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Universal spectral shape of high accretion rate AGN
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Abstract. The spectra of quasars and NLS1 galaxies show surprising similarity in their spectral shape. They seem to scale only
with the accretion rate. This is in contradiction with the simple expectations from the standard disk model which predicts lower
disk temperature for higher black hole mass. Here we consider two mechanisms modifying the disk spectrum: the irradiation
of the outer disk due to the scattering of the flux by the extended ionized medium (warm absorber) and the development of
the warm Comptonizing disk skin under théeet of the radiation pressure instability. Those two mechanisms seem to lead to

a spectrum which indeed roughly scales, as observed, only with the accretion rate. The scenario applies only to objects with
relatively high Eddington ratio for which disk evaporation isffi@ent.

Key words. radiative transfer — accretion disks — galaxies: active — galaxies: Seyfert — X-rays: galaxies

1. Introduction the fact that some sources are significantly obscured in the op-

] ] tical/UV band, like e.g. MCG-6-15-30 (Reynolds et al. 1997).
The idea of the universal spectral shape of AGN appears iy g recent study of the X-ray spectra of AGN with X-ray
the literature since many years. The first paper devoted to fﬂfninosity range between tbergs?® and 107 ergs? did not

ting accretion disk models to the observed optld&l spectra reyea| any trend in the X-ray slope with the luminosity (Reeves
stressed that the maximum disk temperature was always ab@4i;rner 2000).

20000 K (Malkan & Sargent 1982). The stream of data from

the X-ray band seemed at first to reverse the direction of re- ?lrr:lllsr3u:tp:rlr3|r;ig:n;fo(jrirnlty ]Ls;;oubr;d w&T}rr]]otrherillze r?f\:\?ih ¢
search, as the variety of the X-ray activity level with respe parch. keverberation studies ot In€ broad fine region snow tha

: . : . Iis size is quite well determined bysingle parameter, in this
h \Y h h th X
to the opticalUV was discovered, together with the variety e the value of thelL, flux at 5100 A (Kaspi et al. 2000).

of X-ray spectral slopes. Nevertheless, the issue of univer3gl,' . o1 in this relation is relatively low, less than a fac-
shape kept reappearing. tor of 3 P o

Walter & Fink (1993) claim that the spectra of all active . . .
galactic nuclei (AGN) consist of two basic universal compo- This broad-band spectral-shape uniformity encouraged the

nents. The first component is an IR-X ray power law, with tHgSEarchers to connect uniquely the bolometric luminosity of
energy index of the order of 1. The X-ray part of this comthe source with the flux measyred aF a single frequency. For
nent is usually named the “primary power law” in X-ray dat§x@mple, many authors are using a simple formula to estimate
analysis (see e.g. Mushotzky et al. 1993). The second com%'lf'1 bolometric luminosity in a form = 9x vL,(5100 A) (e.g.
nent is the Big Blue Bump, extending from the optical ban@@SP! €t al. 2000), and this approach seems to reproduce the
through the UV up to the soft X-ray band. Walter & Fimges_ults ofmore.accuratemtegrgtlng_overthe b_road—band spectra
(1993) argue that objectsftér only in the normalization of the quite well (Collin et al. 2002; Nikotfajuk et al., in preparation).
Big Blue Bump with respect to the IR-X-ray power law, with ~ This kind of universal picture is by no means expected
the shape of the Big Blue Bump being universal. This view fsom the simple accretion disk model. The bolometric luminos-
supported by the statistical analysis of thg parameter mea- ity, including X-ray emission, should scale with the accretion
suring the mean spectral slope between 2500 A and 2 kéate,M, while the optical flux, coming from the outer parts of
Such a parameter measures the relative strength of the Big Bfa disk, should scale a#iM)** (see e.g. Tripp et al. 1994),
Bump and roughly represents the overall spectral shape. Ag&ifg thus is additionally influenced by the black hole mass,
surprisingly, this parameter does not show any strong treitl The soft X-ray slope can in principle take any value, since
(Bechtold et al. 2003), and the dispersion is partially due &pparently there are no constraints for the parameters of the
Comptonizing plasma.
Send gfprint requests toB. Czerny, In the present paper we address the issue of the possible
e-mail:bcz@camk . edu. pl physical mechanisms which may account for the universality
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of the broad-band spectra in the case of objects accreting with
high accretion rates.

o
L <9= 4
r O

2. Examples of spectra and corresponding A - 1
standard disk models 0o

Radio-quiet quasars and Narrow-line Seyfert 1 galaxies are the

sources expected to accrete mass at a high rate (e.g. Pounds

etal. 1995; Collin et al. 2002). Here we choose several extreme s . j

examples of such spectra. |« mean RQQ J |
A particularly well-covered broad-band spectrum avail- L 6 PG1211+143 (QS0)

able is the composite spectrum of quasars (Laor et al. 1997) L . Ton S180 (NLS1) i

shown in Fig. 1. Such a composite seems to be indeed quite L e Mrk 359 (NLS1) i

representative for all high-accretion-rate sources. As exam- L S R A B

ples, we include in the same plot the broad-band spectrum 14 15 16 1 18 19

of quasar PG1214143 (Janiuk et al. 2001) and two Narrow- log(»)

line Seyfert 1 galaxies — Ton S180 dR¥iska et al. 2003) Fig. 1. The broad-band composite spectrum of quasars (filled squares)

and Mrk 359 (Mathur et al. 2001; O’Brien et al. 2001)and broad-band spectra of PG121#3 (open circles), Ton S180

The bolometric luminosity corresponding to those spectfstars) and Mrk 359 (filled circles), shifted by 0.1, 0.6 and 2.0, re-

is 1.0 x 10" ergcm?s!, 9.0 x 10" ergcm?s™, 25 x  spectively, to coincide at thi band.

10% ergenm?s™? and 97 x 10* ergent?st, assuming a

Hubble constant equal to 50 kmvipc™™. The optical flux have the universal slope of3 while the mean quasar slope

for Mrk 359 has been corrected for starlight contribution (fa% :
. . ove 1050 A in the Zheng et al. (1997) sample@99+0.05.
tor 2.5) on the basis of the ratio of the observed value oP v ! 9 ( ) samp *

. . The problems with the model are progressively more se-

the Hg flux in the starlight-free sources Ton S180 (46 Ap. ith ; . .
E .Th | ar-
and Mrk 359 (18 A) (\&ron-Cetty et al. 2001). ious with a decreasing Eddington ratio. There are several ar

Th . d f itude in bol uments in favour of the view that in low luminosity sources,
io | € Sources cgvehrmgftwo or er_zlo magnl':ju e mf 0l0Mgize normal Seyfert 1 galaxies, the standard disk exists only in
ric luminosity, and therefore possibly two orders of magnipe o ey part of the flow while closer to the black hole it is

tude in mass, show nevertheless a surprisingly similar broq (E)Iaced by the inner hot optically thin flow, possibly ADAF

band shape. The descripti(_)n of the X-ray spectra O_f Ton Sl@:.g. Ichimaru 1977; Narayan & Yi 1994; Abramowicz et al.
and Mrk 359 may seem filerent (the X-ray photon index of 5455y \ne meet a similar situation in the galactic black holes

TonlSSng,i; Qi"e” aT 36404i Tarner et al.h_2001 and O];erk 35?r?their hardlow luminosity state (e.g. Esin et al. 1997; Nowak

as 1.85, rien etal. )- pwever,t Is apparefiedince o, al. 2002). Modeling of the flow requires a deep change in
mostly reflects the fact that the instruments used are most sefisk pasic geometry, in comparison with the standard model
“}’e at2-3 k‘zv s.”d return, o represenlta“"e ?‘rﬁy slope, theyore \ere ideas of the optically thick (but highly ionized at
slope around this energy. If for example, we fit the Ton Slé%ﬂe surface) disks dominating the flow even in the innermost

Chandra data of Tu_rner et al. (2001) with a br(_)ken power I?}Srt (e.g. Beloborodov 1999; Poutanen & Fabian 1999) but a
model BKNPOWER in .XSPE(.: softwarg) a.”d fix the secon cent study of the hard X-ray tail of the reflection component
slope at 1.85 we obtain a satisfactory fit, with the energy bre

Cyg X-1 ests that the disk is indeed di ted, and not
at 27107 keV instead of at 2.0 keV, as apparently seen in the, v suggests ISk 1S Ihaeed cisrip nan

MM & ¢ Mrk 359. Th be shifted 1 st invisible due to high reflectivity (Barrio et al. 2003).
ata of Mr - The two spectra seem to be shifted In However, for sources with relatively high Eddington ra-

energy only by a small factor of 1.35, or 0.13 in the IogarithnHo, like quasars (see e.g. Collin et al. 2002) and Narrow-line

_The bolometric Iumingsity is dominated by theSeyfert 1 galaxies, there are arguments in favour of the stan-
opticajUV/far-UV part (-70%), the EUV-soft X-ray band 4,4 gisk extending down to the marginally stable orbit. The

contributes about 25%, and a few per cent comes from the hatgle .1ion component in those sources is significantly ionized

X-ray power law. but strong. Relativistic smearing indicates that this component
comes from the innermost part of the flow (e.g. Janiuk et al.
3. The model 2001). Also the iron line is strong and (relativistically) broad-
ened in many of those sources (MCG-6-30-15, Lee et al. 2002;
It is well known that the simplest standard Shakura-Sunya@rk 564, Comastri et al. 2001; low redshift quasars, Mineo
disk model (Shakura & Sunyaev 1973), under assumptionetfal. 2000). In those sources (see Fig. 1) the bolometric lu-
local black-body emission, cannot account for the observeihosity is dominated by the Big Blue Bump which can be
X-ray spectra of AGN (Czerny & Elvis 1987; Mushotzky et alcoughly explained as coming from the disk.
1993; Krolik 1999; for a recent review, see e.g. Czerny 2002). Therefore, in the case of high-luminosity sources, all we
The model is also not quite satisfactory in the opfidelband need is some modification of the standard model, and such
since the observed spectra are frequently redder than predictexdlifications were introduced in the literature whenever the
by the model. The model spectra, in the long wavelength limiyodel was compared with the observational data. X-ray spectra

log(vL,)
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Self-irradiation is éicient if the disk is strongly flaring,
since the direct irradiation by the point-like source is roughly
given by Fgiect = yL/(47R%) (see e.g. King 1998; Soria &
Puchnarewicz 2002), wheteis determined by the disk thick-
ness,H, asy = (H/R(dInH/dInR - 1). We can roughly
" " estimate the fect at the distance of a few thousands of
Schwarzschild radii from the Shakura-Sunyaev paper, their re-
gion (b) or (c). The value is of order of 104, since it is sys-
tematically smaller in AGN than in GBH due to the direct scal-
ing with mass seen in the formula for the disk thickness. The
same conclusion was reached in the paper of Kurpiewski et al.

L1

1045

1044

1043

log(vL,) [erg s™' em™2?]

10% = o, o = (1997).
i 3 Additionally, if we actually consider not a point-like
- isotropic source but an inner flat disk, witffective radiation
0% e ““1“(‘)15‘ ““‘1“(‘)16‘ ‘ “f‘(‘)ﬂ‘ ““‘;g‘m‘ R flux proportional to the inclination angle measured with re-
log(v) [Hz] spect to the symmetry axis, the appropriate expressiory for

isy = 2(H/R*dInH/dInR - 1) (see King et al. 1997 and

Fig. 2. Points show two examples of AGN spectra: the composite sp§etarences therein). The presence of an additional fadt&

trum of quasars (filled squares) and Mrk 359 (filled circles). Standaé%ain lowers theféectiveness of direct self-irradiation.

accretion disk model spectra for two values of a black hole mas . . . .

(10° M and 16 M,) are plotted with continuous lines. In both cases Numerical gomputqtlons, including a more accurate ap-

we assumed the Eddington ratigLeqq equal 0.3. proach to the disk opacity (bound-free transitions), support this
results (Loska et al., in preparation). Due to the complex depen-
dence of the disk thickness on the distance only a relatively nar-
row belt at intermediate radii as well as very distant parts of the

were modeled by adding some kind of a corona or warm skiiisk are irradiated directly by the disk central regions. Direct

to the disk (Czerny & Elvis 1987; Shimura & Takahara 199%radiation was éicient in the paper of Soria & Puchnarewicz

Kawaguchi et al. 2001). OptigalV spectra were modeled by (2002) since they adopted a much higher valug ¢6f order

introducing an irradiation of the outer disk by the innermosif 0.03) than expected for an AGN.

part (eg Czerny et al. 1994; Loska & Czerny 1997; Soria & Therefore, in the present paper we neg|ect tifiece of di-

Puchnarewicz 2002). However, those modifications were bagict irradiation.

cally arbitrary from the point of view of our knowledge of the

accretion process, and therefore do not explain the reason why

the resulting spectral shape is so universal. Comparison of thé-2. Indirect irradiation

datfa W't.h the S|mples_t standard disk models (see F'g‘. 2).ShOW1Se indirect irradiation was studied in detail in a number of pa-
a significant trend with the black hole mass. It also indicat

what fraction of the energy has to be reprocessed in order%%rs devoted to the accretion Qisk coronae (e.g. Ostriker et _aI.
. 1@91; Murray et al. 1994; Kurpiewski et al. 1997; see also Esin
explain the observed §pectral shape. . etal 1997 for the case of galactic sources). Thiect was
In the two subsections below we propose two modificatiofgyng o be important if the corona is of considerable optical
to the standard model which directly result from our knowledggpth and if it is geometrically thick. However, the existence
of accretion disk physics and AGN surroundings. of a corona with the appropriate parameters is neither obvi-
ous, nor widely accepted. Attempts to reproduce the corona on
3.1. Irradiation and the optical/UV spectra the physically_sound basis_,o,f disk evaporation (e.g_. Meyer &
Meyer-Hofmeister 2000; &aiska & Czerny 2000; Liu et al.
The irradiation of the outer parts of the disk may be either dire2002) predict so far a very weak and optically thin corona in
or indirect, through scattering the emission from the innermdste case of sources with even moderately highgqg.
part by some medium and redirecting part of the scattered flux In the present paper we propose fatient mechanism for
towards the outer disk. the indirect disk irradiation, namely scattering by the warm
absorber.

3.1.1. Direct irradiation

. L . _.3.1.3. Warm absorber properties
Direct irradiation was discussed by several authors in th

context of AGN (e.g. Rokaki et al. 1993; Loska & Czernyrhe warm absorber is a significantly ionized medium presentin
1997; Nayakshin & Kazanas 2002) or GBH (e.g. Cannizzur line of sight towards sources classified as Seyfert 1 galax-
2000), mostly concentrating on illumination of the disk by aies, Narrow Line Seyfert 1 galaxies or quasars. Observationally,
X-ray source, arbitrarily located high above the disk. Since inis seen through the presence of narrow absorption lines
high L/Lgqq Sources the hard X-ray flux is small thifect is and absorption continua in the soft X-ray band which are
not as important as the illumination by the inner disk emissiowell resolved now in the Chandra or XMM data (see
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Fig. 4. The schematic picture of a bright AGN with a warm absorber
Fig. 3. The ratio of the total optical depth (absorption plus scatnd a warm disk skin.
tering) to the Thomson optical depth (scattering) as a function of

energy for the warm absorber model in Ton S180: ionization param-1 4. Modification of the disk spectrum due
eter _at the surface = 10°, incident qux_with photon index 2.6 ex- to fully ionized warm absorber
tending from 12 eV to 100 keV, density profile from the constant
pressure condition, total column densityl k 10°* cm? (solid line)  The dfect of scattering slightly decreases the overall normal-
and 8x 107 cn® (dashed line). ization of the spectrum, by a factor of exp(,,), and redirects
a fraction of the scattered radiation back towards the disk. In
the further consideration thdtect of absorption is neglected
and only the &ect of scattering is considered.
The radial extension of the warm absorber is not well con-

strained and distances from light days — weeks to tens of par-

eéc_:s were proposed (see Krolik 2002). We envision the geome-

Kaastra et al. 2002; Lee et al. 2001; Steenbrugge et al. Zoégi” Fig. 4. We neglect the clumpiness of the medium and we

Sabraetal. 2003). Most lines come from highly ionized speci
like CIV, OVII and QVIII, suggesting that the temperature o
the medium is of the order of $010° K. The column density
of the warm absorber is frequently of the order of3om2
or more, and the medium is extended but probably clumpy (
e.g. Krolik 2002).

rameterize the region by the total optical depth for electron
scatteringrwa, MiNiIMuUM zyi, and maximung,ay distance of
the warm absorber from the nucleus. We assume that the de-
£eeendence of the density of the warm absorber on the distance
can be described as a power lag) o« z°, with the normal-
ization fixed by the assumption of the total optical depth. For

Although we see the presence of the warm absorber dug purpose of a rough estimate of théeet we do not intro-
to absorption features superimposed onto the transmitted spglse any specific dependence on the distance from the sym-
trum from the nucleus this medium actually predominantiyetry axis but we assume that the irradiation of the disk at a
scatters the incoming photons instead of absorbing them. Mdistance from the center can be approximately represented as
of the radiation from the nucleus is emitted in the far UV band Znax 5+1

) _ . 2twafwa(d — 1)L z
while at such wavelengths the electron scattering dominates Eagyd = T —— 33

i i Zm_ Zmin (Z +r ) /

total cross-section. Zmin ~ Zmax

We illustrate the scatteringficiency of the warm absorberWhereL is the bolometric luminosity of the accretion disk and

in Fig. 3. It shows the ratio of the total optical depth of the War&l'[:encoéﬁmiint Iﬁ corrheiﬁ Onvssrtr?w ths fr?gtlcr)n doftn?rﬁ!ﬁa;ep Isth
absorber to the Thomson optical depth as a function of tRen Passing throug © warm absorber, detel ed by the
lid angle. The factor 2 is due to the disk emission anisotropy

energy, calculated for an exemplary case of a warm absorB&

: : e — the flat central parts of the accretion disk are well approx-
model considered as appropriate for Ton S18@z@iska et al. imated by a central point-like source with luminoslt) =

2.003)' The model is computed with the use of the rad'iL cosi dependent on the inclination angleneasured with
tion transfer coderitaNn developed by Dumont et al. (2000) spect to the symmetry axis (see King et al. 1997 and ref-

and modified for the purpose of warm absorber modeling b nces therein). Since the warm absorber is located predom-
Rézaiska et al. (2003). We assumed constant pressure through- ' o P
antly along the symmetry axis, cbs: 1. We assume that

out the medium, as advocated by Krolik (2002), since it may . > yiaion flux is subsequently thermalised within the disk

better represent the density profile within separate clumps. with albedo equal to 0.2, appropriate for the weakly ionized
The emission spectra of the considered objects (see Secttface of an outer disk.

peak in the frequency range*010'" Hz where electron scat-  For the range of disk radii of the order of the spatial exten-

tering dominates. sion of the warm absorber such an irradiation decreases more

dz (1)
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a4 ‘ contribution of non-thermal electrons to a mostly thermal pop-

ulation of warm skin electrons, as suggested by Vaughan et al.
(2002) on the basis of the Ton S180 data analysis. Such a view
is observationally supported by the data for Cyg X-1 in its
highysoft state where the hard X-ray tail is faint but extends
up to~10 MeV (Gierlinski et al. 1999).

The properties of the Comptonizing material are not speci-
fied from a theoretical point of view. They are usually adopted
as model parameters to be fitted to the observational data (see
e.g. Vaughan et al. 2002). In the present section we propose
a mechanism which leads in a natural way to a certain value
of the Compton amplification factof, of the warm skin, and
consequently, similar soft X-ray slopes in many objects. We ne-
glect the issue of the non-thermal fraction of the electron pop-
14 15 16 1 ulation and the hard X-ray tail of the spectra.

log(v) [Hz]

Fig. 5. The dfect of the warm absorber on the spectra of the standasd2.1. General stationary model of the warm skin

disk due to extinction (scattering) and illumination by the scatterig/ hat th ion disk is divided i | .
radiation. Continuous line: disk without warm absorber, dotted line ve assume that the accretion disk is divided into two layers: an

Znin = 100 Rsehws dashed linezyin = 300 R Fixed parameters: inner cold part and a warm Comptonizing skin. This is a typi-

black hole mass.5x 10° Mo, L/Legg = 0.5, Znax = 5000Rschs 6 = 2,  Cal assumption made in many diskrona models (e.g. Haardt

Twa = 0.2. & Maraschi 1991; Misra & Taam 2002). We further assume
that a fraction of the energy is transported from the disk inte-

] ] . o _rior towards the skin as a magnetic flux. Therefore, the energy
slowly with the disk radius than the energy dissipation, which js1ance of the disk interior reads:

proportional ta—3. The outer disk temperature is enhanced and

the disk spectrum is modified predominantly at longer wav& +W = Q°, 2)
lengths (optical and the IR band). Thé&ext is only weakly
influenced by the location of the outer edge of the warm
sorber and the density distribution, more important is the ex

location of the inner edge of the warm absorber (see Fig. 5)'patE\J/:/j;rég;ir?ésekt:]néerggirétive cooling of the optically thick disk
Since the fect of irradiation depends mostly on the in- 9 P y

ner disk bolometric luminosity the resulting spectrum mostf’md the dissipative heating in the disk interior as in the basic

depends on the bolometric luminosity of the source. The ten')ﬁ]-Odel of Shakura & Sunyaev (1973) with the vertically aver-

perature profile in the intermediate parts approach®$ dis- aged approach

tribution, and the spectrum integrated over the disk surfage, ~  4aT4c

scales roughly aB, « Lv™. The exact shape computed fronR = 3%kes (3)
Eqg. (1) is somewhat more complex than this simple law but it

basically preserves the scaling with the bolometric luminositn€re T is the disk interior temperature, is the disk sur-
ace densitykes is the opacity coficient for electron scat-

tering anda is related to the Stefan-Boltzman constarmng
3.2. Stabilization of the disk by a warm skin throughog = ac/4;

and formation of the soft X-ray spectra

43

42 |

log(vL,) [erg s7! cm™2]

41

aw_hereQ‘ is the radiative cooling of the disk interidd is the
arréta\gnetically transported flux ar@" is the energy flux dissi-

Q" = aPHQ, 4)
Comptonization of a fraction of disk photons is clearly needed . ) ] ) ]
in order to reproduce the soft X-ray part of the spectrum. It Yéherea is the standard viscosity cfigient, P is the pressure
not clear what is the geometry of the Comptonizing mediur@"d€x is the Keplerian angular velocity. _
However, in the case of high-luminosity objects the favoured W& now assume that the magnetically transported flux is
model is that of a disk extending down to the marginally stabRFoportional to the energy density of the magnetic fied,
orbit and of a warm skin covering the inner region. A simi("_Vh'Ch is in turn proport_lonal to the total pressure with the
lar interpretation holds both for galactic black holes in theffiSK), to the Alfven velocity,, and to the fraction of the sur-
High State or Very High State and for luminous AGN (e_égce developmg active regions, which we assume to be propor-
Czerny 2002; Miller et al. 2002; Gierlki et al. 2001). The tional to the disk thickness,
support comes from the high disk temperature (Puchnarewjgz BZaH. (5)
et al. 2001; Kubota et al. 2001), the presence of bilgatine
(MCG-6-30-15, Tanaka et al. 1995; Lee et al. 2002) and réMe illustrate the idea of localized magnetic tubes in Fig. 6.
ativistically broadened reflection by the ionized material (e.g. The first two factors in Eq. (5) arise in a natural way from
PG 121%143, Janiuk et al. 2001). The hard X-ray power lawonsiderations of magnetic activity in the context of a disk
may come from separate coronal flares, or possibly fromcarona (e.g. Heyvaerts & Priest 1989; Merloni & Fabian 2002)
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Therefore we obtain the following characteristic
WARM SKIN dependence

NN / W o POI2H32 ©)
DISK INTERIOR j \ / K 3.2.2. Thermal stability of the disk interior

We perform next the stability analysis of the disk interior in

the thermal timescale, closely following the analysis done by
COUATORIAL PLANE Czerny et al. (1987). We assume that in such a short timescale
the surface density remains constant throughout perturbation.
Since the dynamical timescale is in turn much shorter than the
thermal timescale we assume that the exparidorgracting
disk adjusts its structure to preserve hydrostatic equilibrium.
The hydrostatic equilibrium equation reads

Fig. 6. The schematic view of the heating of the warm skin.

or the formation of stellar coronae (e.g. Fawzy et al. 2002). Th& ET + ‘_'raTA — O2H @
third factor is more dficult to estimate on the basis of theoretimy H 3 k=

ical consid_erations. Flux tubes at any moment usually C(_)\(ﬁﬁeremH is the hydrogen mass, akds the Boltzman constant.
o_nIy a fraction of the boundary surface_betwee_n the deep IN856 first term of Eq. (7) represents the gas pressure and the
rior and the upper stellar coronae but this covering factor is frgécond term the radiation pressure. Perturbing this equation for

quently introduced as a free parameter, of the order of 0.1 (ezgi const gives us the relation between the change of the disk

Fawzy et al. .2002).' We assume that this coyering s ProPYickness and the perturbation of the disk temperature. It can
tional to the disk thickness, and our argument is the foIIowmg).e most conveniently expressed as

The size of any convective cell in the disk interior scalegvH_ 4-3p6T
with the disk thickness, as argued by Shakura & Sunyaew = —, (8)
(1973), with the viscosity parameter providing the proportionl'| 1+ T
ality constant. A similar approach was used in the corona moggereg is the gas-to-total-pressure ratio. Using Eq. (8) we can

by Galeev et al. (1979). Recent 3-D numerical simulations ekpress the perturbed energy transport terms as functisiis of
the development of the magnetorotational instability also sup- 4-3p

port such a view (e.g. Miller & Stone 2000). Therefore, diskQ* = 2—LQ*sInT, (9)
thickness defines in a natural way the radial size of the active +B

region at the border between the inner disk and a warm skin.ln_

the azimuthal direction, the motion is much faster than the cha#ij =4Q74InT, (10)

acteristic convective motion (the sound speed is much smaller _4-33

than the Keplerian velocity) so the structures become imnfsél—v - m

diately elongated and their azimuthal sizes scale with radius

and do not depend on the disk thickness. The number of a—éle disk is therma”y stable if the increase in the heating rate

tive zones may be constrained if their number is related to tigesmaller than the increase of the cooling rate for positive tem-

observed hard X-ray emission flare. The variability of the haRgrature perturbation (e.g. Piran 1978), i.e.

X-ray component was studied in a number of galactic sourcgs, _

and AGN using power spectra analysis. The basic and general <0Q" + oW (12)

resultis that the power spectra and rms (root mean square) Viiiroducing a convenient parametermeasuring the impor-

ability depend on the luminosity but when renormalized (i.€ance of the magnetically transported flux

if rms and power spectrum are divided by the mean luminos-

ity and its square, correspondingly) they become luminosity-= W/ Q" 13)

independent. This fact, stress_ed rec_ently by Uttley etal. .(20 d using the equilibrium condition given by Eg. (2) we can

means that the nL_Jm_berqf gctlve regions directly re_spon3|ble ggpress the condition given by Eq. (12) as

the observed variations is independent of the luminosity. If the

number of active regions is constant, their azimuthal extensign 2-4w

is independent of the disk thickness and the radial size is p(r%- 5-65w

portional to the disk thickness. Therefore, we can assume (gt ;, = 0 the criterion reduces to the standard criterion of

ef_fectlvely the active fra_ct|on of the surface be_twee_n the iNNghakura & Sunyaev (1976).

disk and the warm skin is proportional to the disk thickness. g presence of magnetic transport stabilizes the disk since
The energy density of the magnetic field in the disk interigis dependence on the temperature is steep enough (the same

is expected to be proportional to the pressig,e. B> « P, as in the case of an advection term). When= 0.5 the disk

and the Alfven speed can be expressed as a function of the dibkady becomes stable even if strongly dominated by the radi-

surface density; and the disk thickness], vy = BHY2/xY2,  ation pressure (i.&8 = 0).

WsInT. (11)

(14)
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. | from the model of Haardt & Maraschi (1991) for the corona-
" dominated solutionf(= 1, a = 0 in their Eq. (3b)).

Since the Compton amplification factor is related to the
Compton parametey; it roughly determines the slope of the ra-
. diation spectrumgg, through simple analytical formulae (see
Rybicki & Lightman 1979). Therefore, warm skin spectra are
expected to be much softer than the- 1 corona of Haardt &
Maraschi (1991). For example, an approximate analytical for-
mula of Beloborodov (1999)1g = 2.33(A - 1) Y19 - 1 gives
the expected slopeg = 1.33 for A = 2 andaeg = 1.17 for
A = 3. However, analytical formulae are not accurate; quanti-
tative results can be conveniently obtained from Monte Carlo
computations.

100
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T in [keV]
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3.2.4. Radiation spectrum from disk/warm skin system
Fig. 7. The relation between the electron temperature of the warm

skin, Tsqin, and the optical depth, for a slab with fixed Compton We perform Monte Carlo simulations assuming plane parallel

amplification factorA = 2 and input photon temperature 5 eV. geometry. We developed our code from the code used by Janiuk
et al. (2000). The slab is parameterized by the electron temper-
3.2.3. Marginal stability solution for the warm skin ature, Tskin, @and the optical depthrskin. Photons are emitted

isotropically at the bottom of the slab. The spectral distribu-

We therefore consider it possible that the disk in a natural Way, of the injected photons is described either by a black body
develops this magnetically mediated transport in the radiatiQflstribution or provided in a numerical form. Since the disk

pressure-dominated region and that the transgibeiency sat- g highly ionized we assume a perfect mirror at the bottom of
urates at the value corresponding to a marginal stability,  {he glap, Photons trying to leave the slab through the bottom
w=05. (15) surface are collected and returned to the medium with their en-
ergy unchanged and their velocity reversed. This means we ne-
This region of the disk would be therefore covered with a wargect, for simplicity, the energy losses during the scattering of
skin. We named it “warm”, and not a “hot” skin since we havghe photons with the bottom surface which in principle is im-
in mind a medium with a temperature well below the typiportant for higher energy photons (abovi5 keV) due to the
cal temperature 100 keV invoked for the hot Comptonizingelastic scattering. All photons are finally collected at the slab
medium responsible for the hard X-ray power law with the efpper surface. The final spectrum is obtained by summation of
ergy index~0.9 seen in most (perhaps all) objects instead f|| photons over the angle at which they leave the surface, i.e.

or in addition to, the much steeper soft X-ray power law whidfhe spectrum represents the average over all inclination angles.
we intend to model.

The warm skin cools predominantly by Comptonization, as .We" p;er:fol(rm compkgtat\ilens for b?tht;he Opﬁi.(;.aIIBt/. thi? atnd
suggested by the roughly power law character of the spectr pfically thick warm skin. We compute the amplification factor

in the soft X-ray band. We further assume that tlfieat of or a set of models. For eac.h optical depth we .find a value of

bremsstrahlung and synchrotron emission are negligible. Wgtemperaturt_a correspondmgtp th_e amplification factor equal

also assume that the disk surface layers underlying the Watﬂr‘?' The resulting plot is shown in Fig. 7.

skin are strongly ionized, i.e. the albedo at the @ikl divi- Although the conditiorA = 2 roughly determines the slope

sion surface is equal to 1. of the power-law part of the spectrum, the Monte Carlo com-
The cooling diciency of the Comptonization is thereforeputations make it possible to see some trends with the change

fixed by the parameter, i.e. the Compton amplification factor,of optical depth. In Fig. 8 we show the spectral slope deter-

A, is given by mined by a linear fit to the resulting spectrum in two soft X-ray
Qo +W 1 bands, for 0.5 keV to 2 keV and for 0.1 to 2.4 keV, for the
A= o 1" 2. (16) temperature of the input photons fixed at 5 eV. We see that
- w

generally the spectrum steepens with increasing optical depth.
Our model therefore roughly corresponds to the original Haarihalogous trends were already seen by Haardt & Maraschi
& Maraschi (1991) analytical model with the fraction of th€1991) as well as for example by Abrassart & Czerny (2000)
energy dissipated in the corofia= 0.5 and the albeda = 1. when they fixed the spectral slope but determined the amplifi-
However, we provide a physical justification for the specification factor as a function of the temperature of the medium.
choice of f in the case of the underlying disk dominated byhe dfect is more strongly visible for the slope measured in a
radiation pressure. narrower band since the spectrum displays some curvature due
The obtained value of the Compton amplification factotp the low value of the electron temperature. Extreme examples
A = 2, for the warm skin of a marginally stable disk interiorpf the Comptonized black body emission by optically thin and
w = 0.5, is significantly lower than the value~ 3 determined optically thick skin are shown in Fig. 9.
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Fig. 8. The soft X-ray slope of the radiation Comptonized by a slagjg 10, The Comptonization of a disk emission instead of a single
with fixed Compton amplification factok = 2 and soft photon tem- ;2 body for the same two slabs as in Fig. 9. Disk parameérs:

perature 5 eV as a function of the optical depth of the slab. Fillggp Ms, = 0.3, without an irradiation due to the warm absorber.
squares: slope measured between 0.5 and 2 keV; open squares: slope

measured between 0.1 and 2.4 keV.
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Fig. 11. The distribution of the X-ray slopes of NLS1 galaxies in the
Fig. 9. The Comptonization of a 5 eV input black body emission (doROSAT sample from Boller et al. (1996).
ted line) by a slab with temperatur@y, equal 0.5 keV (thick con-

tinuous line) and 100 keV (thin continuous line). For both slabs the

Compton amplification factoA = 2 determines the Compton opticalHijgh-accretion-rate objects tend to have a spectral slope of
depth7sin (equal 13.98 and 0.127 correspondingly). Typical pairs ghe order of 1.7 (see Figs. 1 and 11) but with some dispersion
temperature and optical depth from Fig. 7 give spectra intermediafg, n this value. Our model does not favour any specific value
between these two extreme examples. of the temperature so the observed dispersion is not surpris-
ing. Judging from the slope range (and accepting our theoreti-
For very low optical deptthigh temperature we see a coneal determination of the amplification factor) the optical depth
siderable #ect of the first scattering. Thidfect, well known of the warm skin is typically between 1 and 10. This agrees
from Monte Carlo simulations, might in principle allow us tovith the determination of the optical depth of the warm skin
determine independently the optical depth of the Comptonizihy detailed modeling the X-ray data of PG13143 by Janiuk
medium. However, thisfBect is not seen in the real data. This ist al. (2000).
not surprising — for example, thé&ect is considerably reduced  Computations of the radiation spectrum formed from the
if we take the disk spectrum (instead of a single black body), disk require the determination of the disk fraction covered by
a source of the soft photons. A broader input spectrum smetrs skin and subsequent Comptonization of the locally emitted
the first scattering feature, as we can see from direct compapectrum. The extension of the radiation-pressure-dominated
son of Fig. 10 with Fig. 9. zone was roughly estimated by Shakura & Sunyaev (1973)
We can compare the expected range of soft X-ray slopestheir Eq. (2.13). It depends only weakly on the black
with the ROSAT data for NLS1 galaxies (see Fig. 11hole mass and the viscosity dheient. The extension of the
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instability zone was computed more accurately by Janiuk &

1046

Czerny (2000), taking into account the disk vertical structure

(RN
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and a rather accurate description of the opacity in the disk inte-
rior. The numerical results preserve the scaling with accretion
rate for large accretion rates but give the extension of the un-
stable zone by a factor of 2 smaller than the simple Shakura &
Sunyaev formula.
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3.3. Combined effect of warm skin and irradiation
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The fate of the radiation emitted by the disk and backscat-
tered by the warm absorber towards the disk surface depends
on whether we deal with the outer, bare part of the disk or with
the inner part of the disk covered by the warm skin.

The part of the disk not covered by the warm skin is only
weakly ionized The incident flux, given by Eq. (1) i§ieiently
thermalised so finally the disk radiates locally as a black bogy 12 The exemplary accretion disk models (continuous histograms)
emitter with the ective temperaturéler, determined by the for the composite spectrum of quasars (filled squares) and for Mrk 359
condition (filled circles) with irradiation and a warm skin covering the radiation

pressure dominated region. Model parameters are given in Table 1.
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U'BTgﬂv = Faiss+ (1 — @)Firrads (17)

whereFgiss is the energy dissipated viscously by the disk anfle assume that the warm absorber extends from R
described by the standard Shakura-Sunyaev formula. Herety@ 0 000Rschw
assume that the albedds equal to 0.2. This radiation is inte-  The extension of the warm skin covering the disk is de-
grated over the disk surface. termined by the extension of the radiation pressure instabil-
The part of the disk covered by the warm skin is pragty zone. Formi = 0.3, Janiuk & Czerny (2000) givesin =
tically fully ionized. Photons from the optig&lV/soft X-ray 300Rscnyand we adopt this value.
band are scattered by such a medium. Those photons howeverhe Compton amplification is fixed at= 0.5 which deter-
also contribute to the cooling by Comptonization. In principlgines the relation between the optical depth and the electron
we should include those photons as entering the warm skin Siéh\perature. We choo3gin = 3 keV andrsin = 3.32 but any
from above but this would complicate the numerical schemgsmbination from Fig. 7 can be used.
Therefore, at present, those photons are also treated as a blaclve now apply this model, without any specific adjustments
body photons entering the slab from the bottom. A future, mogg the parameters, both to the low mass objects (Mrk 359,
sophisticated approach should treat these photons more cgfe= 10° M,) and to the high mass composite spectrum
fully, in an iterative way. (M = 108 M,). The result is shown in Fig. 12, together with
Since Comptonization is a linear process with respect fige data points representative for the low and the high mass
the input photons, and the parameters of the warm skin do @@fjects.
depend in our model on the disk radius, the radiation going into The role of the irradiation and the Comptonization by the
the warm skin is first integrated over the disk surface, and neurm absorber is illustrated in Fig. 13 which shows the decom-
the spectrum of radiation leaving the warm slab is computed Bysition of the exemplary final spectrum and separately the ef-
a Monte Carlo simulation for such an incident flux. fect of the warm absorber scattering and the warm skin. The
The radiation from the outer and the inner disk part ajgitial standard disk spectrum is lowered down due to the pres-
summed. Finally, the radiation reaches the observer diluteddnce of the warm absorber since only a fractiond,, of the
a factor 1- rya. radiation is transmitted to the observer. On the other hand the
returning radiation enhances predominantly the optical part of
the spectrum due to absorption and reemission of the incident
flux by the outer parts of the disk.
Since the aim of our model is to reproduce in a possibly natural The model provides a reasonable description of the data.
way the scaling of the spectra with mass we do not try to actaterestingly, it roughly reproduces the normalization of the
ally fit the data points. Instead, we fix the model parametersgpectrum in the soft X-ray band without any specific adjust-
a possibly unique way, following the presented model outlinenents of the model. The spectral shape does not show a strong
We fix the accretion rate ah = 0.3, appropriate for high- dependence with the mass although some systematical trends
Eddington-ratio objects. are visible. The spectrum is still systematically steeper in the
We fix the warm absorber properties assuming that the satigticajnear-IR band and the soft X-ray excess is more pro-
angle of the warm absorber is equal t& 8 27 and the opti- nounced for low mass objects.
cal depth of the warm absorber for electron scattering is equal The arbitrariness in parameters still remaining in the model
to 0.25 (i.e. the column density is equal t8 % 10?2 cm2). —neither warm absorber column nor the warm skin temperature

3.4. Modeled exemplary spectra
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Table 1. Summary of model parameters. looks roughly as the spectrum of the low mass one, shifted up

by a mass ratio in logarithmic scale.

Parameter  quasar composite Mrk 359

M[Mo] 10x 1My 10x 10°M, 4. Discussion

M{L/Leqd 03 The model presented in this paper applies to radio quiet

I'skin[Rschw] 300 AGN with relatively high Eddington ratio, like quasars and

Tekin 3.32 NLS1 galaxies. In these objects the accretion disk basically ex-

T i [K€V] 3 tends down to the marginally stable orbit but the spectra show
significant deviations from the simple prediction of a classical

Twa 0.25 disk.

fwa 0.5 The model presented in this paper does not rely on many

) 2 arbitrary parameters, as is usually the case for models sup-

Zoin[Rsd 100 posdedI to reprotduce prgcistetlﬁ/ trtl;le oll()sherlved spectr?j. t1r']he basic
model parameters are just the black hole mass and the accre-

Zmax[RSchvd 10 000 p J

tion rate. The inner part of the disk is covered by a warm skin,
and its radial extension is given by the condition of radiation
r T pressure domination. The soft X-ray spectrum is formed by
r ] Comptonization within this warm skin and the Compton am-
r ] plification factor is given by the stability criterion formulated
I | in our paper. The optical depth and the warm skin temperature
separately are not specified but the spectra do not depend dra-
matically on the choice, as we can see from extreme cases pre-
sented in Fig. 9. Some dispersion of the spectral slopes is also
seen in the data, which may indicate that there is indeed no
additional strong constraint on these two parameters and they
may vary from source to source. The optical part of the spec-
trum is in turn dfected by the back-scattering of a fraction of
the photons towards the disk by the warm absorber. The warm
absorber parameters currently are not as constrained by physi-
o LB/ i il cal considerations as the warm skin.

10 10-3 10-2 0.1 1 Still, the model is based on several assumptions which may,

E [keV] or may not be, appropriate.
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Fig. 13. The standard disk model without the presence of the warm

absorber and the warm skin (thin continuous line), difleced by 4.1, Scaling of the magnetically transported flux

the warm absorber through irradiation and dilution (dashed line) di-  towards warm skin

vided into inner and outer part (dotted lines), radiation of the inner

disk modified by the disk skin (continuous thin histogram) and tHgince the adopted (linear) dependence of the flux tube covering
total spectrum (thick continuous histogram) for a high mass objefactor adopted in Eq. (5) may be questioned we also consider a
Model parameters given in Table 1. more general approach

W o B?aH¥, (18)

are specified — leads to the dispersion in the predicted spédlh ¢ being an arbitrary cdgcient.

tra. In Fig. 14 we show the family of 9 solutions determined !N this case our previous stability criterion (see Eq. (14))
as a combination of three values of the warm absorber optit2lf€s & more general form

depth and three values of the warm skin temperature. Solutions 2 _ 24, — 27y

with I(_)wer skin temperatureptic_ally thicker_skin_are more ap-8> m (19)
propriate for softer spectra while those with higher skin tem- o . _
peraturgthinner skin are appropriate for harder spectra. Highéhis means that the radiation pressure dominated disk
warm absorber optical depth increases the radiation flux in yéth 8 ~ 0) is stable if

opticajUV band. Modelling any specific objects would require 1

adjustment of the all model parameters, including the mass ang T{ (20)
the accretion rate. However, the overall dispersion among the ;

solutions is not very large. The predicted Compton amplification factor of the warm skin

The scaling of the model with mass is not perfectly lineai§ therefore
as might have been indicated by simple analytical arguments 1 + ¢
but it roughly holds, and the spectrum of the high mass objeéc¢t” I (21)
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L , frequently enters the extended state in which it shows strong
L - ] outbursts (e.g. Belloni et al. 2000 and references therein) last-
' S ing a few thousands of seconds, corresponding to the viscous
timescale in the inner disk region.

We can interpret this behaviour within the frame of our
model. When the source is below the Eddington limit, the pres-
ence of the warm skin stabilizes the disk. When the source ap-
proaches andr exceeds the Eddington limit, the disk thick-
nessH approaches the disk radius,In this case the surface
; covered by the magnetic tubes approaches the whole surface

s and ceases to respond to the temperature changes. In this limit,
1 the situation practically reduces to the case’ cf 0 and the
1 1 radiation-pressure-dominated disk interior remains unstable,
Y Y B R Y G P o Y which leads to semi-periodic outbursts of a large amplitude,
0.001 0.01 0.1 ! 10 as usually predicted by computations of the disk time evolu-
B [kev] tion under radiation pressure instability (e.g. Szuszkiewicz &
Fig. 14. The set of 9 solutions obtained as a combination of the thrédiller 1998, 2001; Janiuk et al. 2002).
values of the warm absorber optical depth (0.1, 0.25 and 0.5) and three Of course we should keep in mind that there are two alter-
values of the warm skin temperature (1, 3 and 30 keV, marked wihtive explanations of the stability of the disk in the High State.
dotted, continuous and dashed histograms), with the optical depifig, first one is that the assumption about the viscosity scaling
jdj_usetsgaﬁ;hge 4§q§e352te:ng%@ﬂ?%g:ﬁ;gg?ﬁﬁ%;ﬁi iig'e%) ]yvith the total pressure is incorrect and should be modified (e.g.
I\jlkmz 10° M. .Oth,er.model pallram’eters as listed in’TabIe 1.. FiIie@“lSO_W_| _Gt al. 1994; Sz_uszkiewicz 1990)._The second_o_ne is the
squares mark the composite spectrum of quasars. ppssmmt)_/ of an uncollimated outflow which also stabilizes the
disk (Janiuk et al. 2002). Nevertheless, the warm skKiers an
interesting possibility.

and the soft X-ray slope of the resulting spectrum gets steeper!t is more dificult to give a similar discussion in the
(softer) if the dependence of the covering factor on the di§Rse of AGN due to intrinsically longer timescales and,
thickness is stronger than line@r# 1). A considerably weaker consequently, poor knowledge of the evolutionary trends.
dependence leads to very hard spectra and in the ligitefo  Analogs of outbursts in GRS 192505 lasting~1000 s would
all energy must be dissipated in the warm skin in order to st@ke 106-10" yr in an AGN. However, large variations seen
bilize the disk. In this limit our approach reduces to the resift NLS1 may be related to the discussed disk instability. This
obtained by Svensson & Zdziarski (1994): if all energy is digvould mean that NLS1 are massive counterparts to galac-
sipated in the hot corona the underlying disk is dominated ¢ sources in their Very High States, as already argued by
the gas pressure, and therefore it is stable. Rozariska & Czerny (2000).

The value of¢ ~ 1 seems to lead to the Compton ampli-
fication factor_ nicely reproducing the observed range of_sozﬁs,. Optically thin or optically thick skin/corona?
X-ray slopes in NLS1, as seen from the comparison of Fig. 8
and Fig. 11. What is more, it explains why the disks seem relBhe recent Chandra and XMM observations show no or very
tively stable even if dominated by the radiation pressure.  weak spectral features in the soft X-ray range in a number of
NLS1 galaxies (e.g. Ton S180pRdiska et al. 2003; Vaughan
et al. 2002). Therefore, in those sources the soft X-ray slope
must be of Compton origin. However, as discussed e.g. by

Our model may also explain why the flow in galactic sources ¥gughan et al. (2002), the knowledge of the spectral slope does

rather stable in the High State but becomes unstable when figéallow us to determine the optical deptidthe temperature

source enters the so called Very High State. of the medium, and more generally, does not allow us to tell
The luminosity corresponding to the High State is roughwhetherthe medium is Compton-thick or Compton-thin. In the

about 0.1 in Eddington units while at the Very High State it iBr€Sent paper we do not provide any constraints for the opti-

about 1. A standard disk dominated by the radiation pressuré® depth of the heated layer. Comparing the predicted range

expected to be unstable at these luminosities and the stabil@&soft spectral slopes with the observed slopes we may favour,

tion is possible at luminosities by a factor of a few higher thah Posteriori, an optically thick medium with a relatively low

the Eddington limit due to thefiect of advection (Abramowicz temperature.

et al. 1988).

_ The observed_ sources show the opposite behaviour. TRe  skin/corona or outflow?

disk component in the Soft State spectrum of Cyg X-1 was

shown to be stable (Churazov et al. 2001). A brighter sourd&e location of the Comptonizing medium is also not known.

the microquasar GRS 192305 (which is radiating roughly In the present paper we assumed that this medium constituted a

at the Eddington limit, see e.g. Sobolewskaz§cki 2003) layer above the accretion disk. However, an alternative picture

10%
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4.2. High and Very High State in our model
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is also possible — that of an extended medium surrounding #ftectiveness and applicability for the modeling of the broad-
nucleus, possibly in a form of an uncollimated outflow. band data. Future models should also account for the hard
Such an outflow was considered by Janiuk et al. (2002) Xiray emission.
the context of galactic sources and it was advocated by PoundsLower-luminosity AGN (in terms of the Eddington ratio),
et al. (2003) and King & Pounds (2003). The argument fdike Seyfert galaxies, are not expected to be represented by
the presence of an outflow comes from the detection of n#ine discussed model. In those sources the disk evaporation is
row but blueshifted absorption lines in the soft X-ray spectrumost probably veryfgective, as expected from the models (e.g.
of a Narrow-line quasar PG084849, indicating an outflow Rézaiska & Czerny 2000; Liu et al. 2002), and the inner disk
velocity of order of 0.2. is replaced with a hot, possibly advection dominated flow (e.g.
The bulk motion of the outflowing medium is high enougiNarayan & Yi 1994). The small soft X-ray excess, if present,
to cause significant Comptonization of the scattering mediusndue to reprocessing of the X-ray emission by the outer disk
if the flow is optically thick (see e.g. Janiuk et al. 2000). In thig.g. Czerny &Zycki 1994), and the iron line also formed in
case the disk would be also stabilized, as shown by Janiuk etla¢ outer disk is mostly narrow. The skin-dominated part does
(2002). not develop in those sources.
The two models are flicult to distinguish at present.

Perhaps the most promising approach would be through the _ _ o
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