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1 INTRODUCTION

Absorption due to highly ionized Oxygen and elements of lsimi

ABSTRACT

Signatures of warm absorbers are seen in soft X-ray spefcataont half of all Seyfertl
galaxies observed and in some quasars and blazars. We ubetimal equilibrium curve to
study the influence of the shape of the ionizing continuumsidg and the chemical compo-
sition of the absorbing gas on the existence and nature of/énm absorbers. We describe
circumstances in which a stable warm absorber can exist astghase medium or one with
continuous variation in pressure. In particular we find thiéofving results: i) the warm ab-
sorber exists only if the spectral index of the X-ray powas-ionizing continuunw > 0.2
and has a multiphase natureif~ 0.8, which interestingly is the spectral index for most of the
observed Seyfert 1 galaxies; ii) thermal and ionizatiotestaf highly dense warm absorbers
are sensitive to their density if the ionizing continuum isfisiently soft, i.e. dominated by
the ultraviolet iii) absorbing gas with super Solar metithi is more likely to have a multi-
phase nature; iv) the nature of the warm absorber is significanfluenced by the absence of
iron and associated elements which are produced in thediges of star formation history
in supernovae of type la.

Key words: quasars: absorption lines - galaxies : active - Seyfert -:1&hindances X-rays:
ISM

optically thin gas along the line of sight to the center of &@&N
has come to be known as the warm absorber (hereafter WA).

atomic number (e.g. O VII, VIII, Ne X) is commonly found in the Understanding the structure of the WA will lead to better un-
soft X-ray spectra of active galactic nuclei (AGNs) (Halp&©84; derstanding of the structure of AGNs; for example, ideimigythe
Nandra & Pounds, 1994; Reynolds, 1997; Geosgel. 1998). location from which the wind arises will impose constraiots
High resolution X-ray spectra frothandra and XMM-Newton the physics of the wind source. Some authors find that the WA
show that these absorption lines are always blue-shiftetheoed is well fitted with a model with two ionization phases (Kroigjo
with the emission lines and so must be in outflow from the cen- etal. 2003; Krongoldetal. 2005a; Ashtoretal. 2006; Collinge

tral continuum source (Collingetal. 2001, Kaastratal. 2002, etal. 2001) or three phases (Netzgul. 2003; Morales, Fabian
Kinkhabwalaetal. 2002, Blustinetal. 2003, Krongoldetal. & Reynolds, 2000; Kaastratal. 2002), in which the components
2003, Netzeetal. 2003, Turneetal. 2004). The absorption edges ~ are in pressure equilibrium. Other authors (Oglel. , 2004) and
and lines respond to variation of the ionizing continuumteediby Steenbruggetal. , (2005) have argued in favor of a continuous dis-

the central engine. For example, Krongold et al. (2006) stiaw tribution of ionization state for the WA, in objects for whiothers
for NGC4051 the ionization state of the WA responds to the con fitjust a few phases. One way to investigate which solutiondse

tinuum flux as predicted for gas that stays close to photpaditin likely is to investigate the physics determining the therstaicture
equilibrium, so that other factors, e.g. velocity changes shocks, of WA.

do not appear to be important. It is therefore reasonabledorae The effect of various factors on the WA can be studied con-
that the absorbing cloud is photoionized by the continuudiara  yenjently using the thermal equilibrium curve (hereafeferred to
tion from the active galactic nuclei (AGN). This partiallgriized as thestability curve of temperature (T) against the ratio of ion-
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ization parameteré( see below for definition) to T. Gas lying off
the stability curve will cool or heat until reaching the cenif the
(SC);  akk@iucaa.emet(AK); curve has kinks that produce multiple stable values at f§&m,
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effect may be responsible for the multiphase nature of ther-in
stellar medium of galaxies (Field, 1965). lonizing contimufrom
AGN can induce such kinks (Krolik, McKee & Tarter, 1981), to a
larger extent than the interstellar medium. The pronouriéekis
representing WA in the stability curve lie in the intermeditem-
perature range < logT < 7 where photoionization heating and
collisional cooling of various metals are expected to deiee the
thermal balance of the WA. The details of the thermal stighid
strongly affected by the shape of the ionizing continuumtesdiby
the central source (i.e. their spectral energy distrilmstior SEDS),
and by the chemical composition of the absorbing gas.

Our main motivation in this paper is to improve on previ-
ous work (Hess, Kahn & Paerels 1997; Komossa & Mathur 2001;
Krolik, McKee & Tarter 1981, Krolik &; Kriss 2001; Reynolds &
Fabian 1995; Rozanska, Kowalska & Goncalves 2008) by aagryi
out a systematic investigation of the stability curves andlfy to
give a quantitative handle on the relative stability natnfrthe WA
as a function of the various physical parameters involvedéc-
tion 2 we discuss the physical properties of the WA. In Sec8o
we give all the constraints and assumptions used in the paper
simulations of the stability curves are sensitively deperan the
underlying atomic physics used by the photoionization sotlée
have shown (Chakravorstal. , 2008, hereafter Paper I), that di-
electronic recombination rate coefficients have a largecefin the
stability curve. Using recent atomic physics databasdsnbhude
many more of these rates, with more accurate values, is tapor
because it significantly changes the predictions for thesighyna-
ture of the WA. The serious impact of this effect is addressed
further details in Section 4 while we discuss the stabilityve and
comparison with earlier works. We choose a specific schemepto
resent the ionizing continuum (discussed in Section 3) amyg its
parameters to create a reasonable ensemble of spectraisshap
demonstrated by a wide variety of AGN which harbour WA. The ef
fect of these different SEDs on WA nature is discussed iniG@®6t
Rozanska et al. (2008) have demonstrated that for suffigieatft

AGN SED, the thermal balance becomes dependent on the ylensit

values if it is above a certain threshold. This can only hapife
the gas is dense enough and the ionizing continuum is apatepr
to induce heating processes other than photoionizationrrarthte
the thermal balance. Since we sample a rather large varfiéiy-o
izing continua for our investigations, the present workegius an
appropriate opportunity to study the effect of density aabgity
curves in Section 6. Optical and ultraviolet emission ansogiy-
tion line studies suggest that central regions of AGN havarSw
higher metallicities (Hamann & Ferland, 1999) and the WA tem
perature range of the stability curve is sensitive to thenatan-
teractions due to various metals. This abundance depeaqene
vides the motivation for our study of the influence of indivéd ele-
ments, and groups of elements in Section 7. The improvediegda
atomic database used for the simulations provides the apptyr

to go beyond the qualitative discussions and, for the first timake
guantitative comparisons of the multiphase nature anddbest-
ness of the stability regions as a function of the ionizind>Std
chemical composition of the absorber in Section 8. Our tesuk
summarised in Section 9.

2 WARM ABSORBERS

Studies of WA variability in response to continuum chandesas
that it is reasonable to assume the WA to be in ionization bad t
mal equilibrium (Nicastraetal. , 1999). The timescales to reach

equilibrium seem to be less than a day (Nicasti@. 1999; Kro-
ngoldetal. 2003; Krongoldetal. 2005b; Krongoldetal. 2005c;
Krongold etal. 2007). Equilibrium is reached when photoioniza-
tion is balanced by recombination, and ionization and Compt
heating are balanced by recombination and Compton coalow-
ing. The Compton heating and cooling become important dt hig
temperature which is solely determined by the shape of hinai
nating continuum, and typically i8 > 107 K for standard Seyfert
1 spectral energy distributions, which the clouds can mtbeily
when the ionizing continuum has significant number of hanch)-
photons. The typical column density in WAs, estimated nyairs-
ing absorption edges, ¥u ~ 10?**! cm 2 (see the references in
Section 1). In some cases lines are easily detected whedgas e
are not seen (Kaasteaal. 2002; Rozanskatal. 2004). However,
the Ny values derived from edges alone are systematically high
by large factors £10) - see Krongolcktal. 2003, Kaspietal.
2002. Modeling of the absorber allows the temperature and io
ization parameter to be calculated. Typically, the temipees are
of the order of10° K and the ionization parametér~ 100 (see
definition of £ below). However, in some objects WAs are found
to have additional components which exhibit higher temipees,

~ 10° K (see the references in Section 1).

The estimated distance of the WA from the central source cov-
ers a wide range: from the kiloparsec scale of the extendedwma
emission line region (Kinkhabwalgal. 2002), through distances
of ~ 0.01 — 1pc, i.e., at the scale of the obscuring molecular
torus (Krolik & Kriss, 2001; Crenshawtal. 2003; Blustinetal.
2005), to within theH 3 broad emission line region, on the scale
of the accretion disk, which is a few thousand Schwartzafaittii
(Krongoldetal. , 2007), where the WA would form the base of an
accretion disk wind (Murray & Chiang 1995, Elvis 2000). Thep
toionization state of the WA can be parametrised by the aiion
parameter which is the ratio of the ionizing photon flux to ¢jae
density (Tarter, Tucker & Salpeter, 1969):

€ = Lion/nu R® [ergems™ ],

@)

where Lio, is the luminosity betweed — 10® Rydberg. Hence
¢/T ~ L/pR?, p being the gas pressure in the WA. Although, in
this paper we have usgdfor all our discussions, in the context of
warm absorbers, there is another popular definition of thezi
tion parameter given by

U = Qion/4mcnu R 2

Qion (s1) is the rate of incident photons above 1 Rydberg and c is
the velocity of light. For a given shape of the SED of the iamiz
continuum, the conversion frogto U is unique and can be done
conveniently. Although luminosity can be constrained freepa-
rate independent observations, it is difficult to removedbgener-
acy between density and distance in the producR? featuring in
the denominator of the ionization parameter. Thus, thenesibn

of distances for WA becomes challenging; for example, Nette
al. 2003 and Krongold et al. 2006 put upper limits differingup

to three orders of magnitude on the WA distance in the sanexbbj
NGC3783 (but using different observations). As the mass flate

is proportional to the radius such large factors of uncetyaave

a large effect on AGN energetics and on feedback from the AGN t
the surrounding media.

Krolik, McKee and Tarter (1981) showed that a stable state
exists atT” ~ 10* K for a photoionized cloud which undergoes
collisional cooling. There can be an additional stableestat the
absorbing cloud al" ~ 10® K, if the incident photoionizing con-
tinuum has a hard X-ray component as an extra heating ageus. T



they suggest that presence of a hard X-ray continuum wosldtre
in clumping, with cold clouds remaining in equilibrium withhot
medium. However, for optically thin, ionized gas, the tenapere
rangel0® — 10”7 K is well known to be an unstable zone, bringing
into question the model of WA as gas in thermal equilibriura- R
diation in spectral lines is the primary cooling mechanisnthis
temperature range. The contribution from radiative redoatipn
and two-photon continuum emission (Gehrels & Williams 1993
form some additional small regions of stability.

3 CONSTRAINTS AND ASSUMPTIONS
3.1 The code and its implementation

We assume a simple model of a geometrically thick, optidiy,

plane parallel slab of gas illuminated on one face for theodbs

ing medium which is located at a certain distariRdrom a cen-

tral continuum source of bolometric luminosify The geometrical

thickness of the gas is taken to be much less tRaiThe physi-

cal condition of the absorbing medium is determined by the flu

received at the illuminated face of the gds/{rR?), the shape

of the ionizing continuum (SED), the number density of the ga

nwu, the column density of the gaSu, and the chemical compo-

sition of the absorbing gas. To obtain the equilibrium ctinds

for a gas with an assumed set of parameters which specife thes

inputs, we have used the publicly available photoionizatode

CLOUDYversion C06.02.01 (hereafter C07), see Ferland (1998).
CLOUDY calculates the ionization equilibrium conditiong b

solving the energy and charge conservation equations tineles-

sumption that all the atomic processes have had time to reach

steady state. The density of ‘" species is then given by the bal-

ance equation

887:; z njRj; + Source (©)]
J#i
—N; Z Ri]‘ + Sink
i
= 0,

whereR;; is the rate of speciesgoing tos, Sourceis the rate per
unit volume of appearance of new atoms/it species an&inkis
the rate that they are lost (Osterbrock & Ferland, 2006) rihlaé
equilibrium conditions are calculated by evaluating thatimg and
cooling rates at different temperatures for the given gadiading
the temperatures where the two rates balance each other.

For all the calculations in this paper we have used CLOUDY
in theconstant densitgnode which is chosen for the sake of numer-
ical simplicity, as we probe a rather large range of paransgtace
to determine the properties of the WA. We would like to noteshe
that using the TITAN code (Dumont, Abrassart & Collin, 2000)
Rozanska&tal. (2006) and Goncalvegal. (2006) have pioneered
theconstant total pressummode of calculations for photoionization
equilibrium where they relax the approximation that thesigris
constant. Their only assumption is that the line of sightigas
total pressure equilibrium and they introduce additiotetlations
between temperature and density within the code in a selison
tent manner. This results in natural stratification of theudl with
different temperatures and densities where each layédunsiitated
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by the radiation already absorbed by the previous layers& heo
methods agree well with each other for optically thin clqualst
show significant differences when the column density of the a
sorbing cloud is high¥u > 102?2). In our future publications
where we will restrict ourselves to study equilibrium prdjes of
WA as functions of a smaller range of physical parametersyille

use similar methods.

3.2 Density dependence

Estimation of temperature is independentnef, for a gas in ther-
mal and ionization equilibrium when the dominant processes
heating and cooling are photoionization and recombinatspec-
tively. This is because in this regime of thermal equilibtiuden-
sity enters the temperature estimation only through thizétion
parameter. Hence the stability curve would be insensitivéhe
value of the density used. This gives us the liberty to chaose
intermediate value for WA densityyz ~ 10° cm ™3, leading to
L/R* ~ 10" from Equation 1, for typical value$ ~ 100 corre-
sponding to WA. Except for Section 6, where we check the rebus
ness of this assumption, we have assumed the uaitiefor L/R2
throughout the paper.

3.3 lonizing continuum

The 1 — 10keV part of the observed spectra of AGN is usually
modeled as a simple power-law with exponential lower anceupp
cut-offs specified by,i» andv,,q. respectively,

f(v) v e min/v ey vmas, )
wheref (v) is the flux per unit frequency interval and> 0) is the
energy spectral index. For most quasars, the X-ray spanttak
lies in the rangd).7 < a < 0.9 as shown by Wilkes & Elvis in
1987 and also recently by Grupgl. 2006 and Lopeztal. 2006.
However some objects show extreme values dike 0 or o > 2.
There is a systematic difference between radio-quiet aid4aud
AGNSs in that radio-quite AGNs have steeper X-ray spectra~(
1.0) than radio-loud onesp(~ 0.5, Wilkes & Elvis 1987; Grupe
etal. 2006; Lopeztal. 2006).

lonizing continua given by Equation 4 have been used earlier
by Reynolds & Fabian (1995, hereafter RF95) for doing dethil
analysis of nature of WA as a function of various relevantgshy
cal parameters. Their work is further discussed in Sectiohhé
dashed and dotted curve labeledEasly setin the lower panel of
Figure 1 is drawn using Equation 4 with= 0.8, E,,;», = 13.6eV
andFEq. = 40keV.

The extension of the soft X-ray SED into the extreme ultravio
let (EUV) cannot be directly observed in most cases becanesgy
in EUV is easily absorbed by our own galaxy. The join betwéen t
EUV and X-ray flux is parametrized by the slopg. defined as

F,(2keV) }
F,(2500A)

Qo ®)

—0.384 log {

(Tananbaumetal. , 1979). To obtainx,. in the observed range

1 < aor < 2 we need a steeper soft component in addition to the
power-law given by Equation 4. We assume a two component SED
to simultaneously include the information on X-ray and EWAda
which can be expressed as

flv) ~m v e vman 4oy vmaz  for v > 2500A,  (6)
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wherea, (> 0) is the spectral index of the steep soft component
andpn is the relative normalization factor. For energies lowarth
2500A we have used a spectral shape given by

f(v) v~ %% for 0.206 Ryd < v < 25004
v for 9.12x 107 < v < 1.0 x 107° Ryd

v?5 for v <9.12x 1073

~

~

@)

which is similar to the shape used by Mathew & Ferland (1987)
for the same energies. Equation 6 and Equation 7 taken ®geth
describe a more realistic ionizing continuum which irréeathe
WA.. Such a continuum is shown as the solid curve lab8feshdard
setin Figure 1 witha = 0.8, as = 2.0, aox = 1.2, Emaz =
200 keV and lower energy cut-off following Equation 7.

In the lower panel of Figure 1, thetandard setontinuum is
compared with various other SEDs used or discussed in tipisrpa
and we will refer to these comparisons in more details iniSeet
In this paper we have used the simple definition for the iowgjzi
continuum, as in Equation 4, only in Section 4 where we have
given an introductory description of the stability curvedasom-
pared results with similar works in literature (RF95). Ith @her
sections we have considered the more realStandard sespec-
tra. All through the paper we have assunaged= 2, and for a given
value ofa, obtained the desired value ®f.. by adjusting;. In Sec-
tion 5, when we investigate the changes in the nature of &ilisy
curve with variation in the shape of the continuum, we comisal
wide range of slope€).2 < a < 1.1 andl < aor < 1.8 and a
wide range of higher energy cutofip keV < FEa. < 400keV

Log(vf,) erg ecm™ s~!

—
O

O

©

@
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4 STABILITY CURVE AND EARLIER STUDIES ON IT 25003 )S‘ 13.6

4.1 Definition

The stability curve, may b? con5|dere_d to be a phase d'ang'_ Figure 1. Top panel : lonizing continuum obtained using Equation 6 and
log T — log(&/T) plane, with each point on the curve representing Equation 7 taken together, whete= 0.8, as = 2.0, aor — 1.2 and the
an equilibrium state of the system at a temperatfflyéor ioniza- continuum is exponentially cut-off 00 keV. At lower energies, this con-
tion parameteg. The other parameters describing the system have tinuum is cut-off following Equation 7 with the successiyeestral indices
specific values as mentioned below. The solid curve in Figus of —0.5, —1.0 and2.5. This continuum is labeled as tistandard setwe
generated using version C07 of CLOUDY, for an absorber ltavin have also appropriately labeled the dominant componeifiteo$ED at var-
gas densityry = 1011/5 and Solar metallicity, being ionized by  ious energies and used the dashed line to show the resuigant= 1.2.
a power-law continuum having energy spectral index 0.8 and Bot‘tom panel : Comparison qf trﬁtandgrd ;etonizing continuum with
extending from13.6 eV to 40 keV; hereafter we will refer to this ~ various other SEDs used or discussed in this paper. Thedeiatigdashed
as theEarly modelnd the corresponding parameter set a&tirty Ilne labeled as th&arly setis the ionizing _contmuum given by Equation 4

. ) . . with a X-ray slopex = 0.8 and exponential cut-offs df,,,;, = 13.6eV
set Computat.lon_s Wgre done using a grid of models with a. range of and Emae = 40keV. The dotted line represents the ionizing continuum
values of the ionization parametgrand the code is constrained to | ,soq by Kroliketal. 1981 and the dashed line that used by Mathew &
perform single zone calculations to ensure that the gastisatiy Ferland (1987). The important energy values including thyeen and lower
thin. The ionizing continuum used in th&arly modelis shown as energy cut-offs 3.6 ¢V, 40 keV and200 keV) and the range of definition
the dotted-and-dashed curve in the lower panel of Figureelu¥g for coz (25004 and2 keV) have been marked and labeled.
the Early setin this section to compare results with earlier works
like RF95 who have done extensive study of the stability props
of the WA as a function of various shapes of the ionizing aonti
uum.

An isobaric perturbation of a system in equilibrium is repre
sented by a small vertical displacement from the stabilityve;
such perturbations lea&/T ~ L/pR? constant, which for con-
stantL/R? leave the pressure unchanged. If the system is located
on a part of the curve with positive slope, then a perturlpatior-
responding to an increase in temperature leads to coolihie &
decrease in temperature leads to heating of the gas. A gastiras
state is therefore thermally stable. On the other hand, togaged
in a region of the curve with negative slope is thermally ahk,

and may achieve a multiphase equilibrium under certainiphls
conditions which we will discuss in later sections.

4.2 Earlier studies

Before we go on to discuss our own results with the stabilitye,
here, we would like to mention some of the earlier works dope b
various authors on WA and/or stability curves.

Krolik etal. (1981) obtained the stability curve for AGN
using parameters similar to otrarly setexcept for the ionizing



continuum. The continuum used by them is plotted as the diotte
curve in Figure 1. They have argued in favour~of10* K stable
states remaining in pressure equilibrium with thel0® K phases.
Although there are somearrow stable phases at 10° K, they
have ignored the significance of such states. Moreover siegil-

ity curves do not show any stable states-at0® K.

In a similar study on the absorbing medium, Mathew & Fer-
land (1987) do not find ther 10* K and~ 10% K phases in pres-
sure equilibrium with each other. The continuum used by [éath
& Ferland (1987) is widely used as a broad band continuum for
AGN modeling studies and has been represented with the dlashe
line in Figure 1. The energy spectral index of the ionizingtoo
uum in theStandardset is very similar to that of the Mathew & Fer-
land SED in X-rays (0.3 - 10&keV). However, it is not objective
to make a comparison at this stage because, although ttznigni
continuum in theStandardset given by Equation 6 represents the
overall shape of the SED between 2¥ to 2 keV using the def-
inition of a,, it is unable to give information on any underlying
specific features in this energy range. In this paper we wiibtrain
ourselves to use ionizing continuum given by Equation 6 aoqebE
tion 7, but will investigate the details of the spectral shapthe en-
ergy range (1 - 100@V) in subsequent publications (Chakravorty
etal. , in preparation) by incorporating the effect of soft excass
~ 150 eV and a disk blackbody component-at20 eV.

Reynolds and Fabian (1995, RF95) have studied the warm ab-

sorber stability conditions using physical conditions asatibed
by our Early setof parameters. They used a simple power-law for
the ionizing continuum and varied the power-law indeto check
for its effects on the WA and also examined some basic effects
adding a soft excess component to the power-law ionizingircon
uum. Using power-law continuum withh = 0.8, they find that
the stability curve is independent of density variationtie tange

10 < ng < 10" cm™®
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Figure 2. Stability curves showing the distribution of equilibriuranper-
atureT as a function of /7. It is assumed that an optically thin shell of
gas of Solar metallicity is ionized by a continuum with energ = 0.8,
extending froml13.6 eV to 40 keV. The regions of the plane where heat-
ing or cooling dominates are indicated. The solid curve igioled using
version C0O7 of CLOUDY while the dotted curve is for versioMtga.
The Early setof parameters, as described in the text, is used in gen-
erating the two curves, which are seen to be significantlferift for
1046 < log T < 107 K.

Hess et al. (1997) address the discrepancy that the physicalstability curve generated using tirly setof parameter values

properties inferred from observations of some low-massyXhi-
naries and Seyfert galaxies correspond to thermally ulestah
gions of the stability curve predicted by photoionizatiomdes.
They have carried out an extensive study of the stabilityeas a
function of various ionizing continuum and different abande of
the absorbing gas. They have studied the cause of the ilitsésbi
in great detail and have cautioned against the outdatedfitpa-
rameters used by the simulation code and also against theaagc
of the atomic data then used for determining the thermahigala
Komossa & Meerschweinchen (2000) and Komossa & Mathur
(2001) have extensively studied the stability curve retpely as
a function of ionizing continuum and chemical compositidnhe
absorber with the aim of explaining the WA in various narrave|
Seyfert 1 galaxies. They find that steeper ionizing contimata-
bilizes WA and super-Solar metallicity of the gas enhandes t
possibility of multiphase WA. By modeling the observationis
NGC4051, indications are found that the WA in this object has
super-Solar abundance.

4.3 Comparison with earlier work: importance of updated
atomic data

In the WA temperature rang)® < log T < 10” K cooling pro-
cesses are dominated by collisional recombination which e
radiative or dielectronic. These processes lead to logcabns of
thermal stability in this otherwise unstable temperatumege as
discussed by Gehrels & Williams (1993), Hess, Kahn & Paerels
(1997) and also depicted by RF95. We can see these effects in o

and shown as the solid curve in Figure 2. However the atomic
physics data base has been updated considerably over the las
decade and our results show significant quantitative vanafrom
earlier work which we emphasise by making explicit comparss

with RF95.

The dotted line in Figure 2 is a reproduction of the stability
curve (using version C8412a of CLOUDY) in Figure 3 of RF95
where they had used tiigarly setof physical parameters. The vari-
ations in the CO7 stability curve from the C84 curve lead fiecént
physical predictions for the WA; for example, th8® K state be-
comes much more stable in our work resulting in more pronednc
possibility of multiphase nature of the WA. The< logT < 6.5
region of the stability curve, relevant for WA, sensitivelgpends
on the detailed atomic physics of the various elements winich
tribute to photoelectric heating and cooling due to recoratidon
and collisionally excited lines. In Paper | we have showrt tha
total recombination rates (dielectronic + radiative), fioe signif-
icant cooling agents which bring about the maximum varratio
the stability curves in Figure 2, are predicted to be large€07
than in C84.

In the WA temperature range)® < 7' < 107 K, dielectronic
recombination dominates over radiative recombinationni@any
ions (Osterbrock & Ferland, 2006). Unlike the radiativeorabi-
nation rate coefficients, dielectronic recombination catefficients
(DRRC) have undergone significant changes over the lastldeca
The importance of revisiting the values of DRRC were firshpex
out by Savin et al. (1997) and further emphasised by a sefies o
papers by Badnell and coworkers (Colgan et al. 2004, Colgah e
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Model lonizing continuum nyg Ny Metallicity
Low energy
Definition @ Qox as Emaax Cut Off
Early Equation 4 0.8 - - 40 keV Epin = 13.6eV 109 cm—3 Zone 1 Zo
(Equation 4) (See text)
Standard Equation 6 0.8 1.2 2.0 200 keV Equation 7 1011 /¢ 1022 cm—2 Zo
Equation 7 (See text)

Table 1. Comparison of the various parameters used to constitutedhyg and theStandardmodel for stability curves.

2003, Altun et al. 2004, Zatsarinny et al. 2004a, Mitnik & Bad
2004, Zatsarinny et al. 2003, Gu 2003, Zatsarinny et al. B@0%#

for both components 800 keV. The high energy cut-off is an av-
erage of the observational values reported from Beppo-3aghw

Gu 2004). The DRRC data base is more extensive now and showsfound hard X-ray spectral cut-off to span the range 50 to 46U

that the rate coefficients for different ionization statévarious
elements are substantially larger than the values usedopsty,

but the database is still not complete, especially for theetdon-
ization states. For ions which do not have computed DRRC val-
ues, CO7 uses a solution, as suggested by Ali et al. (1994); fo
any given kinetic temperature, ions that lack data are giveRC
values that are the averages of all ions with the same chahge.
advantage of this method is that the assumed rates are \lithin
range of existing published rates at the given kinetic teaipee
and hence cannot be drastically wrong. However, in Papeel, w
have checked whether the points in the C07 stability cunee® h
computed DRRC values or guessed average values, conaentrat
on the parts of the curve which have multiphase solutiongHer
warm absorber10® < 7 < 10° K) and are different from the C84
stability curve. We find that all the ions which act as majalowm
agents for each of these points in the stability curve haliahbie
computed DRRC values which are not likely to change in near fu
ture. Thus, the new data base provides a more robust meastrem
of the various physical parameters involved in studying ttres-
mal and ionization equilibrium of photoionised gas. Thi$ anly
gives us the motivation to improve upon previous qualitagtabil-

ity curve analysis by various authors (Hess, Kahn & Paer@951
Komossa & Mathur 2001; Krolik, McKee & Tarter 1981; Krolik
&; Kriss 2001; Reynolds & Fabian 1995; Rozanska et al. 2008)
but also provides the chance to extend their work with qtetite
estimates on the nature of the multiphase WA in Section 8.

4.4 Standard set

The ionizing continuum used in tHearly sethas now been shown
by improved spectral UV and X-ray measurements not to corre-
spond to observed continua (Zhertgl. 1997, Shangtal. 2005).

As discussed in Section 3, we will use a more realistic SED wit
two power-law components given by Equation 6 and lower gherg
cut-off given by Equation 7. The fiducial value fag.. for Seyfertl
galaxiesis 1.2 (Netzer 1993). We definStandard sedf parameter
values to be used in the rest of the paper where the ionizintjnco
uum shown as the solid line in Figure 1 is parametrized by 0.8,

as = 2 andn is appropriately adjusted to attain, = 1.2. Fnas

(Matt 2004; Tueller et al. 2008). The absorbing gas in $tandard
model is assumed to have Solar abundarite=(Zs) as given by
Allende Prietoetal. (2002, 2001), Holweger (2001) and Grevesse
& Sauval (1998). The density is given by = 10" /¢ as in the
Early set In addition we assum@&g = 1022 cm ™2, for the slab

of the gas in theStandard setTable 1 shows a comparison of the
various parameters used in tBarly setand theStandard set

5 INFLUENCE OF EUV / SOFT X-RAY SLOPE

In this section we consider the effect on the stability cofvehang-
ing the shape of the continuum in Equation 6 by varyingndo,,
over a range of values. All through the section we assumetieat
gas has chemical composition of Solar abundance.

5.1 Influence of Soft X-ray slope

The left panels of Figure 3 shows the shapes of the ionizimg co
tinua and the corresponding stability curves for differeaities of
«, az 1S held at a constant value ©f2 for these curves. We have
highlighted the stablé0® K < T < 107 K warm absorber states.
For very flat continua, with energy index~ 0.2 or less, al-
most no stable state exists in the temperature rangé’cf 10” K,
since there are no regions of the curve here with positiveeséx-
cept for a very narrow one abg(¢/7") ~ —2.6. The large num-
ber of high energy photons pushes the Comptonization teanper
ture toT > 10® K. As noted by Kroliketal. (1981), there is a
cooler phase dbg T < 4.5 and a hot phase which is transparent
to atomic features. Warm absorbers are thus unlikely to bado
in AGN which have such flat X-ray spectra. Stability curves fo
steeper incident spectra show additional stable statdseiinter-
mediate temperature regime. Curves correspondiag=t00.5 and
a = 0.8 are both stable up te: 2.5 x 10° K. Thestandardcurve
shows one extensive stable state-afl0° K. We will discuss the
effect of multiple phases further in Section 8. For steejpecsa
with a = 1.1, the absorbing gas is predicted to be stable for all
& with the Compton temperature now lyinglag T = 6.9. The
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Figure 3. The shapes of the ionizing continua and the correspondatalisg curves for varying X-ray slope: (left) and varying EUV to X-ray slopeyoq
(right) for an optically thin shell of gas of Solar metalticiln the top panels showing the SEDs, the important eneatiyeg including the upper energy cut-off
(200 keV) and the range of definition for,. (25004 and 2 keV) have been marked and labeled. Left panels: X-rayrftlex . is varied from one curve to
the other in the range.2 < a < 1.1 with a, held constant at the value2. Right panels: The EUV to soft X-ray slope,., is varied over a range of values
with the X-ray slopex held constant at the standard valug. On the stability curves we have used black on green, bluedngray on black, red on blue
and cyan on magenta to highlight the stable WA phases. Natarthhe left panel, théog 7" axis extends up t8. The flat spectrum¢{ = 0.2) curves have
higher temperature Compton stabilizatiorifas> 108 K.

distinct multiple phases at different temperatures, butdar pres-
sure equilibrium are lost. For such steep continua, stablesexist
over a continuous distribution @f/T" andT" in the phase space.

In summary, AGN having flat X-ray spectra with< 0.4 are
not likely to have WAs. Although a steeper continuum can lead
physical conditions that can sustain warm absorbing gaseimtal

equilibrium, multiphase nature of WA can only be seen for AGN

spectra with intermediate slopes®@f- 0.8. Itis interesting to note
that multiphase WAs are predicted for continua having Sép¢he

range0.7 < a < 0.9 which is the observed range for the bulk of
the observed AGN population (Wilkes & Elvis 1987; Gruge.
2006; Lopeztal. 2006).

We would like to note an interesting difference between re-
sults obtained by us and that by Krolik & Kriss (2001, hereaft
KKO01). Using a model ionizing continuum given by Kaspi et al.
(2001), KKO1 have obtained stability curves computed bsiger
2.1 of XSTAR (Kallman 2008). The ionizing continuum by Kaspi
et al. (2001) has values af,, ~ 1.3 anda = 0.77, very sim-
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ilar to those used in th&tandard setHowever, KKO1 find that
the corresponding stability curve shows a steep near aérige in
temperature fromv 3 x 10K to ~ 10° K for 40 < £ < 1500
which gives a continuous distribution of stable states averide
range of¢, while pressureq/T") remains almost constant. For the
same range of, (50 — 1200), our Standardcurve, shows two dis-
tinct WA phases in pressure equilibrium with each other dmed t
change in temperature is gradual and spans a much wider oinge
&/T values.

5.2 Influence ofas

In the right panels of Figure 3 we have shown the results of-var
ing the EUV to soft X-ray slope.. (see Equation 5). The X-ray
slopea is held at a constant value 0f8. Observations find.,. be-
tween~ 1 and~ 2 as reported by Stratevaal. 2005 and Steffen
etal. 2006. They find that there is an anti correlation betwegn
and the ultraviolet Iuminosit;LV(25OOf°1) as was first reported by
Tananbaum et al. in 1979. We have used the representativesval
of 1.0,1.4,1.6 and 1.8 in addition to theStandardvalue1.2. The
WA phases are highlighted as before.

From Figure 3 we see that the nature of stability indhe =
1 curve is very similar to that in the,, = 1.2 curve. However,
beyond1.2, with a sharper drop in flux from the EUV to the soft
X-ray region, i. e., with steeper value af, there is a gradual in-
crease in the stability of the absorbing gad@it K, and a gradual
shift to higher pressur& (7). Theaox = 1.4 curve shows three
distinct stable states 40°, 10° and 107 K in pressure equilibrium
with each other. For steeper, = 1.6, 1.8, stability at10® K is in-
creased. Thew,, = 1.8 curve shows no unstable states. For such
spectra, the WA can have a continuous distribution of presand
density. The Compton temperature for the stability curveden-
standably gradually drops frolog 7" ~ 7.7 for acox = 1.0 to
log T ~ 6.0 for cox = 1.8 as the ratio of EUV to X-ray photons
increases and Comptonization is progressively dominatéovier
energy photons.

To summarise, the existence of the WA is independent of the
EUV to X-ray slope of the ionizing continuum. However, itslthu
phase nature is influenced by this slope; the steeper theffilix
from EUV to X-ray (i. e., largerv,., the lesser is the possibility of
finding a multiphase WA.

5.3 Influence of E 0z

The Standard sefonizing continuum is exponentially cut off at
Emae = 200keV (see Equation 6). Results from the Swift/BAT
hard X-ray sky survey (Tueller et al., 2008) show that, of the
brightest few dozen AGNSs, for whick.,,,.. can be determined,
the lowest value isl0 keV, while some 2/3 of the objects have
Emae > 120keV, the highest value that BAT can measure. As
aresult an appropriate value Bf,.... for theStandard Seteeds to
be set well above thEarly Setvalue. We adopE,,q = 200 keV.
The high energy cut-off is important in Compton processes an
hence in determining the Compton temperature of a stalilitye,
but is not likely to affect its WA region. However, for the saf
completeness we examine the effect on stability curves ging
the value ofE,,45-

Figure 4 shows the various stability curves drawn using the

2 URL : http://heasarc.gsfc.nasa.gov/docs/softwareridsias/html/
xstarmanual.html.

log T

-3
log(¢/T)

Figure 4. Stability curves drawn using different values for the exgutal
higher energy cut-oft,,,.... The curves are appropriately labeled. All other
physical parameters are same as inStendard set

different values foi&,,..... The curves are appropriately labeled. All
other physical parameters are as in $tandard setFor the lowest
considered value aF,,.. = 50 keV, the Compton processes start
dominating the thermal balance at lower temperaturestieguh
enhanced stability &’ ~ 10 K. However, the influence is still
not significant enough to change the overall qualitativeireabf
the WA or its multiphase properties. The majority of the SIBAT
AGN haveFE,... > 100keV. For such values of,,,4., the WA
remains effectively insensitive to the variation in thethignergy
cut-off; the only influence is in increasing the Compton tenapure
with the increase itF,,q.

6 INFLUENCE OF DENSITY OF THE ABSORBER

As stated in Section 3, we have assumed that the stabilityedar
insensitive to the variation in the value of hydrogen denait of
the WA gas. Based on this assumption, we have taken theylitzert
choose an arbitrary fiducial value of; = 10° cm™ for & = 100,
the typical value of ionization parameter reported for WiksJs
yielding L/R? = 10** from Equation 1, which we hold constant
throughout this paper except in this section. Many authanying
out photoionization calculations make similar assumgigiess,
Kahn & Paerels, 1997; Krolik, McKee & Tarter, 1981; Krolik &
Kriss, 2001, RF95) and RF95 have even verified this stateavent
a wide range of densitiel) < ny < 10'' cm ™3 for a simple
power-law ionizing continuum witlwx = 0.8. However, more re-
cently, Rozanska, Kowalska & Goncalves (2008) showed tiet t
stability curve shows remarkable density dependence ibthizing
continuum has a complicated shape with relatively more)sotty,
photons although the same exercise with a simple powerdaw i
izing continuum witha = 1.0 yields no density dependence on
the part of the stability curve. In this paper we have stuthedsta-
bility curve’s behaviour as a function of complicated idniz con-
tinua with having different ratios of the soft to hard X-raygtons.
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Figure 5. The density dependence of the stability curves as a funcofitime ionizing continuum. The top panels correspond to gr®us values of the X-ray
slopea whereas the bottom panels are for different values of EUV 4@)Xslopeap x and all the panels have been appropriately labeled. Deasiyny
point of a stability curve is given by = (L/R?)/¢. For each ionizing continuum, several stability curvesdnavn by varying the ratid./ R? from
107 to 1015 in multiplicative steps ofl0 such that the density §t= 100 varies fromn g = 10° to 103 cm—3. The dotted black lines cutting across the
curves are the constafit= 100 lines. In the range: ;7 = 10° to 101° cm—3, the density value does not affect the WA range of the stplilirve at all. For
ny > 1010 cm—3, the density dependence of the stability curve is seen tease with the steepness of the ionizing continuum.

Hence it is an interesting exercise to check if the stabdityes,
especially in the rang#0® < T < 10° K, drawn using the differ-
ent ionizing continua considered in this paper show anyatian if

the density is changed.

In this section we relax the assumption made in Section 3
that L/R* = 10'' and for each ionizing continuum considered
in Section 5, draw several stability curves by varying trasiar
from 107 to 10'® such that the density & = 100 varies from
nr = 10° to 10'® cm ™3 in multiplicative steps of ten from one
curve to another. The results are shown in Figure 5. The ypger
els in the figure show the stability curves for continua with d
ferent values of the X-ray slope = 0.5,0.8 and 1.1, whereas
the bottom panels correspond to different values of the EX-t
ray slopeaox = 1.4,1.6 1.6 1.8. The determination of thermal
equilibrium of the WA is seen to be independent of densityhia t
rangel0® < ng < 10'°cm™*, whatever be the shape of the ioniz-
ing continuum. Stability curves withy = 10! and 10*2 cm 3
show insignificantly small differences from the rest of theves
with lower densities as we vaky from 0.5 through 0.8 to 1.1 This
indicates that the soft X-ray slope has little or no role taypin

inducing density dependence to the estimations of thermalile-
rium conditions. The most interesting result of this exezds that
as the EUV to X-ray slopeo x is increased from 1.2 through 1.4
and 1.6 to 1.8, the WA thermal equilibrium properties becaige
nificantly density dependent fer; > 10*! ¢cm~2 and the depen-
dence is more pronounced with the increasexdx i.e. with the
increase in the relative number of EUV photong. ~ 10*2 ¢cm 3
can be considered to be an upper limit on WA density and would
be consistent with clouds residing within the3 broad emission
line region, on the scale of the accretion disc, a few thatdisan
Schwartzchild radii (Krongoldtal. , 2007). Thus higher values
of density are unphysical for WA. However, in each of the f&ne
in Figure 5, we have also plotted the; ~ 10*® cm™2 curve for
comparison and it shows gross difference from the stahilityes
with lower densities for all the continuum shapes considlere

Since theao x 1.8 curves show the maximum sensitivity
to density variation, we select them to investigate the eadishis
effect. We choose thé = 100 model from each of the curves
with densities10® < ng < 10'® em ™2 and check what are the
dominant heating and cooling agents in determining themhbér
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balance. The fractional contribution towards the totallicgprate

by the dominant cooling agents undergoes only a gradualgehan
as we change the density though the above mentioned range. Th
remarkable change is shown by the dominant heating agent. Fo
ng < 10'° cm~3, the heating agents are all photoionized species
and free-free heating starts to dominaterigr = 10'* cm™>. The
percentage of heating by free-free absorption increases4r 17
forng = 10" cm™®to ~ 83 for ny = 10" ecm™3.

The ionization equilibrium conditions of the absorbing gas
be uniquely determined if the shape of the ionizing continiand
the flux received by the gas is specified. Assuming that therbbs
is in ionization equilibrium, CLOUDY evaluates the heatiagd
cooling rates at different temperatures for the given gasdater-
mines the thermal equilibrium solution for the temperatwtere
these two rates balance each other. In the WA temperatuiraeeg
where photoionization is the dominant heating process lzeruirtal
equilibrium is achieved by recombination cooling, the tengure
estimates become independent of density as both the heatihg
the cooling terms have similar dependence on density whach ¢
cels out from both sides of the thermal balance equationigkten
temperatures, the thermal balance is attained by Compiatinige
and cooling, in which case also, the density cancels out.

However, the interplay between various heating and cooling
processes is also a function of the ionization continuunn.spec-
tral shapes with steepo x there maybe sufficiently large number
of low energy photons to make the free-free absorption bizézh
hydrogen dominate over photoionization as the heatinggasc
The heating rate for this interaction has a different depand on
density and will result in making the thermal equilibriumndd
tions sensitive to density variations fag; greater than a certain
threshold value.

The interesting point to note at the end of this exerciseds th
although the mode of photoionization calculations usedgnd
Rozanska et al. (2008) are different, our results are @iy
consistent with each other. For sufficiently soft UV dométhion-
izing continuum the thermal equilibrium calculations beeoden-
sity dependent if the gas is denser than a certain thresBivide the
gas is also assumed to be in ionization equilibrium, theziaton
structure will also be influenced. The effects would be mudnen
pronounced forconstant pressurenode of calculations as shown
by Rozanska et al. (2008). The importance of this resultés fibr
dense gas illuminated by UV dominated ionizing continua,dén-
sity of the gas can be estimated directly by modeling the rviese
spectra in UV.

7 INFLUENCE OF THE CHEMICAL COMPOSITION OF

THE ABSORBER

The behavior of the models along the stability curve, filog(T" ~
4.0 to logT ~ 7.0 is sensitive to the role of atomic physics in
determining the thermal state of the gas. The photoiominatioss
sectiona, (X %) from the ground level oX ** ion with the thresh-
old v; is given by the equation

nmﬂ)/ ATy (X du

n(XTH (X —

n@ﬂ)/fRAXHMu (8)

wheren(X ™) is the number density of th& ™ jon, I'(X ™) is
the number of excitations per particle to tfie+ 1)*" state and’,
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Figure 6. The radiation field interaction rate is plotted as a functiben-
ergy for physical models with different ionization parasretchosen from
different regions of the standard stability curve. Seef@xtetails. The dot-
ted vertical lines mark the absorption edges of some of the important
for WA, viz. CV, CVI, OVII, OVIII, FeXVII, NeX.

is the mean intensity. Thus the functidt, (X ¢) is a measure of
the interaction between the radiation field and #&’ ion.
In Figure 6 we have shown the dependence of

R, =Y R,(X")

on ¢ and hence on the ionization state of the absorbing gas. We
have selected three different models along $tendardstability
curve and plotted?,, /ny as a function of energy with the values
of log & andlog T indicated for each curveiz = 10 /¢ being
the hydrogen density. The absorption edges of various itapbr
ions including CV, CVI, OVII, OVIII, FeXVIlI and NeX which are
the signatures of WA have been indicated with dotted linesth&
gas becomes more ionized by factors~ofl0 its interaction with
radiation decreases by orders of magnitude, especiallgaages
less thanl keV. At any given energy the value @, is lower for
higher¢. However, with highly ionized gas, the interaction shiis t
the higher energies. Fsg &€ = 1, there is no sharp increaseity
at energies corresponding to the WA edges; these interaai@w
with £ as seen in the middle and the bottom curves corresponding
tolog ¢ = 2.4 and3.4 respectively.

We see above that at valueslog ¢ relevant for WAs, the na-
ture of the interaction between gas and radiation is signiflg
influenced by the atomic physics of the heavier elementshén t
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Figure 7. Stability curves for absorbers with different abundandée left panel shows curves having abundance ffmto 97, in steps of 2. The curves
show that absorbers with super-Solar chemical compositiaiti enhance multiphase nature of the absorber. Excepthfocurves in the inset window in
the left panel, theStandard setonizing continuum withoe = 0.8 has been used for the calculations. The stability curvekerirtset window are, however,
obtained using an ionizing continuum with flat X-ray slopexof= 0.2 to investigate if enhanced metallicity helps sustain WAdas irradiated with such flat
continuum. The results show no significant stable statdseinemperature range< log T < 7 for WAs. The right panel shows the curves having sub-Solar
abundances from.0Z to Zg in steps of 0.2. Decreases in metallicity are seen to staliitie curve in the temperature rangel6? — 106 K. However,

the possibility of multiphase media decreases with theedes in the abundance. In all the panels the stable WA arédfitgd as before. The dotted black
lines cutting across the stable WA states are congtéines.£ = 95.5 and¢ = 660.7 correspond to the middle of the WA states of Btandardcurve at
10° K and106 K respectively ang = 3630.8 corresponds to the middle of thé” K phase for theZ /Z, = 3 stability curve.

following subsections we have studied the effect of diffitkighem-
ical compositions of the absorber on the stability curvee -
minating continuum is assumed to be the same as that iStdre

licity increases. Another stable states appears in all tirees at
T ~ 10° K, but this time with the increase in metallicity, the ex-
tent of the stable region is increas€d.= 660.7 for the Standard

dard setvalues (Table 1). We have generated the stability curves curve, wheres is defined to be the ionization parameter corre-

for (i) super-Solar abundances, (ii) sub-Solar abundaanes(iii)

sponding to the middle of then® K stable WA phase which shows

other abundances where specific elements or group of element the range380 < ¢ < 1202 for the Standardcurve. The solid black

have been removed from the Solar metallicity.

7.1 Super-Solar Abundance

The left panel of Figure 7 shows stability curves for gas hgvi

super-Solar abundances as defined in Hamann & Ferland (1993)

In addition to thel0? K and the10® K phases, all the curves also
exhibit WA states. However the temperatures of the WA phasds
their distribution in the phase space change with metsllidihe
nature of stability exhibited can be separated into thréerdint
groups showing distinctly different trends.

All the curves in the group with Solar t®x Solar exhibit
stable gas ai’ ~ 10° K, with the extent of the stable region de-
creasing as the metallicity is increas&g. = 95.5 for the Stan-
dard curve, &g being the ionization parameter corresponding to the
middle of the10° K WA phase. The range of ionization parame-
ters for thel0° K gas is50 < ¢ < 182 for the Standardcurve.
The¢ = 95.5 drawn in the left panel of Figure 7 indicates that
the 10° K WA is pushed towards higher values oBs the metal-

line across tha0° K phases of the different stability curves is the
¢ = 660.7 line. Thus, we see that with the increase of metallic-
ity, &6 is decreased slightly and tH®° K stable phase moves to
lower¢ /T and higherl". A very narrow (in the range dbg(£/T))
phase is seen to appearfat- 107 K for metallicity of 3 x Solar.
Detailed quantitative comparisons are made in Section 8.

The curves in the next group with< Z/Z. < 7, are very
similar to each other, with a very narrow stable stateGtK,
which is not in pressure equilibrium with th®°® K phase and the
107 K state becomes more prominent. As abundances are increased
further (Z/Z¢ > T7) the stable state aD® K disappears, while the
10° K and 107 K states remain quite wide and in pressure equi-
librium with one another. The stability curves for the sufetar
abundances thus suggest that the possibility for the wasarbb
ing medium to exist in discrete phases in pressure equitibrvith
each other increases with increasing metallicity. We retarthese
issues in Section 8 with quantitative details.

The stability curves for the super Solar metallicities with
Z/Zs > 3 are seen to have gasBt< 6 x 10* K to be in pres-
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Figure 8. Stability curves for different chemical compositions withrtain individual elements or certain groups of elemesdabeled, set to zero. "X-ray
Group Off” signifies the absence of the group of metals C,Q,axd Fe in the gas abundance, whereaglements Only” represents an absorbing gas having
only a-elements (Ne, Mg, Si, S, Ar, Ca, Ti) as heavy elements. Seddefurther details. The curve labeled ‘Standard’ in th@ tpanels uses th&tandard
setof values (Table 2). We have also plotted #e#o metalsurve in both the panels for comparison

sure equilibrium with the WA states at higher temperatugesh
stable states at 10* K are also highlighted in the corresponding
stability curves in the left panel of Figure 7. Gassatl0* K might
be representing the ‘BELR clouds’. Hence this phenomenaghmi
indicate the interesting possibility of some connectiotwieen the
X-ray and UV absorber, as discussed by Turever. (1995) and
Elvis (2000). However, these results have to be checkeduoitsr
with more realistic AGN spectra which is beyond the scopénisf t
paper and will be addressed in our next publication (Chaittget
al., in preparation).

We have also investigated the possibility of high metailici
gas making it possible for WA to exist even when the X-rayzorg
continuum is very flat. The stability curves are shown in thmak
inset window of the left panel of Figure 7. Even for Solar abun
dance, thex = 0.2 curves did not show any significah®® K WA
and higher metallicity diminishes the chances further. &ghbr
temperatures of- 10° K, very narrow regions of stability appear
for Z/Z- > 5. However, even in these cases there is no multi-
phase exhibited by the stability curves. Thus even if the lges
high metallicity, WAs are not likely to be present in the mviening
medium, if the ionizing continuum is very flat.

7.2 Sub-solar abundance

Gas in AGN has super-Solar metallicity (Hamann & Ferland,
1999). However, AGN illuminate low density gas on large esal
which has low abundances, especially at high redshift. Solbar
chemical composition are relevant for such line of sighbahisg
systems including Damped Lyman-systems in the inter galac-

tic medium and smaller galaxies like the Magellanic cloutize
inter-cluster medium, for example, has0.3Z5 abundance and in
certain systems there are even stars with an abundaric81df,
(Pettini, 2006 and references therein). It is, therefar@resting to
examine the effects of sub-Solar abundance on the stabilitye.
We show the low metallicity stability curves in the right phiof
Figure 7. As before, the solid black lines across the stabde W
phases are the constanlines.

The ionization parametefs corresponding to the middle of
the 10° K stable phase increases from its standard valug o
95.5 with the decrease in metallicity and there is gradual endranc
ment of the thermal stability of gas. On the other hand, wiithost
constants = 660.7, the stable phase &ig 7" ~ 6 moves towards
lower temperature and higher pressufgi() and its extent in the
log(&/T) shrinks until such a phase disappear9foZ, . Detailed
guantitative comparisons will be presented in Section 8.

Absorbing gas witlzero metalamight be relevant for super
massive black holes (SMBHSs) or their seeds at redsghift 6,
which are formed by direct collapse and where no star fonati
precedes the radiating SMBH (Volonteri & Rees, 2005; Begelm
Volonteri & Rees, 2006). We have shown thero metalstability
curve in the right panel of Figure 7. There is a single phaseatvA
10° K with significantly highés = 437 as compared to thStan-
dard &5 = 95.

7.3 Influence of individual elements and groups of elements

Figure 6 has shown how the interaction between gas and iadiat
is sensitive to the ionization potentials of various ion®lgments
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like C, O, Fe and Ne indicating that the WA states are likely to
be affected not only by the overall abundance of the absobioer
also by specific elements and groups of elements. Figure8ssho
the effect on the stability curves if certain elements orugmof
elements are not present in the absorbing gas. In both thespain
the figure, we have also drawn the stability curve for $tendard
setof parameters angero metalf§or comparison.

The WA consists of absorption edges and lines of different
ionization stages of oxygen, carbon, neon and iron. We ddfime
X-ray groupconstituting of only these four elements. The left frame
of Figure 8 shows the results of simulating various stabditrves
corresponding to the removal of different individual elertseof the
group from a Solar composition gas. Setting carbon aburedanc
zero does affects the stability curvelag T' < 4.5 and the devi-
ations imply that Carbon acts as a cooling agent at thoseeemp
tures. However at higher temperatures relevant for WA, Q@atas
no significant effect. The removal of oxygen and neon leadieto
viations in the stability curves which indicate that f6r< 10° K
oxygen acts as a significant cooling agent with some coriioibsi
from neon, whereas fof' > 10° K both act as heating agents.
Removal of iron has the maximum effect as it renders the curve
relatively featureless in the rangeb < logT < 7. Such an ef-
fect is expected because at higher energies iron is the rbost a
dant absorbing element and plays a major role to stabilsgds
by acting as a significant heating agent. This result hasdstieg
cosmological consequences. Type la supernovae created/firen
the Universe was about 1 Gyr old (Hamann & Ferland, 1999 and
the references therein). Hence there would be an integeséinsi-
tion in the nature of the WA at this age; WAs devoid of iron from
before this era cannot show a significaff K phase. Future mis-
sions like Constellation X might be able to detect such a ghan
Like the removal of iron, the removal of théray group(O, C, Ne,

Fe) as a whole alsitattensout the stability curve, but to a larger ex-
tent as shown in the right panel of Figure 8. If the absorbiraesn

is devoid of theX-ray group the stable states 40° K are pushed
towards higher values @fwith {5 = 158 as compared t¢s = 95

for the Standardcurve and there are no higher temperature stable
states thus nullifying the possibility of multiphase WA.

In addition to the elements of th&ray group it is instructive
to study the effect of the--elements (Ne, Mg, Si, S, Ar, Ca, Ti)
produced together with oxygen in type Il supernovae whick pr
cede the type la supernovae where iron and associated etemen
are formed. Thus the relative abundance of these elemers gi
handle on the stellar evolution history and the age of thexgal
Ne is the onlya-element which has been studied as a part of the
X-ray group (O, C, Ne, Fe) as well, and its effect on the stabil-
ity curve has already been discussed above. Among the remain
ing a-elements, magnesium, sulphur, argon, calcium and titaniu
have negligible effects. Only silicon is a significant caglagent at
log T' ~ 5, so that removal of silicon shows an almost vertical jump
from 10° K to 10° K in the corresponding stability curve in the left
panel of Figure 8. As a group howeverselements suggest inter-
esting consequences. According to the evolution histometials
in the Universe, thev-elements are formed first, followed by the
other metals in subsequent stages. Hence we investigatatath
ture of an absorbing gas which has only thelements as metals
and the corresponding stability curve is shown in the rigited of
Figure 8 labeled asy-elements Only'. Fotog T > 5.2 the curve
is same as theX-ray groupremoved” curve and at lower tempera-
tureslog T' ~ 4.5, it traces the).0Z curve. These results suggest
that a certain amount of evolution of metals is necessanaifigr
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Figure 9. A summary plot depicting the stability curves for a rangetwm-
ical compositions. The curves marked ‘Fe’ and ‘X-ray Grouf' Corre-
spond to absorbers where iron and the X-ray group elemespecavely
are absent. An absorber with a composition where onlytieséements are
present as the metals, is represented by the stability daieded with «-
elements On'. There is a gradual flattening of the stabililyve as one
moves frombZ 10 0.0Z .

absorbing systems to show WA signatures and might set arr uppe
limit to the redshifts at which warm absorbers can form.

7.4 Summary of abundance effects on stability curves

In Figure 9 we have collected the curves showing the major ef-
fects due to varying the chemical composition of the absode
the metallicity of the absorber is decreased frof, to Z and

to 0.4Z5, the stability curve flattens gradually. The possibility of
finding multiphase WA decreases with decrease in metallithis
result is in conjunction with those found by Komossa and Math
(2001). It also decreases if the absorbing medium is defigien
some elements. If a WA lacks iron, but has all the other elésnen
with Solar abundance, it then has nearly the same stabiligyar-
ties as an absorber with half Solar abundance. The X-raypgobu
elements are the most influential in making multiple phases p
sible. Absorbing gas at early epochs of star formation whay o
a-elements formed show the same thermal properties as avsorb
devoid of the X-ray group of elements, thus suggesting that t
properties of WA are significantly dependent on the evotutis-
tory of metals in the Universe. Figure 9 also shows the stgbil
curve for0.0Zg; such a primordial gas of hydrogen and helium
has a single phase of absorbing gasl@tK for a significantly
high ionization parameter. No stable statel@f K and hence no
multiphase solutions are possible if the metallicity of &fesorber

is < 0.2Zx. Metals thus seem to be necessary for absorbing gas to
existatl0® K < 7' < 107 K.

Hess et al. (1997) have carried out an extensive study trying
to account for the unstable thermal equilibrium zones inptera-
ture ranges relevant for AGN and X-ray binaries paying giterto
even individual ions of various metals responsible for cayshe
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instabilities. They have predicted the ionization struetand ther-
mal states of absorbers with a wide variety of chemical cahpo
tions. The results posed in this paper especially in SeGti®agree
qualitatively with their results but as expected, they varguanti-
tative details. For example, like them, we also find oxygethiean
to be playing crucial roles in the ionization and thermalabak
equations. However, unlike Hess et al. in this paper we fird th
oxygen and iron influence distinctly different temperatzmoees of
the stability curve. As mentioned in their paper, such nerdgtails
would crucially depend upon the accuracy of the atomic psyisi-
corporated which is definitely addressed much better in tiheent
photoionization codes than in 1997.

The determination of the particular ions responsible fa& th
heating or cooling of the gas at WA temperatures, is veryiteas

to the exact shape of the ionizing continuum between 50 to 500

eV. Such investigations and quantitative comparisons ayernx

gas abundances. Such investigations will be described ubses
guent publication (Chakravorty et al. in preparation).

In Figure 10, we plotA, [log T againstA,[log(¢/T)] for
a range of continuum shapes (left) and abundances (righgrev
Ay[log T] and A, [log(¢/T)] are the range of” and¢ /T for the
stable states at 10™ K. Presumably, the higher the values of these
two quantities, the better are the chances of existenceeafttdte
at10" K, because any perturbed gas is more likely to find a larger
stable region. The various parameter sets used to descAlmiY
ditions in this paper have been represented by differentsisn
which have been explained in the bottom panel. The gray squar
represents th8tandard sebf parameters and the rest of the sym-
bols indicate the changes from it.

From the systematic analysis we can see the following trends

e The variation of soft X-ray slope of the ionizing continuum

the scope of this paper and will be addressed in our subsequen shows that WAs exist only & > 0.2 and will have higher temper-

publications (Chakravorty et al. , in preparation).

8 MULTIPHASE ANALYSIS

The equilibrium curves we have derived in the previous seasti
often contain segments that allow phases at different testye
to occur at similar pressugg/T'. This has clear physical interest as
distinct phases in pressure equilibrium have been derivacium-
ber of cases of WAs (Krongoldtal. , 2003, 2007, Netzettal. ,
2003), while in others it has been claimed that there is aitwont
ous range of ionization parameter (Oglel. , 2004, Steenbrugge
etal. , 2005). In this section we quantify the extent of these mul-
tiphase regions. However, we would like to note that foryiag
out such an exercise, the atomic database needs to be ac@sat
mentioned a number of times in the previous sections, carbéden
taken to upgrade the underlying atomic physics in CLOUDYhwit
the most recent updates.

In Table 2 we present detailed quantitative estimates of the
WA properties for the various parameter sets used in thigmpap
For convenience of representation we introduce a few digfinst
for use in Table 2. The first four columns describe the paramet
set used to derive the stability curve and the WA propertigsn
columns 5, 9 and 13 arifl, in columns 6, 10 and 14 respectively
are the ionization parameter and the temperature corrdsppio
the middle of thel0" K stable WA phase, wherg, is expressed
in units of 10" K. A, [log(¢/T)] in columns 7, 11 and 15 give
the range oflog(¢/T") over which stable states of WA are exhib-
ited for a temperature afd™ K. For WA to exist in discrete multi-
ple phases, different temperature stable states requinchibit the
same values of /T The larger the range of these common values,
higher we presume to be the probability of a multiphase WAhSu
intersection in the range @f/T is represented byAss[log(&/T)]
for 10° K and 10° K phases and byAg;[log(&/T)] for the states
at10° K and10° K and their values are noted in columns 8 and 12
respectively.V, in the second last column is the number of stable
states in the stability curve in the temperature rahgelog T’ < 7
and the number of states in pressure equilibrium with eacbras
given by N, in the last column. We would note that the values
of the various quantities recorded in Table 2 are useful fafes-
standing trends in the variation of the physical quantitiesthe
parameter sets are changed. However, for more robust ¢istima
of these numbers and specific predictions of the WA propenie
require more detailed modeling of the ionizing continuurd #re

ature gas itv > 0.5.

e Increases in the soft X-ray slopedecrease the ionization pa-
rameter of thel0° K WA while decreasing its temperature, but in-
creases botl andT for the 10° K phase. BothA;[log(¢/T)] and
Agllog(&/T)] increases with the value of, which is also demon-
strated by thesquaredata points in the top and the middle left pan-
els of Figure 10 accompanied with increaséip[log 7')], indicat-
ing that WA phases stabilise with steeper soft X-ray cortinu

e The Multiphase scenario, however, is not facilitated sig-
nificantly with the variation in«. Multiphase solutions at
10° and 10° K are seen only for the standard valuecof= 0.8.
Although thea: = 1.1 stability curve also shows 2 phases, the
value of Asg[log(¢/T)] is very low, making the possibility of mul-
tiple phases in equilibrium seem unlikely.

e We have found very interesting difference between our tesul
and those obtained by Krolik & Kriss (2001). They have drawn
stability curves for ionizing continuum having propertgsilar to
our Standard seSED havingu,. ~ 1.2 anda = 0.8. The stability
curves shown in KKO1 have a near vertical jump in temperature
from ~ 3 x 10" to ~ 10° K as¢ runs from~ 40 to ~ 1500 thus
exhibiting a continuous distribution of stable statej¥" — T’
space. For the same set of parameters (ieSthadard sgtwe not
only get two distinct WA phases in pressure equilibrium véigth
other, but also do not see any drastic change in temperavere o
a narrow range ofog(¢/T), although our¢ values also run from
~ 50 to ~ 1200.

e As the value of the UV-X-ray slope,.. is increased, the ion-
ization parameter for th@0® K WA increases steadily accompa-
nied by a small decrease in temperatggealso increases but with
a small increase in temperature.

e The rangeAs[log(&/T)] remains almost constant fdr <
o < 1.6, but abruptly increases for the value of 1.8.
Agllog(&/T)] grows abruptly fora,, = 1.6 before which it in-
creases steadily but slowly with the increasexyyy. There is no
significant WA state at0° K for o, = 1.8, Comptonization be-
comes the dominant heating and cooling processes at threpeite
atures for such an SED. The triangles in the left panels afrieid0
show these trends.

¢ Multiphase solutions at0® and 10° K are seen in the range
1 < aps < 1.6. Fora,, = 1.4, there is an additional stable state
at10” K, but Agr[log(¢/T)] is very low to claim any possibility of
this state being in pressure equilibrium with the lower teragure
phases.

e Through the increase of metallicity of the absorbing gamfro
0.2Z5 t0 97, the 10° K WA maintains almost constant temper-



Physical parameters Warm absorber properties

@z a  Z(Zo) Description & Ts  Asllog(§/T)]  Asellog(§/T)] &6 Te  Aeflog(§/T)]  Aerllog(€/T)] & Tr Asflog(§/T)] Ny

12 038 1.0 Standard set 95 1.67 0.22 0.1 661 0.89 0.15 - - - - 2

12 02 1.0 - - - - - - - - - - - 0
12 05 1.0 Variation 182 1.73 0.11 - - - - - - - - 1
12 0.8 1.0 of a 95 1.67 0.22 0.1 661 0.89 0.15 - - - - 2
12 11 1.0 87 1.66 0.34 0.01 1514 0.97 0.53 - - - - 2
1.0 0.8 1.0 91 1.67 0.22 0.1 631 0.9 0.14 - - - - 2
12 038 1.0 Variation 95 1.67 0.22 0.1 661 0.89 0.15 - - - - 2
14 038 1.0 of cros 110 1.63 0.23 0.08 955 0.95 0.19 0.007 5754 0.45 0.13 !
16 0.8 1.0 ' 165 1.6 0.28 0.05 1820 0.95 0.35 - - - - 2
1.8 0.8 1.0 347 1.55 0.41 - - - - - - - - 1
12 038 0.2 158 15 0.47 0.002 602 0.36 0.008 - - - - 2
12 0.8 0.4 Variation of 120 1.63 0.35 0.006 692 0.61 0.06 - - - - 2

12 038 0.6 sub Solar 105 1.65 0.28 0.03 724 0.77 0.11 - - - - ‘
12 0.8 0.8 metallicity 95 1.64 0.25 0.06 724  0.86 0.14 - - - - 2
12 038 1.0 95 1.67 0.22 0.1 661 0.89 0.15 - - - - 2
12 038 1.0 95 1.67 0.22 0.1 661 0.89 0.15 - - - - 2
12 038 3.0 Variation of 99 1.67 0.12 0.07 549 11 0.19 0.07 0363.63 0.09 3
12 0.8 5.0 super Solar 114 1.68 0.06 - 524 1.15 0.2 0.11 331567 0. 0.14 3
1.2 038 7.0 metallicity 125 1.64 0.02 - 501 1.16 0.21 0.13 316269 0.16 2
12 038 9.0 - - - - 501 1.8 0.22 0.15 3162 0.72 0.17 2

Table 2The physical and thermal stability properties of VdAgresponding to various parameter sets considered ipapier. The various physical physical properties for the \WAgiver
in columns 1 - 4. Columns 5 - 7 note the presence of the diffasemponents of the WAs &t ~ 10°,10°, and 10”. The number of WA phases is given by column 8 while a qualit
discussion of the WA is given in column 9.
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Figure 10. For the stable states of the WAs we have plotteog T'] againstA[log(&/T')] and have considered the parameter sets where we have varied
the SED of the ionizing continuum and the metallicity of thesarbing gas. See text for details. Various symbols usedktatify the different parameter sets
used in this paper, are explained in the bottom panel. Theggraare represents tlgandard parameter sand for the others the deviations from that set are
mentioned.

ature. For sub Solar metallicitys decreases steadily through the the stability curves show the interesting feature of sigaiit mul-
increase of abundance, but this trend is inverted for supéarS tiphase solution between theé® and 107 K phases; a property de-
metallicity. The10° K WA, on the other hand, shows a rise in tem-  picted by only these three stability curves among all thaipater
peratureTs throughout the metallicity variation, whilg remains sets considered in this paper.
constant within a factor of 1.4.

e There is an anti-correlation betweefs[log(¢/T)] and
Ag[log(¢/T)); the 10° K WA shrinks inlog(¢/T) until it van-
ishes for9Z., whereas the phase H°® K progressively grows in
log(&/T) from 0.4Z to 9Z¢. This trend is also depicted in the

top and the middle right panels of Figure 10 by tpen starsand e In the case of the parameter sets having super Solar metal-
the closed circlesA 107 K phase starts appearing frdd®,, and licity, we find an interesting phenomenon depicted by thbikta
Ar[log(&/T)] increases with abundance. curves. ForZ/Z, > 3, the WA stable phases$ (< logT < 7)

e Interesting multiphase properties are exhibited by WA with are seen to be in pressure equilibrium with gas at0* K, which
varying abundanceAsg[log(¢/T)] is significant in the range might be representing the ‘BELR clouds’. Such a feature énstfa-
0.4 < Z/Zs < 3 for which 10° and 10° K gas are in pressure  bility curve might indicate the connection between the }-aad
equilibrium with each other. Beyond this range ®6yZ- > 5, UV absorber.



9 SUMMARY

Absorption edges due to various partially ionized elemergseen

in the soft X-ray spectra of about half of the Seyfertl gadaxand
observed quasars. These absorption features are due toethe p
ence of a warm~ 10° — 10%° K) gas along our line of sight to
the AGN. We have shown that the existence and nature of this ab
sorption component crucially depends on the shape of thzingn
continuum from the central source which illuminates the, gasl
also on the chemical composition of the absorbing medium. We
have used the stability curve as a tool to study the stahifithe

WA as a function of its various physical properties.

We have considered an ionizing continuum with two power-
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ysis on the chemical composition of the absorbing gas shoats t
the warm absorber temperature range is very sensitive texhe
act abundance of the absorber and there is an indicatiortht@at
warm absorber might have super Solar metallicity. Whilenjtt
soft X-ray data and determining the physical propertiesefitarm
absorber in individual objects care should be taken to delihe
effect of super Solar metallicities.

When we consider super Solar metallicity, the stabilityveur
shows al0* K stable state is in pressure equilibrium with the WA
stable phases. This might imply some connection betweeWw#se
and the BELR. We plan to take up this issue in future work.

We have used an upgraded version of CLOUDY (C07.02)
where the most recent developments in atomic physics haae be

law components which together reproduce the observed X-ray incorporated. This gives us the confidence to carry out attuan

spectral index as well as the observed values.nf. Systematic
investigation shows that if the X-ray spectral index,of the ion-
izing continuum intervening gas of Solar metallicity is flaith

a ~ 0.2, then the AGN cannot have a WA. For moderately steep
X-ray spectra with).5 < o < 1.1, itis possible to sustain a WA. A
multiphase nature of the WA is, however, seen onlydor 0.8. It

is an interesting coincidence that most of the observedagsagso
have soft X-ray slopes similar @ ~ 0.8 and in future studies we
shall investigate whether such a coincidence leads to dedpysi-
cal implications. If the ionization continuum becomes est@eper
then, instead of discrete phases, the absorbing gas exhilsibn-
tinuous distribution of /T andT. We have also verified that the
nature of the WA is not affected by the higher energy cut-bthe
ionizing continuum.

Temperature estimates for warm absorbing gas were generall
accepted to be independent of the density of the gas, betaeise
ionization and thermal equilibrium is believed to be achib\by
the balance between photoionization and recombinationsie
in this paper, in agreement with Rozanska et al. (2008), ttieat
stability properties of highly dense WA might show densigpén-
dence influenced by sufficiently soft UV dominated ionizirape
tinuum. This is a very interesting result because it impifes for
such objects, we would not require independent estimategof
sity from observations; modeling the UV spectra itself ceovigle
constraints on gas density.

The chemical composition of the absorbing medium plays a
critical role in determining its multiphase nature. TheHdgthe
metallicity of the medium, the greater is the probabilityaofnul-
tiphase parameter space. The role of individual elementepr
tain important groups of elements were also studied. Anmoihgs
elements, iron, which is formed from type la supernovae me ea
lier than 1 Gyr, plays the most important role as a heatingiage
at higher temperatures>( 10° K) while oxygen is a significant
cooling agent forT" < 10° K. The X-ray group (C, Ne, O, Fe),
understandably, has significant influences, because trstitt@mt
elements are the ones which have important atomic transiiio
the energy range relevant for warm absorbér8 ¢ 1.5 keV). If
the absorber is over abundant in iron, oxygen or in the X-rayg
of elements then the absorbing medium is likely to be mudtgeh
A very interesting result seems to suggest itself from tieysof
influence ofa-elements (Ne, Mg, Si, S, Ar, Ca, Ti), which are the
first metals formed in the Universe along with oxygen throtigh
supernovae of type Il. The thermal properties of the warnoiddes
change drastically from the time when the absorbing gassisres
tially constituted of onlya-elements as metals to the time when

tative analysis on the multiphase nature of the WA preseirted
rigorous details in Section 8. We have been able to provideifip
trends of the behaviour of the WA as a function of the prevalen
physical conditions like the shape of the ionizing contimuand
the chemical composition of the gas. Comparison betweeearobs
vations of WA properties and simulations can be made more con
crete by providing such quantitative measures. We will rcktiinis
exercise to greater details in our subsequent publications

In this paper we have used simple broken power-laws to define
the ionizing continuum for the absorbing gas. However, thi¢ s
excess in Ultraviolet is often modeled using blackbody congmts
which peak atl’ ~ 150eV. Moreover the continuum spectra of
AGN also has the disk blackbody componenkaeV < 7' <
30eV. We intend to investigate the effects of such continua on the
WA properties as the next step in this systematic analysis.
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