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ABSTRACT

By studying th

radiative, global of sub-Eddi

thin black hole accretion flows we show that thin disks which are dominated by magnetic

pressure are stable against thermal instability.

uch disks are thicker than predicted by the

standard model and show significant amount of dissipation inside the marginally stable orbit.

Radiation released in this region, however, does not e
the black hole. We find that the resulting accretion ef

are 0 infinity but is advected into
y (5.5 + 0.5% for the simulated

0.8Migq disk) is very close to the predicted by the ‘andard model (5.7%).

Key word
numerical

TRODUCTION

Most of the Galactic black hole (BH) X-ray binaries cycle through
outbursts and quiescent states as a result of modulation of the ac-
cretion rate by ionization instability in the outer disk regions (La-
sota 2001; Coriat et al. 2012). During the outbursts they show lu-
minosities of the order of 1 — 30% of the Eddington luminosity,
Leas (Maccarone 2003: McClintock & Remillard 2006). According
0 the standard disk theory (Shakura & Sunyaey 1973), such lumi-
nosities correspond to the radiation-pressure dominated, radiatively
efficient disk state. X-ray binaries can remain in such a configura-
tion for months, i.e., for the time much longer than the relevant dy-
namical, thermal, or even viscous timescales. However, radiation-
pressure dominated thin disks are known to be viscously (Lightman
& Eardley 1974) and thermally (Shakura & Sunyaev 1976) unsta-
ble. If such instabilities operate, one should expect global limit cy-
cle bahavior (Lasota & Pelat 1991; Szuszkiewicz & Miller 1998)",
instead of the observed quasi-steady high/Soft state of most BH X-
ray binaries. The disagreement strongly suggests that our under-
standing of the physics of thin disk accretion is not satisfactory.
Accretion flows are known 1o be turbulent. Because of this
fact the value of analytical modeling is limited and numerical
simulations are required for better understanding them. Recently,
significant progress has been made through development of so-
phisticated magnetohydrodynamical (MHD) and radiation MHD
(RMHD) codes capable of simulating accretion flows both in the
shearing box approximation and in the global context. The applica-
tion of the latter has so far been limited to studying geometrically
thick 2 n disks (e.g.. Ohsuga & Mineshige 2011; Sadowski
et al. 2014b; McKinney et al. 2014; Jiang et al. 2014) which are

* E-mail: asadowsk@mitedu (AS)
! Which may be resposible for some of the variability patterns of the out-
liers in the X-ray binary set ~ GRS 1915+105 and IGR J17091-3624.
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known (the optically thick ones) to be stabilized by advection-
related cooling (Abramowicz et al. 1988). The only insight into
the physics of geometrically thin, radiation-pressure dominated and
presumably unstabl

ied such systems (with zero net magnetic flux) using a sophisticated
radiation MHD algorithm and have shown that they are indeed un-
stable, in disagreement with most m the observed syst

‘What does stabilize the astrophysical thin disks? A wide range
of ideas has been proposed, mu]u(lm" stabilization by stochastic
variability (Janiuk & Misra 2012), intrinsic delay between heat-
ing and cooling (Hirose et al. 2009 Ciesielski et al. 2012), and
magnetic fields. The latter seem to be most promising as magnetic
fields are intrinsically involved in every accretion event (they make
the disks turbulent), and probably are also crucial in explaining the
observed nature of state transitions (Begelman & Armitage 2014).

Begelman & Pringle (2007) claimed that optically thick, geo-
metrically thin accretion disks with strong toroidal magnetic field
are stable against thermal and viscous instabilities. The authors
based on the assumption that the field strength for a thin disk satu-
rates at the level derived by Pessah & Psaltis (2005), i.¢., when the
Alfven speed roughly equals the geometric mean of the Keplerian
speed and the speed of sound in gas. We do not find this condition
satisfied in the simulated thin disks presented in this work. Oda et
al. (2009) discussed the stabilizing effect of strong toroidal mag-
netic field on thermal stability of optically thin and thick accretion
disks using analytical approach and an ad hoe, although physically
motivated, prescription for the radial distribution of the magnetic
flux. Our work essentially validates their assumptions and conclu-
sions. Recently, Li & Begelman (2014) have shown that magnetic
fields may help stabilize the disk also through magnetically driven
outflows which decrease the disk temperature and thus help the disk
become more stable at a given accretion rate.

In this work we show that indeed, magnetically supported thin
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speed and the speed of sound in gas. We do not find this condition
satisfied in the simulated thin disks presented in this work. Oda et
al. (2009) discussed the stabilizing effect of strong toroidal mag-
netic field on thermal stability of optically thin and thick accretion
disks using analytical approach and an ad hoc, although physically
motivated, prescription for the radial distribution of the magnetic
flux. Our work essentially validates their assumptions and conclu-
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LT, SAlE LT DD
STHERBWES D,
B8 A, IO, &E—58
second gas cloud is formed and falls  [CEBIRZHHAD,

arc-shaped (ring) clouds
are intermittently formed twice

J\— KRBT, disk D' ~ #10Rs T
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/Ry /Ry /Ry Truncated UL TWLWBIHZETH.
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/ - Hell front (~ 2x10tm)
Bar | )
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wind
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\ torus-like flow
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low hard state
(b) Hell front (~9x10 ¢cm)
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° e e
< <~
stellar
wind
MRI
< OFF standard disk p & <
S & torus-like flow
S —
< —— &
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(Pessah &Psaltis 2005; Begelman &Pringle 2007)  (D#R%545 D, Karitskaya
. et al. 2010)
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Comparison of the Three Epochs

0.1

+data

Phase 1

7
/ Compton NI

¥%/d.0.£.=89/91=0.97

Phase 2

2012

., convex convex

¥?/di0.£.=17/29=0.79

1
Energy (keV)

10 [ 1 10
Energy (keV)

Disk Disk
Ri = 1.2*09 5 ¢ x 103 km* Rip = < 4%, x 103 km*
T -040+007keV T,,=0.3£0.1keV
Compton Compton

Teeeq =2 x Ty, (fixed) Teeeq = 2 X Tjy, (fixed)
Te=3.313 . keV Te=3.9"20 _keV
T= 4_2+1.0_1'4 = 4.2+1.0_1‘3

Lx =3.1x10% erg/s

Lx = 2.0 x 10%° erg/s

The difference in spectral profile can be explained
by small variations of t and Te of Comptonization

&
HESTE DIEREN—

R CIBFR(E. MIEBEDN>TLBITED,

—\\

x2/d.0.f.£699/712=0.98

AlC, T—

All cEaeligryékce:éd for absorption
Disk
Rin = 9% ¢ x 102 km*
T;,=0.40+0.05 keV
Compton
Teeeg = (2.0£0.1) x T;,
Te =3.7*06  , keV
T= 5'1+0'7-O.8
Lx =1.0x 10 erg/s

(*inclination angle = 0° is assumed.)
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1 ke’

keV2 (Photons cm™2 §

Energy (keV) tm”” T
gy =
* Compton thick part of outflow: R < ~10 Rs , ?“
(Kawashima+ 2012, Kitaki+ in prep) w’M\
* Our measurement: Rin = ~103 km
consistent with R = ~10 Rs if My, = ~20 Msun

NAT,
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0.01

Interpretation

Observed spectral evolution

spectra from simulation

2016 Oct 16-17 (Phase 1)
2016 Oct 16-17 (Phase 2)
2016 Oct 9-11 44

x i3

Kawashima+ 2012
(i=0deg)

2012 Aug 10 (DBB of SADM)
0 ‘ — \ _.‘_‘_ - -
2
— £ 101
10+ f 2 . , )
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