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The standard disk appears in many systems

binary system star formation

active galactic nuclei



The alpha model for the standard disk

» The framework of the standard disks (geometrically thin and optically thick disks)
was constructed by Shakura & Sunyaev (1973).

« The vertical and radial structures are decoupled due to the timescale difference.

« The vertical structure of an annulus of surface density > and angular velocity €2(r)

is governed by

3
208 T o = —5WrQ thermal balance
P/2H %02

S — hydrostatic balance

H 2

P a ZkBTC ]
— =Ty equation of state
oH 37 T oum .
Wiy = —aP o prescription 0 <a< 1

Z

H ~ W = [ wyredz
‘ T P = [ pdz

<«
M



Thermal equilibrium curve

« By solving the vertical structure, the effective temperature Ty is obtained as a
function of X2, 2, and «:

Tett = Tes(2; 2 ), thermal equilibrium curve

just as the mass-luminosity” relation . = L(M) is obtained for stars from their
internal structures.
* The thermal equilibrium curve W,.4 = W,.,(%; €2; a) also controls time evolution of
the disk in the radial direction.
0% 190 < 2 0
ot ror \rQ)or

(T2Wm§(2; Q; a))) =0

Z

Hﬁ W = [ wyredz
‘ T P = [ pdz

<.
M




Standard Disks vs. Stars

confined by external gravity
gz = _QQ(T)Z l

B “viscous” heating
T Qt = %aQP

AREQ (E/NXTX=Fa) IKEKEFT D

thermal equilibrium curves

(M = Msol, r = 10'° cm)
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Exploring thermal equilibrium curves by radiation MHD simulations

» The discovery of MRI (Balbus & Hawley 1991) and the invention of the shear-
ing box (Hawley, Gammie & Balbus 1995, Matsumoto & Tajima 1995) opened
a path to calculate the thermal equilibrium curves from “first principles”.

» Radiative transfer needs to be solved with magnetohydrodynamics.

time: 0.00

Hawley, Gammie & Balbus (1995) Matsumoto & Tajima (1995)

H ~ Wep = [wredz
‘ r P = [pdz



Recipe for computing the thermal equilibrium curves 1

by radiation MHD simulations

B o=

Prepare a shearing box of an appropriate size.
Set (2 (vertical gravity and shear rate) in the box.
Put gas of amount X in the box.

Start simulation and wait until it reaches a quasi-
steady state, where turbulent dissipated energy
is exactly radiated away from the box — this is
equivalent to solving the thermal and hydrostatic
balance in the vertical direction.

5. Measure the energy flux F' out of the box.

6. Repeat 3 to 5, and compile the results to get

F = F (%) (or, Tess = Teg (X)) for the set (2.

emergent flux
F = O'BT(;lff

gravity
—02z

.
e
urb iSsipation
amount X ""@L
— -M

L —



MRI Dynamo in Local Shearing Box Simulations with Zero Net Flux

Stratified simulations Unstratified simulations
Shi, Krolik, & Hirose (2009) Shi, Stone, & Huang (2016)

i Y Y
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time (orbits) kLF 1
0 50 100 150 200 250 300
time (orbits)

110 120

t (orbits)

B,(G)

-2-10° -1410° 0 1-10° 2-10°

« MRIY17%E : MRIDEREN T 2HMKELADFTE TIE. By (AAAAAES) O 1E—

Ly hE \FT7540/05 =) MMEFEINICIREN S
o ZMDByxER/\Y— &, unstratified simulations THIFN S




Universal value of alpha
in Stratified Shearing Box Simulations with Zero Net Flux

Shearing Box Simulations

a~ 0.01 - 0.03

Reference Zones/H 0o, Oy B )% /B 3 BZ2 /B )% B! O'mag o

Simon$ (unpub) 8 0.08 1.7 0.016 1.0 0.015 0.08 0.001
Simon16 (unpub) 16 2.0 13. 0.075 0.53 0.057 0.30 0.016
Simon32 32 5.7 27. 0.13 0.53 0.072 0.37 0.025
Simon64 64 11. 44, 0.17 0.53 0.056 0.40 0.020
Davis32 32 45 23. 0.12 0.41 0.078 0.33 0.020
Davis64 64 10. 40. 0.16 0.47 0.051 0.36 0.012
Davis128 128 26. 08 0.18 0.50 0.053 0.36 0.018
‘ShiSTD 27 48 13, 0.10 065 0.075 027 0.020
ShiZ512 @d'aw&g?m@f 53 11 13. 0.12 0.56 0.130 0.30 0.029
' ShiDBLE 50 15. 32 0.15 0.63 0.098 0.22 0.029
Guanstdle 128 26 15, 007 058 0.035 028 0.013
Guan s16a 25.6 6.8 34. 0.12 0.58 0.057 0.32 0.023

c KLY

~ -~

ald, ¥>=a2L—>3Y>
\—)L73{E0.01~0.03IC 735
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Hawley, Guan, & Krolik (2011)
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(time and space-averaged) Stress vs. Thermal Pressure
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JBRZETTI
« A thermal equilibrium curve is S-shaped around 7' ~ 10* K, and a limit cycle is

expected, switching between hot and cool states.

« DIMs that explain dwarf nova outbursts as the thermal-viscous limit cycle have
been successful.

light curve of dwarf nova SS Cyg

1 AAVSO DATA FOR SS CYG - WWW.AAVSO.ORG
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Magnitude
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« PIMN—ANDBELSHETE U feanet = 0.1 ~ 0.2(¢. MRIDEEY(E0.01 ~ 0.03
EBEICERS (King et al. 2007, Kotko & Lasota 2012)
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Smak (1999) Kotko & Lasota (2012)
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S-shaped thermal equilibrium curve obtained from first principles
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Heat transport: convection vs. radiative diffusion

Effective temperature (K)
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Enhancement of alpha
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Comparison with a DIM

Effective temperature (K)
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Convective quenching of field reversals

Height / 1.41x10° cm

Effective temperature (K)
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Convective quenching of field reversals

Height / 1.41x10° cm

Height / 9.51x10® cm
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Coleman+ 2017
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Convective quenching of field reversals

Height / 1.41x10° cm

Height / 9.51x10® cm

60

Coleman+ 2017
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Locality of transport depends on Magisk / Mstar

Kratter and Lodato (2016)

Mdisk / Mstar ~ 0.5 Mdisk/ Mstar ~ 0.1
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