a
measure of the source size. Better agreement with the data can be
obuined if this identification is not followed.
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Fig. 1. Mode! resulis (Ref. 10) giving the X-ray spectrai index @ as 3
funcuion of the X-ray compaciness 1.1 defined in equation (1). Solid
curves are labeled by te Thomson depth 77, and map the variation in
thea-layg c when the ion Tj varics botween
~10 and 200 MeV. The apen and filled circles mark T; = 20 and 200
MeV, respeclively. The crasses are the compded data (Ref. 3). The
tnset shows refative thermal electron energry loss rates through
bremsstrahlung (FF), thermal cyelo-synchrotron emission (TCS), and
thermal Comptomazation of syncheotion sofi-photons ndiated by
pion-decay elecaans and posirons (7). Here, 8p = Ti/ 938 MeV.

The range of calculated compactnesses shown in Fig. | generally
agrees with observed values of ly.;q. Values of @ calculated
from the hot ion model lie in the range ~0.4 - 0.9, and are also in
general agreement with observed values. Valves of @ = 0.7 are
associated with T; ~ 50 MeV, depending precisely on the value of
t1. In some cases, spectral ndices greater than unity are
observed. This may indicate that the equipartition assumption for
the magnetic field is wrong, or that an additional soft photon
sources exists. One such source may be related to the soft X-ray
excess observed in many AGN. The origin of this excess could
be froin an opticaily thick accretion disk located far from the
central source.

Fig. 1 also shows that if t7 is held constant, the X-ray specrum
softens as the ion temp i A clearer di
of this behavior can be obtained from Fig. 2, where X-ray and
soft y-ray spectra are plotied for a number of values of T; (the
hard MeV signature of pion radiation is not shown here). Note
the expcnential cutoff in the spectra, and the pivoting of the
spectra around values of a few hundred keV with changes in T;.
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Fig. 2. Thernmal Compionization specira are shown for tp =2, R =
1014 cm, and T; = 10, 40 and 100 McV. The hard y-ray signature
from pion processes is not shown, Synchrotron radiation from
pion-decay electrons and posi produce most of the soft photons
when T; > 20 MeV, The 2-10 keV X-ray specrral index a is equal to
0.36., 0.55, and 0.72 for T = 10, 40 and 100 MeV, respectively.

IM. OBSERVATIONS AND MODEL RESULTS

Using equation (1), we find that the X-ray compactness in a
given waveband is relared 10 the measured cnergy flux and
variability time scale through the expression

1
sndarF, 3923F, KF,
1= = =— )]
h, At

7.2 H
m,c” Hy At h, 8ty
Here, cz = 0.01cz. is the recessional velocity of the galaxy, Hy
=50 hg km 571 Mpc-1 is Hubble's constant (1 g hy £ 21 we use
ho = | throughout), At = 10 Aty seconds is the minimum X-ray
variability time scale, and F, = 10-11 F, () erg 5! cm2 s the
energy flux in the X-ray waveband under consideration.

We now compare model results with AGN for wkich evidence of
X-ray spectral correlations are available. Quantitics needed to



Tabie 1: Quantities associated with X-ray cbservations and modeling of selected active galaciic nuclei.

Source Ref, z2

X-Ray Band

F.qy K

(10-1 erg sl em?)

Ay
keV)

MCG-6-30-15
NGC -.051
Mrk 509
NG(C 5506
3C120

NGC 4151

0.78
0.233
3.55
0.60*
33
0.33

~37
~0.8-35
-4-5
~35-7
~0.2 - 0.61
-10-40

2-10
2-10
3-10
2-6
5.6
2-10

2.4
0.21
49
1.4
42.
0.42

* Ref. 13
# Units of 101! erg s"l cm2 kev-L

cvaluate q. (2) for specific sources are given in Table 1. If the
X-ray vasiability ime scale implies 2 maximum source size R, the
compactness is greater than some minjmum value computed from
equation (2). A Tange of values of Ty are therefore not allowed
when fitting dara, since sources that are too optically thin cannot
be sufficiently compact 1o simultancously agree with variability
and luminasity measurements. One: can verify from equation (2)
and the values in Table 1 that the model does not violate this
resirichon.

M_C?;i;j@_[i is 2 moderate luminosity Sy 1 galaxy with Ly 10 ~
1043 erg s*1. This source has been observed with both Exosat
(Ref. 14) and Ginga (Ref. 4). Deconvolution of the X-ray
spectra requires a model for X-ray absorption by surrounding
material. The favored model in the Ginga mallysis is a partial
(~60%) covering madel with Ny = 6(+4,-2)x1024 em?2, including
emission from cold Fe. The deconvolved daw, shown in Fig, 3,
strongly indicate a positive correlation between @ and 1.9 Also
shown are model results with tp = 2.0. A good fit 0 the data is
cbuined gt low luminosities, but the tod=! “Sectra are somewhat
harder than observations at higher tuminosiiies.
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Fig. 3. The data points show results of an analysis of 2-10 keV
X-ray dawa of MCG-6-30-15 (Ref. 4). The infemred compacinesses
correspond to Aty = 0.2, Solid curve shows modcl results with 11 =
2.0.
NGC 4051 is a Sy | palaxy with Ly 0 ~ 4x10%1 erg s-1.

Analysis of softness-ratio data from Exosat (Ref. 15) indicates a
positive correlation between @ and the 2-6 keV X-ray luminosity,
which was confirmed by the Ginga results (Ref. 4). The favored
mode! in the Ginga analysis is, again, a partial (~64%) covering
model with solar abundances, and a hydrogen column density of
Ny = 14(+4,-2)x1022 cm?. Results of the analysis are shown in
Fig. 4 along with the model resuits, with tp =0.7. Again we see
general agry at low luminositics. At high luminositi
again, the model results are slightly harder than the
observalions.
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Fig. 4. The daia points show results of an analysis of 2-10 keV X-ray
daia of NGC 405) (Ref. 4). The inferred compacmesses correspond ‘o
Aty = 0.2, Solid curve shows model cesults with T = 0.7,

is a nearby Sy 1 galaxy with Ly ;g ~ 5x10% erg s-L.
Results of an analysis (Ref. 5) of Exosat and Ginga data are
shown in Fig. 5. Galactic absorption using galactic abundances
with Ny = 4x10%0 cm? was used to deconvolve the datz. Madel
spectra with 7 = 2.0 give a good fit to the data.
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Fig. 5. The daw points show resulis of an analysis of 3-10 keV
X-ray Exosat and Ginga data of Mrk 509 (Ref. 5). Solid curve shows
model results with T = 2.0



ug_gzi_im is a moderate luminosity Sy 2 galaxy with Ly g=
7xi0%2erg s'l, A uniform cold absorber model with with Ny =
2.8x1022 cm? was used to determine the X-ray spectrum
observed with Exasat (Ref. 9). No cvidence for variations of a
with luminosity was found, and the best fit value of spectral
index was o = 0.84(30.04), A model fit with Tr = 0.5 gives a
reasonahle fit to the data, as shown in Fig. 6. The weak variation
of spectral index with Juminosity occurs on the high
ion-temperature part of the tr = 0.5 curve (cf. Fig 1).
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Fig. 6. The data paints show reswis of an analysis of Z-6 keV

Exosat data of NGC 5506 (Ref. 9). Solid curve shows mode] results
with Tp = 0.5.
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3C J20is a Sy 1 galaxy with a compact radio core. Jis 2-10keV
luminosity ¢ 1.6x10# erg 5. A uniform cold absorber model
with galactiz absorption column density Ny = 3x102! cm? was
the favored madel (Ref. 6). A positive correlation between o and
5.6 keV flux was found. as shown in Fig. 7. As can be seen, the
model gives good agreement with the data when Tr = 1.0.
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Fig. 7. The data paints shaw results of an analysis of 2-(0 keV
X-ray Einstein dawa of 3C 120 (Ref. 6). Solid curve shows model
sesplis with 11 = 1.0,
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NGC 4131 is a Sy 1-1.5 with Ly.1g ~ 7x10%2 erg s, Analysis
(Ref. 7) of Exosat observations using a uniform cold absorber
model with Ny ~ 5x1022 cm? and an enhanced iron abundance
showed a positive correlation of @ and Fy.y0, a5 shown in Fig, 8.
Model results with Ty = 2.0 give a reasonable fit to the data.
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Fig. 8. The data points show results of an analysis of 2-10 keV

X-ray Exosai data of NGC 4151 (Ref. 7). Solid curve shows model
resulis with T = 2.0

~

Xray Spectral Corrglations in Other Black-Hole Sources. A
softness-ratio analysis (Ref. 8) of Exosat data of the narrow
emission line gulaxy NGC 7314 also suggests a positive
correlation between softness ratio and L1.1q. Tt is unfortunately
difficult to compare directly with the madet oecause the data are
not p d in terms of sp ] index variations. Cygnus X-1
also gives some indication for X-ray speciral correlations. In
Fig. 9, we have plotted the spectral index as a function of 10-200
keV luminosity using the compilation of Liang and Nolan {Ref.
16). Only low-statc data were used. The best fit line through the
data show a behavior in accord with observations of spectral
correlations in Seyfert 1 gal A more deailed analysis of
Cyg X-1 data is, h . required before q maodel
comparisons can be made, since different instruments were used
to oblain thesc data, and the 10-200 reV luminositics were

from extrap:
Cygnus X- $
1ef 1
o -
0.5 / ]
=i el
00 . , .
0.0 10 2.0 1.0 40 50

L(10-200 keV) [10**37 erg/s]

Fig. 9. The daw points are values of the hard X-ray yoectral index of
Cygnus X-1 as a function of 10-200 keV luminasity (from Ref. 16).
Also shown is tic best [it linc given by a = 0,27 + 0.18 L1y, where
L37 is the 10-200 keV luminasity in units of 1037 erg sV (all data
paints were given equal weight).

[V. DISCUSSION AND SUMMARY

The: Ginga mission has provided the most convincing evidence
yet that the X-ray spectra of Sy 1 galaxies soften as their X-ray
luminosities increase. Several ples have been p d in
this paper. This behavior is also indicared in low-state hard
X-ray data of the galactic black-hole source Cygnus X-1.
However, the Sy 2 galaxy NGC 5506 does not show this effect,
but the measurement etrors are large. An important future smdy
will be to determine whether Sy 1 and Sy 2 galaxies are
distinguished by different X-ray spectral index/ intensity
correladons.




These observations provide an important test for theoretical
models of the continuum emission of black-hole sources. As
noted in Ref. 9, i-seed th | Comp ion models
with impulsive heating are not in agreement with the data. Pair
cascade models, such as those proposed in Ref. 17, may explain
this behavior, but these models already have difficulty in
obtaining agreement between the X-ray spectral index and MeV
cutoff (Ref. 3).

As we have sean, an explanation for the observed speciral
correlations is provided by a simple two-temperature hot ion
mode} (Ref. 10). As the ion tcm;l;ennue increases, the injection
rate of soft photons emitted by pion-decay positrons and
elecirons also increases. Thus the spectrum softens and the
intensity increases, as shown in Fig. 2. This simple
two-parameter model gives bl itadve ag
with the data. Where the mode! differs from the data, it usually
predicts harder spectra than are observed. This may imply that
the equipartition assumption for the magnetic field strength is
incorrect, or that there is another source of soft photons.
Additionally, the dependence of the spectral index on luminosity
is not as strong in the model as in the data. This difference may
be related to the that the Th depth is
independent of jon temperature. If a change in the ion
temperature were due, for example, to a change in the aceretion
rate, 1 is very possible that the Thomson depth would vary due 1o
changes in ecither the mean jon density or source size of the
two-temperature piasma.

This model predicts a thermal cutoff in the specirum at a few
hundred keV and a hard tail from pion production at MeV
energies. The spectrum is also expected to pivot at hard X-ray/
soft y-ray energies in resp to changes in the jon temp 3
Also, hard X-rays are expected to lag soft X-rays, Confinnation
of these predictions would strongly suggest the existence of an
io..-heated two-temperature plasma in the cenwral engine of
lack-hale sources.

This work was performed under Lhe auspices of the U, S. Depacunent of
Encrgy by the Lawrence Livermore National Laboratory under contract
W-TH0S-ENG-48,
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