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ABSTRACT

Context. Warm coronas offer a plausible explanation behind the soft X-ray excess in active galactic nuclei (AGNs). This paper
presents the self-consistent modeling of an accretion disk with an optically thick corona, where the gas is heated by magneto-rotational
instability dynamo (MRI) and is simultaneously cooled by radiation which undergoes free-free absorption and Compton scattering.
Aims. We determined the parameters of a warm corona in an AGN using disk-corona structure model that takes into account magnetic
and radiation pressure. We aim to show the role of thermal instability (TI) as a constraint for warm, optically thick X-ray coronas in
AGNS.

Methods. With the use of relaxation code, we calculated the vertical solution of the disk driven by MRI, together with radiative
transfer in hydrostatic and radiative equilibrium. This has allowed us to point out how TI affects the corona for a wide range of global
parameters.

Results. We show that magnetic heating is strong enough to heat the upper layers of the accretion disk atmosphere, which form the
warm corona covering the disk. Magnetic pressure does not remove TI caused by radiative processes operating in X-ray emitting
plasma. TI disappears only in case of accretion rates higher than 0.2 of Eddington, and high magnetic field parameter ag > 0.1.
Conclusions. TI plays the major role in the formation of the warm corona above magnetically driven accretion disk in an AGN. The
warm, Compton cooled corona, responsible for soft X-ray excess, resulting from our model typically exhibits temperatures in the
range of 0.01-2keV and optical depths of even up to 50, in agreement with recent observations.

Key words. accretion, accretion disks — radiative transfer — galaxies: nuclei — magnetic fields — instabilities — methods: numerical

1. Introduction

Soft X-ray excess is commonly observed in large majority of
active galactic nuclei (AGN; e.g., Pounds et al. 1987; Walter
& Fink 1993; Bianchi etal. 2009; Mehdipour et al. 2011;
Done et al. 2012; Petrucci et al. 2013, 2018; Keek & Ballantyne
2016) and this includes quasars (Madau 1988; Laor et al. 1994,
1997; Gierliniski & Done 2004; Piconcelli et al. 2005). It appears
as an excess in emission, when extrapolating the 2-10keV
power law of an AGN to the soft X-ray band.

The origin of this spectral component is still under debate,
but two major scenarios are currently under consideration.
The first scenario posits that soft X-ray excess is a result of
blurred ionized reflection (Crummy et al. 2006; Walton et al.
2013; Garcia et al. 2019), but such a model will produce many
lines that are not observed in the soft X-ray band and extreme
blurring is generally required to wash them out. Recently,
detailed radiative transfer analyses in the warm corona proved
that those lines cannot be easily created due to the full domi-
nation of internal heating and Compton scattering over the line
transitions (Petrucci et al. 2020; Ballantyne 2020).

The second scenario relies on the fact that soft X-ray excess
is produced due to the Comptonization in optically thick (7 ~
10—-20) warm corona, which is reasonable assumption while
fitting the data (e.g., Magdziarz et al. 1998; Jinetal. 2012;

Petrucci et al. 2013, 2018; Porquet et al. 2018, and references
therein). Nevertheless, from the data fitting, both scenarios above
require the existence of a warm layer that is additionally heated —
not only by radiation, but also by a mechanical process — and the
warm layer is located next to the accretion disk. On the other
hand, none of those models consider how this warm layer is
physically caused and only the constant heating over gas volume
of the warm corona is assumed and included in model computa-
tions as a free parameter (Petrucci et al. 2020; Ballantyne 2020).

Analytically, we have predicted that high optical depth and
high temperature of the warm, Compton-cooled corona is possi-
ble when additional pressure component and mechanical heat-
ing are taken into account (Rézariska et al. 2015). Recently,
we extended this analytical model by numerical calculations
of magnetically heated disk with free-free processes taken into
account in addition to Compton scattering in case of the accre-
tion disk around black hole of stellar mass, namely, Galac-
tic black hole binaries (GBHB; Gronkiewicz & Rézanska 2020,
hereafter GR20). For such sources, an accretion disk is already
quite hot, visible in X-rays, and slightly warmer layer can form
on different distances from black hole. In GR20, we shown that
the warm corona, which is physically fully coupled with the
cold, magnetically supported disk (MSD), arises naturally due
to magnetic heating. Such corona is cooled mostly by Compton
scattering, in agreement with the observations. We clearly
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demonstrated that the classical thermal instability (TI; Field
1965; Roézanska & Czerny 1996), caused by gas cooling pro-
cesses, cannot be removed by magnetic pressure and it shapes
the radial distance of the warm corona in those objects.

However, the case of AGNs is different, since the disk tem-
perature is relatively cool, on the order of 10*3K, and the
transition to the warm, 107 K, X-ray corona is accompanied by
strong changing of gas global parameters, such as density and
pressure. On the other side, a physically consistent model of
a warm corona, responsible for the soft X-ray excess, is desir-
able, as we have a growing collection of observed sources indi-
cating such a feature obtained with modern X-ray satellites.
In this paper, we adopt GR20 model to the case of AGNS,
where the geometrically thin and optically thick accretion disk
is around the supermassive black hole (SMBH). We assume
that the accretion disk is magnetized and the magneto-rotational
instability (MRI) is the primary source of viscosity and energy
dissipation. We directly use the analytic formula derived by
Begelman et al. (2015, hereafter BAR15), where the vertical
profile of magnetic heating of the accretion flow is determined.
On the top of this assumption, the disk vertical structure together
with the radiative transfer equation in gray atmosphere are
fully solved with the relaxation method proposed originally by
Henyey et al. (1964).

As a results of our computations, we obtained the optical
depth and temperature of the warm corona in AGN, which are
the main observables when analyzing X-ray data. The specific
heating of a warm corona formed in our model, was computed
self consistently based on MRI and reconnection. The value of
this heating together with the magnetic pressure change in the
vertical direction, which is a big improvement with regard the
constant heating warm corona slab used in recent calculations
of energy spectrum from the warm corona (Petrucci et al. 2020;
Ballantyne 2020). The next improvement of our analytical model
(Rozanska et al. 2015) is the use of free-free radiative process
which is crucial for TI to appear. We show, that in the case of
AGNs, the magnetic pressure is high enough to produce a sta-
ble branch in a classical TI curve obtained under constant gas
and radiation pressure condition. A MSD with a warm corona is
dominated by magnetic pressure that makes the radiative cooling
gradient always positive when computed under constant gas plus
magnetic pressure. Therefore, an initially thermally unstable
zone, through which the radiative cooling gradient under con-
stant gas pressure is negative, is frozen in the magnetic field,
thus allowing the corona to exist. All the results we obtained
were then compared with observations of unabsorbed type 1
AGNs (Jin et al. 2012; Petrucci et al. 2013; Ursini et al. 2018;
Middei et al. 2019, and references therein) and with models
computed in case of GBHB (GR20). We show that the measured
parameters agree with those obtained by our numerical compu-
tations. Our solutions are prone to TI in a wide range of global
parameters, indicating that TI plays a crucial role in soft corona
formation in AGN.

The structure of the paper is as follows. Section 2 presents
the method of our computations, while the model parameters
in case of AGNs are given in Sect. 2.1. The implementation
of MRI-quenching and the role of magnetic pressure is dis-
cussed separately in Sect. 2.2. The radiation pressure supported
solution is analyzed in Sect. 2.4. The results of our numerical
computations are presented in Sect. 3, where we display the ver-
tical structure of disk and corona system, but we also show the
radial limitation at which optically thick corona can exist. For
our comparison with the observations, we used models gener-
ated in our scheme of random choice, as described in Sect. 3.4
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and the measurements are described in Sect. 3.5. Our discussion
and conclusions are given in Sects. 4 and 5, respectively.

2. Model set-up

We further investigated the model developed by GR20, adapted
for the case of AGNs, where an accretion disk is located around
a SMBH. The code solves the vertical structure of a stationary,
optically thick accretion disk, with radiation transfer assuming
gray medium and temperature determined by solving balance
between total heating and cooling, including magnetic recon-
nection and radiative processes. The gas heating is powered by
the magnetic field, according to the analytic formula given by
BARI15, and the disk is magnetically supported over it’s whole
vertical extent. As an output, we can determine the vertical pro-
file of magnetic heating of the accretion disk, as well as of the
corona that forms at the top of the disk. For the purposes of this
paper, we considered Compton scattering and free-free emission
and absorption as radiative processes that balance the magnetic
heating. Our approach is innovative because it connects the mag-
netically supported disk (BAR15) with transfer of radiation in
optically thick and warm medium and in thermal equilibrium
(Rézanska et al. 2015). Such approach allows us to verify if the
warm corona can be formed above the MSD and stay there in the
optically thick regime, which will prove consistent with many
observational cases.
The following set of five equations is solved:

deag agVv aB
i 2+T Pmag—T(P+Pmag)=0, 1)
H=2n+ QBV)QPmag - apQ (P + Pmag) =A@, T, Traa), 2)
dF,
Y = A, T, Traa)s 3)
dTrad 3Kp
+—L Fq=0, 4
dz 16073, ™ @
APy dPuae Fu
g +—f’+p[92z—'<—d]=o, )
dz dz c

where the first two equations describe the magnetic field struc-
ture and magnetic heating as presented by BAR15. Magnetic
pressure vertical gradient dPp,,/dz depends on magnetic param-
eters: total magnetic viscosity, ap, magnetic buoyancy param-
eter, 7, and reconnection efficiency parameter, v (see: GR20,
for definition), and the sum of gas and radiation pressure, P =
Pgas + Prag. At each point of the disk-corona vertical structure,
the local magnetic heating, #, is balanced by net radiative cool-
ing rate A(p, T, Tr,q), where the latter is calculated from the
frequency-integrated radiative transfer equation (see GR20 for
the exact formulae).

Equations (3) and (4) describe how the radiation flux is
locally generated and transported by the gas. The fifth equation is
the momentum equation in stationary situation, namely, hydro-
static equilibrium, where p is gas the density, « is the Rosseland
mean opacity, Q is the Keplerian angular velocity, and c is the
light velocity. The gas and radiation pressure in our model can
locally be described as Pgys = —k_pT and Ppq = 2 T*  which is

iy 3¢ ~ rad
typical in case of gray atmosphere with k being the Boltzmann

constant, o~ as the Stefan-Boltzmann constant, and u as the mean
molecular weight.
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To formulate our net radiative cooling function, we assume
Compton electron scattering and free-free absorption and emis-
sion as radiative processes that occur in the medium. The radia-
tive cooling function is calculated at each point of the MSD’s
vertical structure and here it takes the following form:

4k (yT — Traq)
Ap.T. Trg) = 4op [Kff e B
()

b}

(6)

where ¥y = 1 + 4kT/(m.c?) accounts for relativistic limit in
Compton cooling, ke is the electron scattering opacity, and kg
is the Planck-averaged free-free opacity. In principle, more pro-
cesses can be included (Roézanska et al. 1999), as long as the
Planck-average opacities are known. However, in this paper, we
clearly show that free-free absorption is efficient enough to onset
of TI on the particular optical depth in magnetically supported
accretion disk atmosphere. Usually, TI is connected with ioniza-
tion and recombination processes, which we have not taken into
account. We show here that ionization is not necessary to study
TI, but it will be valuable in the future for testing how ionization
and recombination processes influence the width of an thermally
unstable region, which (as we show below) are connected with
strength of the warm corona. We plan to do it in our future work,
since it would require a substantial extension of our numerical
code.

The set of equations and the associated boundary condi-
tions are solved using a relaxation method, where the differential
equations are discretized and then iteratively solved for conver-
gence (Henyey et al. 1964, GR20). We adopted typical bound-
ary conditions as appropriate for a cylindrical geometry of an
accretion disk namely: the radiative flux at the mid-plane must
be zero, but there is non-zero magnetic pressure at the equatorial
plane. The value of magnetic parameter at the disk mid-plane
Bo = Pgas/Pmag can be derived from three magnetic input param-
eters (described in Sect. 2.1 below). At the top of atmosphere of
the MSD, we assume that the sum of the flux carried away by
radiation and of the magnetic field is equal to the flux obtained
by Keplerian disk theory. We also take into account standard
boundary condition for radiative transfer, namely, a mean inten-
sity of J = 2H, where the Eddington flux, H, connects to the
radiative flux as 4mH = F,q. For the full numerical proce-
dure and boundary conditions of our code we refer the reader
to GR20 paper Appendix A. The numerical program in FOR-
TRAN, Python and Sympy that we developed for these purposes
is available online'.

2.1. Model parameters

The model is parameterized by six parameters. The first three
are associated with an accretion disk, namely,: black hole mass,
Mgy, accretion rate, iz, and distance from the nucleus, R. Wher-
ever it is not specified, we assume Mgy = 108 My, i1 = 0.1 in
the units of Eddington accretion rate, and R = 6Rgschw, Where
Rsehw = 2GM/c?, with G being the gravitational constant, as
our canonical model named: CM. Those parameters were chosen
only for the representation of our results, nevertheless, we are
able to compute the models for other typical parameters within
the broad range.

The next three parameters, namely, magnetic viscosity, ag,
magnetic buoyancy parameter, 7, and reconnection efliciency
parameter, v, define the local vertical structure of the MSD. We

! https://github.com/gronki/diskvert

know how those parameters depend on each other, but there is
no one good way of determining what values they should take.
In our previous paper, GR20, we made an effort to compare mag-
netic structure with the one obtained from MHD simulations by
Salvesen et al. (2016), and we adjusted those parameter relations
to fit the simulation results. However, this is only one of the
assumptions that can be made about the relation between ap, 7,
and v, and, in this paper, we chose to follow a slightly different
approach. First, we require that the vertically averaged ratio of
magnetic torque over magnetic pressure, marked as A, should be
roughly constant in the disk, consistent with simulations reported
by Jiang et al. (2014) and Salvesen et al. (2016). It can be proven
that this is true if the value A is constant for any ag, since

Py
tr¢Q_1 = agPiy = QBLPmag = 2APmalg: @)
Pmag
where
1
A= > @BV +1. @®)

With this information, we can simplify our parametrization of
the magnetic torque by making n and v depend on ag, since
the simulations by Salvesen et al. (2016) show that there is some
correlation between three parameters for different magnetic field
strengths (see: Fig. 2 in GR20).

We first eliminate 1 by introducing the constant p, and
assuming that it depends on 0 < ag < 2A as follows:

ar \?
ow =4 (28]
Next, we transform the relation in Eq. (8) and substitute the
expression in Eq. (9) to obtain v

ag \P

A-n 1-(%

v(ap) = 27— = 5)
ap 24

©))

(10)

The above relations are the basis of our assumptions for this
study and were formulated in the process of understanding what
really influences the magnetic heating vertical structure. For
instance, we have tested that our results are not sensitive to the
selection of A and p; therefor, we kept those values constants for
the results of this paper, namely, A = 0.3 and p = 0.3.

Therefore, keeping constant A and p, the two extremes of our
magnetic viscosity parameter range are realized where ap = 2A,
which is a strongly magnetized disk, and where ag = O for
weakly magnetized disk (Eq. (7)). Furthermore, magnetic buoy-
ancy parameter — 77 and reconnection efficiency parameter, v, can
be automatically provided by Egs. (9) and (10) for an assumed
value of ag. Such convention may seem a bit complicated, but
it offers an intuitive clue about the values of the efficiency of
other processes, such as magnetic buoyancy strength and recon-
nection efficiency. In the case of a strongly magnetized disk, the
above equations lead to n = A and v = 0, which means that
such a disk has both very few dynamo polarity reversals and low
recconection efficiency. A weakly magnetized disk yields n ~ 0
and v > 1, realized when frequent polarity reversals cause the
majority of the energy to be dissipated by magnetic reconnec-
tion.

2.2. Implementation of MRI-quenching

The vertical support in the disk is caused by the toroidal field
produced by MRI dynamo in the presence of vertical net energy
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field, and the efficiency of this process is described by the
magnetic viscosity parameter ag. However, when the magnetic
field becomes too strong compared to kinetic force of the gas,
the MRI is inefficient, and the dynamo is quenched (BAR15).
That causes the decrease in toroidal field production in some
areas of the vertical structure and reduces the magnetic support.
The approximate condition for this efficiency limit is given by
Pessah & Psaltis (2005) and can be written as a limit to magnetic
pressure:

/5
Pmag < Pmag,max = gpPgas QR.

Since the limit on the magnetic pressure depends on density and
gas pressure, it becomes particularly significant in AGN disks,
where the contribution of gas pressure compared to radiation
pressure is lower than in stellar-mass black hole accretion disks.
That is to say that the domination of radiation pressure is seen for
broader ranges of accretion rates and extends to larger distances
from black holes (Kato et al. 2008).

We can implement this condition by limiting the ap
parameter:

QY

(1’;3 = ap T(Pmag,max/Pmag) =agT(x), (12)

where T(x) = x*/(1 + x*) is a smooth threshold-like function
with values close to O for x < 1 and close to 1 for x > 1. Using
this method, we were able to obtain a gradual transition between
the zones where MRI dynamo operates and zones where it is
quenched. We checked that the final results of our model are
not sensitive on the choice of the particular shape of threshold
function.

We note that our model fully depends on parametrization
and we consider that MRI can be operated by a strong mag-
netic field. In the current parametrization, we cannot turn off
the magnetic field, since the transition would lead to a viscous
standard viscous a-disk (Shakura & Sunyaev 1973). Also, we do
not consider how the MRI would be influenced by the convec-
tive instability, since we found it would be complicated at this
point in the model demonstration. The magnetic field was never
measured from accretion disk around SMBH, and, therefore, we
have no constraints on how it should be. Only the simulations
can provide some clues and we have checked that our resulted
vertical magnetic field distribution agrees with the simulations
(see GR20). Even if the BR15 model is assumed, the energy
released in magnetically heated disk has the comparable value
to the energy generated by viscosity and presents a good way
of replicating the energy production by MRI and the transfer of
this energy into gas. Below, we show how this magnetic pressure
affects radiative processes in accretion disks around SMBH.

2.3. Thermal instability

To determine the temperature of the gas, we need to solve the
thermal balance equation. On one side, we have the heating
terms and on the other side, there is the radiative cooling func-
tion. This equation normally has one solution and the cooling
rate should have a positive derivative with respect to temper-
ature. In some circumstances this problem has more than one
solution, that is, there are typically three, with one of them being
unstable. For that unstable solution, assuming that the heating is
roughly independent on gas parameters, the condition for insta-
bility is expressed as:

dinA OJdlnA O0lnA
= - <
dinT ~ o7  “omp =% (13)
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where a is a numerical constant, depending on the constraining
regime. Some typical values are: a = 1 for 6Py, = 0, a = 0 for
op=0anda = [% for 6Pgys + 0Pmag = 0, where 8 = Pgys/Prag
(Field 1965).

Usually, 6Pg,s = 0 is the assumed thermodynamic constraint
for the instability and if only Compton scattering and free-free
cooling are taken into account, this limits the density of the gas,
according to the formula given in GR20:

n/ng < (T/Twa)™ "2, (14)
where
T d 9/2
—4 10‘6(L) 5
no X 105K (15)

If we assume that around the base of the corona, we have T =~
T:aa, this condition becomes n < ng, and we can estimate the
approximate limit for optical depth of the corona.

The estimate for density given in Eq. (15) assumes that gas
pressure is constant. In magnetically dominated corona, how-
ever, the density in hydrostatic equilibrium is mostly imposed
by magnetic field gradient. For that case, we might assume that
the constant-density model is more relevant than the constant-
pressure model. Thankfully, in an isochoric regime, the condi-
tion for instability is never satisfied and when magnetic pressure
is added, even small values are enough to completely eliminate
the instability.

2.4. Radiation-pressure supported solutions

For SMBHs (as opposed to black holes of stellar mass),
the radiation pressure displays a large contribution in com-
parison to the gas pressure in supporting the disk struc-
ture. This is important because radiation pressure-dominated
disks are considered unstable for the certain range of param-
eters (Lightman & Eardley 1974; Shibazaki & Hoshi 1975;
Shakura & Sunyaev 1976; Begelman 2006; Janiuk & Czerny
2011). When solving the vertical structure of a geometrically
thin accretion disk, this radiation pressure instability manifests
itself as a “blown up” solution, where the density is roughly con-
stant over a large height of the disk structure; however, it may be
the case that the density is larger around the photosphere than
in the disk mid-plane. In a non-magnetic disk, this would satisfy
the criterion for the convective instability and the density gradi-
ent would be restored (Rézanska et al. 1999).

In our models, we did not include convection, as it might
be restricted by the magnetic field, which shapes the disk struc-
ture. Instead, we compute of the pressure gradient, oc‘fil]—ﬂf, and
check its minimal value. The negative value means that the den-
sity inversion occurs and the model might not be stable. We mark
these models clearly while presenting results of our computa-
tions. Nevertheless, since we were not aiming to solve time-
dependent radial equations (Szuszkiewicz & Miller 1997), we
were not able to compare changes caused by TI to those gener-
ated by radiation pressure instability front (i.e., when we expect
that the earlier moves in the vertical direction and the later in the
radial one. We plan to address this analysis in a future work.

3. Results

For an opimal visualization of the physical conditions occurring
on the border of disk and warm corona, we are plotting several
quantities describing the processes that take place in magneti-
cally supported and radiatively cooled accretion disks. From the
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X-ray spectral fitting, we measured an averaged temperature of
the warm corona cooled by Comptonization as:

Teor
Tovg = ! f Tdr .
0

We note that, for the purposes of this paper, we adopted 7 to be
the Thomson optical depth measured from the surface toward the
mid-plane. This is due to the fact that electron scattering optical
depth is commonly measured during data analysis, when soft
X-ray excess is fitted by a Comptonization model. We defined
the base of the corona 7., as 7 for which the temperature reaches
minimum. In some figures displaying vertical structure, we also
marked the position of photosphere, where total optical depth is:
T+ T]f)f = 1 or the thermalization zone, where the effective optical

(16)

depth is 7* = /th(T + 1) = 1, where 7{; is the mean Planck
opacity for free-free absorption.

To trace TI, the important quantity is the well-known ioniza-
tion parameter (Krolik et al. 1981; Adhikari et al. 2015), defined

as:
P rad
P gas

= —
—_ =

a7

Although we did not compute the ionization states of the mat-
ter, the above parameter indicates the place in the disk struc-
ture where the TI physically starts (Rézanska & Czerny 1996;
Rézariska 1999). The TI appears exactly when the gradient of the
cooling function, that is, the so-called stability parameter com-
puted under constant gas pressure, becomes negative:

din A
LradE T1 7 <07

18
dinT SPgas=0 ( )

which we also visualize in our figures below. Our computations
allowed us to indicate the Thompson optical depth, 7Tp,, for
which the above stability parameter is minimal. In addition, we
calculated the value of net cooling rate gradient over tempera-
ture under constant gas plus the magnetic pressure to show how
magnetic pressure affects stability of the disk heated by MRI.

To estimate the importance of the magnetic pressure versus
gas pressure at each depth of the disk, the commonly used mag-
netic pressure parameter is defined as:

B= Pgas

P 19)

For the purposes of this paper, analogously to the ionization
parameter, we define the magnetic ionization parameter as:
P, rad

- md 20
" Pmag+PgaS @0

[1]

which helps us to show the domination of radiation pressure
across the disk vertical structure. Furthermore, we demonstrated
in GR20 that the density of the corona depends mostly on the
magnetic field gradient:

dIn P,y
dinz

We note that all parameters change with disk-corona vertical
structure and we marked them with a “0”, when defined at the
mid-plane. We also defined the magnetic dissipation rate as fol-
lows:

2
qn = (@) H,
Je

¢= @1

(22)

in erg cm® s7!, s0 it can be compared to other heating and cool-

ing rates from the literature that are given the same units. As an
outcome of our computations, we can also deliver information
about the total surface density £ in g cm~2 of the disk-corona
system, which is the density integrated over the total height.

Finally, the properties of the Compton cooled surface zone
were observationally tested with the use of Compton parameter
as follows:

Teor Af(T — T,
Yavg = L —( ) rad) (1+27)dr,

MeC

(23)

and in the section below we determine such a parameter either
up to thermalization layer of T* or up to the corona base of 7.

In analogy to Haardt & Maraschi (1991), we denote the frac-
tion of the energy released in the corona versus total thermal
energy Fi,q as:

cor disk
f: rad -1- rad , (24)
F rad F rad

where f = 0 corresponds to the passive corona, while f = 1
corresponds to passive disk. In the case of a magnetically sup-
ported disk, f depends only on the magnetic parameters, and
both fluxes, F¢% and F35¥, are not assumed, but (instead) numer-
ically calculated in our model. The division between disk and
corona is taken at the layer when coronal temperature reaches
minimum, that is, at 7.o,. All quantities listed in this section were
self-consistently derived as an outcome of our model. We present
them to check the model correctness and compare them with the
observations.

3.1. Vertical structure

In order to elucidate the formation scenario of a warm corona,
we show the vertical structure of our CM model in Fig. 1. In all
panels, the horizontal axis is the height above the mid-plane of
the disk in units of cm. Each figure panel represents the structure
of parameter given in the panel’s title. Three models for various
magnetic parameters are given by different line colors described
in the box above figure caption. The model called M1 stands for
a highly magnetic disk with value of ag = 0.5, while the model
M3 stands for low magnetic disk — with ag = 0.02.

The gas temperature of the disk (panel a solid lines), in all
three models, follows the trend with warmer center and cooler
photosphere which eventually undergoes an inversion and forms
a corona being much hotter than the center of the disk. The
inversion occurs roughly at z = 10'3 cm. The temperature of the
corona rises sharply but gradually with height as z2, even though
the heating rate per volume, plotted by solid lines at the panel f
of Fig. 1, decreases as z79. Closer to the equator, the temper-
ature rise typically present in case of standards viscous a-disk
(Shakura & Sunyaev 1973) saturates due to magnetic heating
being distributed much further away from the equatorial plane,
resulting in lower radiative flux and less steep temperature gra-
dient.

The radiation pressure is large in the core, between two and
three orders of magnitude higher than the gas pressure, and it can
be of comparable magnitude to the magnetic plus gas pressure
(panel b). While it fully dominates at the atmosphere where the
warm corona is formed and where both ionization parameters,
E and E,,, increase by two orders of magnitude with the height
towards the surface. In addition, the inversion of both parameters
is present, regardless of the value of magnetic pressure. Such a
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Fig. 1. Vertical structure of an accretion disk for our CM model versus z in cm measured from disk mid-plane (z = 0) up to the surface (right side
of the figure panels), and for three different sets of magnetic parameters ranging from the strongest (M1, as a yellow line) to the weakest (M3, as
a black line) magnetic field, and listed in the box below the figure. The local temperature, ionization parameter (Eqs. (17) and (20)), and stability
parameter (Eq. (18)) are plotted in the top row, while pressures, fluxes relative to the total dissipated flux, and heating rate are plotted in the bottom
row, respectively. In addition, the value of aj according to Eq. (12) is shown in the last panel of second row, by dashed lines. The positions of
corona base T, are marked by vertical dotted lines, and the positions of photosphere are shown as dashed lines for each model, respectively.

course of & and =, is connected with the structure of stabil-
ity parameter, presented in panel c of Fig. 1, which is negative
even for the most stringent condition of constant gas pressure.
Although it is not large in a geometric sense, this area actually
constitutes a large part of the optically thick corona.

The gas pressure (panel d) is roughly constant in the center
(due to radiation pressure) and decreases as z~@*?, with excep-
tion of the model M3 which has the weakest magnetic field. In
that model, the region of lesser gas pressure forms in the core
of the disk, due to radiation pressure acting as a primary sup-
port for the disk structure; this is because the convection that
would remove this inversion is absent in our model. In the region
of the photosphere the gas pressure levels out, just to enter a
sharp decrease in the magnetic pressure-dominated corona. It is
worth noting that the magnetic pressure is dominating signifi-
cantly over gas pressure in our model at all points of the vertical
structure.

The radiative and magnetic fluxes are released at a compara-
ble rate inside the disk (panel e). We note that the fluxes are given
in relation to the total flux released by accretion. In the magneti-
cally dominated corona, the magnetic flux is quickly depleted in
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sub-inversion area and it is almost zero when it enters the corona,
except in the case of strongly magnetized models.

The magnetic heating in the corona is decreasing sharply
with height (panel f), except for the strongest magnetic field case
M1, where the peak heating occurs in the transition region and
then H gently decreases. In this model, the MRI process begins
to quench at around z = 10'2cm, which is ten times lower than
other models and can be seen as a decrease in ay, (given by
the dashed lines at the same panel) slightly above the equatorial
plane. By z = 3 x 10"3cm, the MRI becomes almost completely
inactive, due to a rise in the gas pressure in the corona. To pro-
duce such a corona, the value of toroidal magnetic field at the
equatorial plane is log By = 4.25, 4.28, and 4.22 G, for consid-
ered models: M1, M2, and M3, respectively, and it is three orders
of magnitude lower than in case of GBHB (GR20).

To follow the vertical extension of the TI zone, we present
the temperature structure versus ionization parameter (defined
by Eq. (17)) in the left panel of Fig. 2, for our three models M1,
M2, and M3 of different magnetizations. In case of each model,
we mark the corona base, 7., by a triangle. The part of stability
curve with negative slope is clearly present in each of the model,
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Fig. 2. Temperature structure of an accretion disk for our CM model versus ionization parameter (left panel), stability parameter (middle panel)
and all three pressure components (right panel). Gas pressure structure is given by dashed-dotted line, magnetic pressure by dashed line, and
radiation pressure by dotted line. Three models of different magnetization are defined as in Fig. 1, and given by colors: M1 — black, M2 — green,
and M2 — red. At each panel, the position of temperature minimum is clearly indicated by a triangle of the same color. Gray dotted line in the
middle panel marks the limit of negative value of stability parameter. Thick solid lines in the right panel cover values of pressure and temperature
for which classical stability parameter (under constant gas pressure) is negative.

which clearly shows that magnetic heating does not remove TI
in regions of high temperatures, on the order of 1 keV, and high
densities, on the order of 10'>cm™, cooled by radiative pro-
cesses. Interestingly, such a TI is created only for Compton and
free-free absorption and emission. For descending temperatures,
below the corona base, there is another turning point. Below this
point, the gas stabilizes due to magnetic heating. This can be first
deduced from the fact that going toward the equatorial plane, the
disk temperature increases, which is clearly presented in panel a
of Fig. 1.

In order to show how magnetic pressure affects the warm
heated layer above cold disk, we plot the stability parameter in
Fig. 2 (middle panel), for all three models in two versions. The
solid line presents a classical cooling rate gradient under con-
stant gas pressure, while the dashed line shows the same gradient
under constant gas plus magnetic pressure. It is clear that a neg-
ative value of the stability parameter occurs only in the case of
classical assumption of constant gas pressure. Magnetic pressure
directly makes cooling rate gradient to be always positive, acting
as a freezer for eventual evolution of gas due to TI. For all three
models, the base of the corona occurs below the TI zones under
the classical constant gas pressure condition. In the forthcoming
paper, we plan to calculate proper timescales for TI evolution
and for the existence of magnetically heated corona.

In magnetically supported disk, the radiation pressure dom-
inates in the disk interior, while it becomes comparable to
magnetic pressure in thermally unstable zones. This is clearly
demonstrated on the right panel of Fig. 2, where solid lines cover
pressure plots for regions where the classical stability parame-
ter is negative. Gas pressure, which reflects the gas structure, is
always at least four orders of magnitude lower than magnetic
pressure. It is worth noting that going from the surface towards
corona base, the gas temperature decreases while all three pres-
sure components tend to increase. After passing 7., the temper-
ature starts to increase with depth and with the increase of all
three pressure components. Small negative slopes in the verti-
cal structure of gas pressure do not affect the overall stability of

the disk, since the gas distribution is mostly maintained by the
magnetic pressure.

3.2. Warm corona across the parameter space

The dependence of the coronal parameters derived from our
model on the accretion rate and on the magnetic field strength
for the black hole mass of Mgy = 108 Mg and at a radius of
R = 6 Rschw is shown in Fig. 3. We adopt that the corona extends
from the zone where the gas temperature reaches minimum, as
visible at panel a of Fig. 1, up to the top of an atmosphere.
The optical depth, 7., is greater for higher accretion rate and
stronger magnetic viscosity parameter. On the other hand, the
temperature, T,ys, averaged over 7 from the surface down to 7,
seems to be mainly dependent on the magnetic field strength.

As may be gleaned from the ratios of radiation, the gas and
magnetic pressures (displayed in panel b of Fig. 3, plotting =
as color maps and 8 as contours at the corona base, the disk
is dominated by the radiation pressure for the whole parameter
space. In addition, magnetic pressure overwhelms the gas pres-
sure and this is the main reason that we obtain an optically thick
soft corona layer as predicted by Roézanska et al. (2015). The
magnetic pressure is limited by the condition in Eq. (11), which
occurs as a sharp transition in all global parameters at around
it > 0.01. For such a high accretion rate, the contribution of
radiation pressure is very high and if the magnetic support is not
strong enough, the solution becomes unstable (see Sect. 2.4) as
marked as a black overlay in all panels. This effectively restricts
the solutions for high accretion rates only to models where the
magnetic field is sufficiently strong (ag > 0.05).

The gas density at the base of corona (panel c of Fig. 3) is the
highest for both high accretion rate and high magnetic param-
eter. Decreasing the magnetic field also has a global stability
effect on the disk. For a thin accretion disk, the quantity dX/dm
should be positive, otherwise we encounter a problem with well-
known stability of standard viscous a-disk (Shakura & Sunyaev
1973). For a weak magnetic field, this value is negative even for
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Fig. 3. Properties of the warm corona on the accretion rate-magnetic viscosity parameter plane. All models have been calculated for Mpy = 108 M,
and R = 6 Rgchy. Upper panels show: a) average temperature, Ty, of the corona in keV (colors) and optical depth of the base of the warm corona
Teor (contours); b) E (colors) and magnetic pressure parameter S (contours) both at 7.,; and ¢) number density ny in cm™ (colors) at T, and total
column density X in g cm™? (contours). Dotted contour here shows where dZ/driz = 0. Bottom panels display: d) Yavg parameter of the warm corona
at the thermalization zone, namely, 7 = 1 (colors), and at the base of the corona, 7., (contours); e) fraction of radiative energy produced by the
corona f (colors) and the maximum value of magnetic field gradient ¢ (contours); and f) the minimum value of £, throughout the disk height
(colors) and Thomson optical depth, 7., for which it occurs (contours), green areas are stable disks, whereas magenta areas indicate thermal
instability in the corona, the gray dotted line corresponds to £,q = 0. In all panels, the dark contour indicates the parameter sub-space affected by

the density inversion.

m = 0.003, as indicated by the region enclosed by the dotted
contour in panel ¢ of Fig. 3. If we introduce a stronger magnetic
field, however, the band of accretion rate where this criterion is
met, is narrowed down considerably.

Investigating the y,,, parameter (panel d of Fig. 3) and com-
paring it to corona-to-total flux ratio, f (panel e of Fig. 3), we
find similar behavior, where the largest values of both parameters
are obtained for ag > 0.3. Nevertheless, the Compton parameter
has his largest values for high accretion rate, while the amount
of energy generated in the corona is largest for low values of
accretion rate.

The magnetic field gradient parameter, g, is mostly imposed
by the model parameters, but it is worth seeing that its value only
drops below 2 for the most magnetized models (panel e). On the
other hand, the value of stability parameter, L4, presented in
panel f is almost exclusively dependent on the accretion rate,
while the optical depth 7., can reach values up to 5.

3.3. Radial structure of the warm corona

Figure 4 shows the radial dependence of global parameters of the
warm corona for our canonical BH mass Mgy = 108 My, and for
three strengths of the magnetic field, namely, M1, M2, and M3
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models, with the same magnetic parameters ag, 77, v as in Fig. 1.
Upper panels show maps of Ty, given by Eq. (16), and contours
of 7. Dotted line contour separates thermally stable regions
for high accretion rates and thermally unstable for low accretion
rates by the condition L,¢ = 0. Bottom panels present maps of
the density number of the warm corona and contours indicate the
total column density £ computed from the top down to the mid-
plane. In case of M3 model, with the lowest magnetization, we
clearly indicate sub-space affected by classical radiation pressure
instability marked by dark contours.

The overall radial dependence of the warm corona param-
eters follows the trend that corona is hotter and more optically
thick for strongly magnetized disk (M1 model on left panels).
Higher accretion rate makes the corona cooler (i.e., lower Tyyg)
but optically thicker. In the case of high accretion rate, such a
warm and optically thick corona is rather more dense then in
case of hotter corona appeared for low accretion rate. However,
for the model with a strong field, the quantity dX/dsz, which is
associated with stability of viscous accretion disk, is positive in
all but a narrow stripe in the parameter space marked by dotted
lines at bottom panels of Fig. 4. On the other hand, for a weak-
field M3 model, there is a maximum column density for around
m = 0.03, above which X decreases.
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Fig. 4. Properties of the warm corona on accretion rate-radius plane given in units of Rsey. All models have been calculated for Mgy = 10% Mo,
and magnetic parameters are corresponding M1 (left), M2 (middle), and M3 (right) panel columns with values given under Fig. 1. Upper panels
display average temperature T, of the corona in keV (colors) and optical depth of the base of the warm corona 7., (contours). Dotted contours
at upper panels indicate where £,q = 0 under constant gas pressure. Bottom panels show number density 7 in cm™ (colors) at 7, and total
column density ¥ in gcm™2 (contours). Dotted contours at bottom panels show where dE/dsiz = 0. Dark contours in case of M3 model, indicate

the parameter sub-space affected by the density inversion.

In order to specify how TI, caused by gas cooling processes,
affects the existence of the warm corona, we plotted the vertical
extent of thermally unstable zones versus distance from the black
hole in Fig. 5 for three different magnetic parameters and three
accretion rates. The extent of the TI zone is presented as a pink-
filled area. The base of the corona is clearly marked by thick
black solid line. The optical depth of the corona base is larger
for higher accretion rate. As shown in the previous section, TI —
indicated by negative values of the stability parameter is present
for the broad range of parameters under the assumption of con-
stant gas pressure — but it disappears when it is computed over a
constant sum of gas and magnetic pressure.

Furthermore, it is produced by radiative processes, such as
Comptonization and free-free emission and absorption, being the
only cooling processes in the models considered in this paper.
Ionization and recombination may influence the extend of TI
(Rozanska & Czerny 1996), but the final result cannot be ana-
Iytically predicted. Further computations are needed to show
whether ionization or recombination decreases or increases the
thermally unstable zone. It’s only for high values of the accretion
rate (i.e., higher than 0.2) and in the inner regions of an accre-
tion disk within 20Rspy, the existence of thermally stable warm
coronas with classical condition of constant gas pressure is pos-
sible. We claim here that in case of the MSD, the condition of
thermal stability under constant total namely, gas plus magnetic
pressure should be used in order to estimate if the TI zone is
frozen into a magnetic field. In a forthcoming paper, we plan to

calculate relevant timescales for this kind of radiative cooling in
the magnetically supported plasma.

3.4. Random models sample

Our numerical code (GR20) allows us to calculate a huge num-
ber of models in a finite time. In order to put constraints on basic
observational parameters resulting from our model: temperature
of the corona and its optical depth, we have selected results from
random distribution of six input parameters for our calculations
described in Sect. 2.1, to account for their uncertainty. We use
a notation whereby U(a, b) is a random variable with a uniform
distribution between a and b and N(u, o) is a normal distribu-
tion with expected value u and spread o. We use a fixed radius
R = 6Rg.h, While black hole mass, Mgy, and accretion rate,
M, (in gs~') are selected in the way to mimic the distribution
of the same quantities in the sample of 51 AGN for which the
warm corona was observed (Jin et al. 2012, see section below).
The random walk overdoes through the following distribution:

log (Mgy) = N(7.83,0.63), (25)

log(M) = 0.27 (log (Mgp) — 8) + N(25.83,0.52), (26)

where the expected and spread values were estimated from the
observed sample. After running the code and solving the struc-
ture, we reject the models that satisfy the radiation pressure cri-
teria described in Sect. 2.4.
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Fig. 5. Thomson scattering optical depth of T zones, plotted against the radial distance from the BH of the mass Mgy = 10 M, and shown for
three values of magnetic parameters M1, M2, and M3 (from left to right columns), and an accretion rate of 7z =0.012, 0.27, and 0.1 (from upper
to bottom rows). The photosphere is marked using the green dashed line, temperature minimum with a thick black solid line, thermalization depth
(T = 1) with a red dotted line. The extent of the thermal instability is presented as a pink-filled area.

We generated a set of models based on random distribution
of the global disk parameters described by Eqgs. (25) and (26).
The vertical structures of all models in the sample are plotted
collectively in Fig. 6, with the full sample (upper panels) as
well as sample clipped according to the criterion of the den-
sity inversion (lower panels) described in Sect. 2.4. The tem-
perature inversion occurs between 7 = 0.01 and 7 = 30 for all
models, with both the magnetic field and accretion rate having
a positive effect on the corona depth, as shown in left panels
of both rows of Fig. 6. The density follows a rather predictable

relation ny o« 77972 o (Ny)+' and the heating rate changes as

gn oc 274 o (NH)_Z%T, with small fluctuations due to the opacity.

When we remove the models that do not satisfy our cri-
terion for the density gradient (i.e., moving from the upper to
lower panels of Fig. 6), the picture does not change much, but it
becomes more complex when we omit the parts of the structure
which is thermally unstable (when dInA/dInT < 0). For the
set of models we analyzed, the TI is confined to the area where
1072* < g, < 10722 and this does not seem to strongly vary with
any of the model parameters we consider. Thus, we can summa-
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rize these results according to the following: independently of
the model parameters, those associated with the accretion disk
or with the magnetic field, the classical TI (under constant gas
pressure) is present for magnetically supported disk with radia-
tive processes as Comptonization and free-free emission.

3.5. Observational predictions

Asthe main outcome of our computations, we obtain values for the
warm coronal temperatures and optical depths, which are directly
comparable to the measurements reported in the literature. The
data analysis concerning warm corona require high resolution,
sensitive telescopes to collect enough photons in the soft X-ray
energy range around 1 keV. The overall modeling is time con-
suming and usually one paper is devoted to one source. We have
looked at the literature and we chose those sources for which
both parameters: warm coronal temperature and its optical depth
were measured. The warm corona measurement for the sample of
objects has only been presented by Jin et al. (2012), who collected
51 sources. We take all those points into account while com-
paring to data. In addition we selected measured warm corona
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Fig. 6. Vertical structure of temperature, density and dissipation heating rate defined by Eq. (22) for a sample of models computed according to the
method described in Sect. 3.4. The first row shows the complete sample of models, while the second row only shows models that do not exhibit
density inversion discussed in Sect. 2.4. Zones where TI occurs are omitted, which produces the gaps that are visible in many models. The color
of the line corresponds to the magnetic gradient, g, (red is stronger field, blue is weaker), while the thickness shows the accretion rate 7z (thicker
is higher). The gray vertical lines show the optical depths 7 equal to (from left to right): 100, 10, 1, 0.1, and 0.01.

parameters of individual sources found in Magdziarz et al.
(1998), Pageetal. (2004), Mehdipouretal. (2011, 2015),
Done et al. (2012), Petruccietal. (2013), Mattet al. (2014),
Middei et al. (2018, 2019), Porquetetal. (2018), Ursini et al.
(2018). All data points compared to our model in Sect. 3.5 below,
are listed in Table 1.

From our random sample of models, we extracted essential
parameters as optical depth of the warm corona, its temperature,
accretion rate, black hole mass, and magnetic field gradient (all
described at the beginning of Sect. 3). The results are shown
in Fig. 7, where the random values described in Sect. 3.4 were
selected to roughly match the observational points taken from
Table 1, in terms of accretion rate and the black hole mass. At
the same time, we allowed the magnetic parameters of the disk
to vary across a very broad range, namely, from 8y ~ 103 to B ~
1. This allows us to scan all possibilities while remaining close
to observations in terms of known quantities. Observations are
marked on the right side of the figure according to data analyzed
in papers listed in Table 1. Some source are reported twice or
even more, but it does not matter since we are interested in the
general observational trend of the warm corona.

In the left panel of Fig. 7, we include all results of our models
by colored open circles, with no limit to radiation pressure or vis-
cous instability (as long as the model has converged). The size

Table 1. Observational points from literature compared to our model.

Source Type Refs.

NGC 5548 Syl Magdziarz et al. (1998)
Q 0056-363 QSO Page et al. (2004)
Mrk 876 QSO

B2 1028+31 QSO

Mrk 509 Syl.5 Mehdipour et al. (2011)
RE 1034+396 NLS1 Done et al. (2012)
PG 10484213 BLSI1

51 sources AGNI1 Jin et al. (2012)
Mrk 509 Syl.5 Petrucci et al. (2013)
Ark 120 Syl Matt et al. (2014)
NGC 5548 Syl Mehdipour et al. (2015)
NGC 7469 Syl Middei et al. (2018)
Ark 120 Syl Porquet et al. (2018)
3C 382 BLRG Ursini et al. (2018)
NGC 4593 Syl Middei et al. (2019)

of the circle indicates the value of the accretion rate, while its
color reflect the value of magnetic field gradient, both given on
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Fig. 7. Parameters of the corona 7., and T, determined for a random sample of models are marked by open circles. The size of the points
determines the accretion rate and color of the points corresponds to the magnetic field gradient (similar to Fig. 6) given on the right side of the
figure. For models where the Tl is present, the values of 7 and T, computed at every point of the instability are displayed by thin lines. In the left
panel, all models are shown, while in the right panel, models where the density inversion occurs (see Sect. 2.4) are filtered out. Additionally, data
points from the literature are drawn using black markers listed on the right side of the figure. The data points clearly follow TI strips.

the right side of the figure. The cloud of points on the Tcor—Tayg
plane coincide with the observational results, but the range of
corona parameters obtained with our numerical code is broader.
A clear correlation of magnetic field strength and the accretion
rate with resulting corona parameters is seen. Observations fol-
low the models computed for higher accretion rates and moder-
ate magnetic field gradient.

In the right panel of Fig. 7, we removed all the models where
the density inversion occurs, which are the models dominated by
the radiation pressure and not stabilized by magnetic pressure.
We rejected these models because unless convection is present to
transfer the energy from the disk, the solution becomes “puffed
up” and generally unstable. The models that are removed in
this step are mostly models when 7., < 10 or optically thick
models with high accretion and low magnetic field. The data
points seem to group around the models which do not display
TI in the structure of the warm corona, but some of them follow
thin lines, which are thermally unstable zones. The distribution
among instability strips can be attributed to our choice of the
cutoff of the corona base at the temperature minimum. Had it
been chosen according to a different criterion, a more shallow
and hotter corona would be obtained. The TI might cause the
corona to be shallower than the temperature minimum, which
could potentially happen at undetermined point in the vertical
structure.

To check at which point the vertical structure the data is in
line with the model, we took the black hole mass and the accre-
tion rate for each point from Jin et al. (2012) and we ran a cor-
responding model, assuming constant magnetic parameters of
agp = 0.18, 7 = 0.21 and v = 1. The global disk parameters
were chosen to fall roughly in the middle of the range consistent
with the observations. We then proceeded to tune the parameter
ap for each model, so that at the optical depth, 7., the aver-
age temperature yields T, with both values taken from the
observational data. For some models, it is not possible, but for
most (44 objects from the sample of 51), such value of ag does
exist. Both fixed-parameter and fine-tuned models are shown in
Fig. 8, where different colors display different global parameters
for the disk. The observed cases of Ty, versus 7o are marked
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by filled circles, while the same parameters as an outcome of our
adjusted models are given by crosses. Additionally, using solid
thin lines, we plot the averaged temperature integrated from the
surface down to the local optical depth given on the x-axis of
our graph. The thick solid lines display the extensions of ther-
mally unstable zones. The cases displaying high accretion rates
(shown at the top) do not indicate TI. It is clear from the figure
that tuning the magnetic parameters does not result in any sig-
nificant change, which means that the fixed values are a good
approximation for this set of observations.

In most cases, the observed optical depth of the warm corona
is shallower than the 7. derived from our model (indicated by
crosses in the figure), with the exception of a few models with
the lowest accretion rates, where it seems to be deeper than pre-
dicted. For a range of models, the location of the warm corona
is very coincident with the bottom, rather than the top of the
TI, and the locations of the two exhibit some correlation in that
range. Above some threshold, our model does not predict the
occurrence of the TI, yet the observed optical depth falls short
compared to the 7o, from our model.

4. Discussion

We computed a sample of models of the disk-corona vertical
structure, where both layers are physically bounded by mag-
netic field heating as well as Compton and free-free cooling. Our
approach to the MRI description is parameterized to adjust the
results obtained from simulations, as explained in GR20. The
warm, optically thick corona is formed self consistently on the
top of an accretion disk for the range of global disk and magnetic
parameters. In general, the optical depth of the warm corona is
larger for a higher accretion rate and a higher magnetization.
Nevertheless, the data show that even models of moderate accre-
tion rates can reproduce the observations when the magnetic
parameters are adjusted.

Magnetic heating does not remove the classical TI under
constant gas pressure seen in regions of high temperatures on
the order of 1 keV and high densities on the order of 102¢m=3,
cooled by radiation processes. Interestingly, this kind of TI is
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Fig. 8. Profiles of averaged temperature versus the optical depth for fine-tune models. The temperature is averaged between the optical depth given
by the coordinate of the horizontal axis and the surface of the corona. Thicker lines are overlayed to indicate where the condition for the TI is
fulfilled. Circle markers are temperatures and optical depths obtained by Jin et al. (2012). Cross markers indicate the averaged temperature at 7 o,
of a given model. Magnetic parameters are adjusted so that the temperature profile crosses the observational point. Each profile is shifted slightly
for a clearer presentation and models are sorted according to the accretion rate, ri.

created only for Compton and free-free absorption or emission.
When magnetic heating with simple description of MRI and rec-
conection is taken into account as a main source of gas heat-
ing, the disk becomes dominated by magnetic pressure, which
acts as a freezer for the TI zone. In order to check this behav-
ior, a stability parameter should be computed under constant gas
plus magnetic pressure. In such a case, classical TI exists with
negative slope of temperature versus ionization parameter, but
the stability parameter under constant gas plus magnetic pres-
sure is always positive. To prove whether such gas is stable, the
timescales for TI frozen into magnetic field should be estimated
and we plan to do so in the forthcoming paper. In the all previous
approaches to the ionized disk atmospheres, the ionization struc-
ture was always solved only up to the depth of the photosphere,
namely, to the lower branch, which was stabilized due to atomic

cooling and heating. Many papers showing such a stability curve
never run the computations deeper in the disk structure where the
energy is dissipated. In our approach, the magnetic heating that
is generated at each point of a vertical structure of the disk and
corona provides additional properties to the normal behavior of
the gas, namely: the cold disk temperature increases when going
towards the equatorial plane, as explicitly presented in panel a of
Fig. 1.

Compton and free-free processes fully account for the exten-
sion of stability curve from the hot layers on the corona surface,
down to the corona base at 7.,. Ionization and recombination
may increase the unstable zone, but this should be checked in the
future studies. Also, TI may impact the gas evolution on thermal
timescales. In the future, time-dependent simulations may show
the impact of TT on the warm corona gas.
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For all analyzed models, the structure was stable when the
isobaric constraint of constant gas plus magnetic pressure was
assumed. Of course, such a treatment of a magnetic field only
holds true in idealized case, assuming that the field is frozen into
matter and there are no significant pressure gradients along the
flux tube. If there is a pressure change, the magnetic structure
would need to inflate as a whole, without any escape of the mat-
ter. Practically, magnetic structures in the corona are tangled and
can be considered as pressurized, but open. If a thermal runaway
or collapse occurred in a flux tube, matter could be pushed or
sucked into the flux tube in order to maintain the pressure equi-
librium. In such cases, even in the presence of a strong field, the
original criterion of constant gas pressure would hold and strong
TI would occur within separate flux tubes, forming prominence-
like structures. If we searched for the conditions needed to obtain
a uniform, warm corona (and not clumpy prominences), the den-
sity ng (Eq. (15)) would still be a reasonable order-of-magnitude
limitation.

Observations predictions and modeling implications

As we demonstrate in this work, the observations follow our
model of a warm corona heated by MRI. All of the data
points are in the range T = 0.01-1keV and 7 = 2-50.
The coronal temperature appears to be strongly correlated
with the coronal magnetic field (in particular, its spatial
gradient). The accretion rate, on the other hand, seems to
increase the optical depth of the corona, at the slight cost of
temperature.

Our numerical model has several weaknesses. The greatest
limitation to our model is that it is static and one-dimensional.
That implies that the corona assumed must be layer-like, clumpy,
and unstable, but optically thick clumps cannot be studied.
According to the degree that the models are affected by the ther-
mal instability, in our study we were not able definitively exclude
the possibility that the clumpy corona can also reproduce the
observations. It is possible that a dynamical model could resolve
the issue of a local instability, as long as the overall optically
thick disk structure survives.

It is also possible that a thin-disk approximation is not
well-suited to the problem, as there is growing evidence that
multi-layer accretion where the accretion of disk and corona
are decoupled may be more realistic (Lancovaetal. 2019;
Wielgus et al. 2022). We were not able to treat such an accre-
tion mode with our approach.

Another limitation is that we could not obtain the spectrum
from our model. While quantities such as optical depth and tem-
perature can be fitted to spectra and we may compare the values
with our model, there is some level of degeneracy and the best
way to verify the correctness of our predictions would be to at
least compare the spectral parameter I', which is the slope of the
power law usually fitted to the data.

Despite those limitations, our model has allowed us to deter-
mine the location and properties of the TI. That said, we can-
not exclude that there is a coincidence of occurrence of TI i
our models and the warm corona in nature. One peculiar pos-
sibility is that the warm corona could actually be driven by the
TI. Instead of one layer, many scatterings through more and
less dense areas could be more effective than a single, uniform
layer in producing a Comptonization spectrum. More investiga-
tions are needed using dynamic models that allow for the unsta-
ble, clumpy medium to develop (including the magnetic field as
essential part to maintain the physical structure of the clumps)
and followed by radiative transfer calculations aimed at proving
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whether such structures can indeed create warm Comptonization
signatures.

If we assume the opposite but (as far as we consider) more
likely alternative that the clumpy medium does not contribute to
the observed spectrum, another interesting possibility emerges.
It could be that the corona exists at the verge of the instabil-
ity. The new warm matter is constantly inflowing, and once it
reaches the unstable conditions, it collapses into clumps that
are ejected or (more likely) fall back into the disk core. If
the condensation timescale is long compared to the dynamical
timescale, the matter could exist at the brink of the instabil-
ity long enough to continuously Comptonizes the soft photons.
This could act as a stabilizing mechanism and explain why the
observed properties of the warm corona seem to be clustered in
a narrow range of the parameter space. While we cannot distin-
guish which of these scenarios is closer to the truth, the striking
coincidence of the warm corona with TI is hard to overlook.

5. Conclusions

We have clearly demonstrated that magnetic heating can pro-
duce a warm and optically thick corona above accretion disk in
AGN. Obtained theoretical values of coronal temperatures and
optical depths agree with those observed for the best known
sources. The magnetic viscosity parameter increases the coronal
temperature as well as the optical thickness. Magnetic heating
does not remove the local thermal instability of the corona (TI)
caused by radiation processes in the warm (~1.0keV), and dense
(above 10'2 cm™) gas. Classical TI operates for accretion rates
lower than 0.1 in Eddington units and does not depend much
on magnetic viscosity; nevertheless, it is always the combina-
tion of those parameters fully determines instability strip. When
magnetic heating is taken into account, stability parameter com-
puted under constant gas plus magnetic pressure is always posi-
tive, suggesting that thermally unstable zone in the classical way,
becomes a kind of frozen into magnetic field and can produce
interesting observational features, including soft X-ray excess.

The case of AGNs differs from that of GBHBs, where TI
occurs for m < 0,003 for low ag and m < 0,05 for high ap
(GR20). Also, the optical thickness of the warm corona in AGN
is relatively higher than in the case of GBHBs by a factor of 5.
Interestingly, TI operates only when Compton heating and free-
free emission are introduced. It does not require ionization or
recombination processes to be included. Nevertheless, we claim
here that ionization may influence the extension of the TI zone
and we plan to check it in our future work.

Observations follow TI strip of the warm corona in magnet-
ically supported disk. Thermally unstable gas may undergo evo-
lution under thermal timescale, which, in principle, can be com-
puted in our models. Such theoretical timescale should be com-
pared to the variability measurements of soft corona. We plan
to do so in the next step of our project. We conclude here that
the TI resulting in the gas, which is cooled due to radiation, may
be a common mechanism affecting the existence of the warm
corona above accretion disks around black holes across differ-
ent masses. This is confirmed by the fact that we obtained TI
in the disk vertical structure in the case of AGNs considered
here, as well as in case of GBHB presented in our previous paper
(GR20).
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