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Astrophysical disks play a fundamental role in nature. They shape the evolution of planets, stars, and black holes by regulating the rate at
which they acquire mass and exchange angular momentum with their environments. Unraveling the physical processes that govern these
disks entails understanding the turbulent dynamics of magnetized plasma in the gravitational field of a central object. Fully global
numerical simulations, while feasible, still remain very demanding. Therefore, there is great interest in devising local frameworks for
studying the disk dynamics. During the last two decades, the framework known as the shearing box, has been extensively used for
studying a small (in radius, azimuth, and height) volume around a fiducial location at the disk midplane. This framework is appropriate
for studying barotropic disks, for which the pressure is only a function of the density and the angular frequency is independent of height. I
this talk, I will introduce a new framework for developing vertically global, radially local models for non-barotropic disks, such as those
with a non-trivial temperature structure, for which the angular frequency changes with height. I will illustrate the power and potential of
this new framework with two prominent applications, namely the vertical shear instability and the magnetorotational instability. I will
discuss the prospects of using this new framework to study a wide variety of astrophysical phenomena; including instabilities, convection,
turbulent transport, as well as the structure and dynamics of disk coronae and winds, and the interstellar medium in galactic disks.
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Some History on Local Models

e Hill 18/8

e Spitzer & Schwarzschild (1953)
e Goldreich & Lynden-Bell (1965)

* Wisdom & Tremaine (19838)

* Hawley et al. (1995)
e Brandenburg et al. (1995)




Various Ap

broaches

* Global prescriptions (structure but not dynamics)

* Global analytical models: |-

D, t-iIndependent

* | ocal numerical simulations (box in a disk)

* Global numerical simulations (disk In a box)



A Disk In a Box
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Beckwith et al. 201 | Flock et al.



Local Models of Astrophysical Disks

Beckwith, Armritage and Simon, 201 |

Essence of the local approximation: expand the equations
of motion around a point corotating with the disk




Deriving Local Disks Models

* Write down eqguations of motion

* Find an equilibrium solution

* Expand the equations around fiducial point

* Define boundary conditions

* Solve problems!



tquations for an ideal MHD Fluid
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The Local A

Hroximation
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Vertically Local & Radially Local

Bulk disk flow
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. Define departures

Viz)=Vy+ Sox




Standard Shearing Box - Model

w=v— SoTyY Dy = 0¢ + Sox0,
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Isothermal, thin disks pressure support is negligible ana
angular frequency Is height-independent




Shearing Periodic Boundaries

DgSB — 875 + ZESQf)y

y’:y—xSOt DgSB:8£

SSB

f(x’,y',z’,t’) _ f(:l?’ 4 Lx,y’,z’,t’)

f(ZE,y,Z,t) — f(gj T vay + SOLCCt7 Zat)




The Standard Shearing Box (SSB)
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from . Simon’s website



The Standard Shearing Box (SSB)

Pros:
» Offers a controlled environment

* Can study small-scale turbulent dynamics

Cons:
* Unable to address any global disc dynamics

e Framework valid for isothermal, thin disks



Controlled Experiment Example
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What if we care about z ~ R!

A. Tchekhovskoy
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Beyond Vertically Local Models

* |sothermal disks are barotropic P = P(p)
. . . ds)
* Barotropic fluids rotate on cylinders  —— =0

» . . ds)
*Non-trivial thermal structure implies  —— # 0

* [ hick disks have pressure support ~ VP #0




Vertically Global & Radially Local

A

o | Bulk disk flow V(r,z) =r[Q(r,z) — Qp| ¢

2. Taylor expand inr | V(z,2) = Vo(2) + So(2)z
Oz, 2) = Qo(2) mg;j ?) s So(2) = 7 mé;’ ?) N
* 3. Define departures |w = v — [Vo(2) + So(2)z] ¥




VWhat 1s New?

McNally & MER 2014

* Rotation rate depends on z  ®Shear rate depends on z



Vertically Global & Radially Local

* 4. Jaylor-expand background equilibrium in r

pn(r,2) = pro(z) + O <£> en(r,z) = eno(z) + O (£>

0 0

VP(pn,en) _ VP(pro,eno) e (SU> 1 OP(pno,eno) _ _8@0(,2)
Ph Pho

Pho 0z 0z

This eliminates radial gradients, which Is necessary
for domains with shearing-periodic boundaries




Vertically Global & Radially Local

Temperature Density Angular Frequency
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Vertically Global, Radially Local

A
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Not-consistent with shearing-periodic boundaries!




Shearing Periodic Boundaries(z)

Dy = 0; + [VO(Z) + SQ(Z)Q?] 8y
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For this to work we only need the approx.
0, V(x,z)=0,Vo(z) + x0,5(2)
0.V (x,z) >~ 0,Vy(2)




Vertically Global Shearing Box

A

w=v— |Vo(z)+So(2)z]y = Do= 0+ [Vo(2) + So(2)x] 9,

2 momentum
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Amenable to shearing-periodic boundary conditions !!




Conserved Fuid Properties

e Kelvin's circulation theorem

O(V xv)=V x|vx(V xX0) F:;I{fu-dl

v
O +v-V|(V- (Vxwv)=0 |=| Oi+v-V|]I'=0

e Alfven’s frozen-in theorem

OB =V x|vx (V x B)] (I)B:/B°ds

v




Conserved Fluid Properties in VGSB

e Kelvin's circulation theorem

V X (azwz 950(2) g> + ...
0z ]

Dy+w- V)T = |

S L

e Alfven’s frozen-in theorem

T barotropic or axisymmetric

(Dog+w-V)I'=0 (Do +w-V)Pg =0



When Wil It Matter?

* Hydrodynamic Disk Instabilities

e Disk Convection

e Disk Coronae and [ hick Disks

* Disk Winds

e Interstellar Medium and Galactic

DIsks



Disk Winds

Usual assumption

0P
5, ~ zQ(Z)

makes 1t hard to
launch winds

Some works have used

0P 22 —3/2
0% 1+
0z “*%0 < + r%)

without considering changes
In rotation rate

Suzuki & Inutsuka 2009



Spherical Temperature Disk Structure
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Magnetorotational Instability (MRI)
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Cylindrical Temperature Disk Structure

T(r) = Ty (%)q @




Vertical Shear Instability (VSI)

* [hin, Isothermal hydro disks seem to be stable, but there are
several instabilities that feed off vertical shear (GSF in 60's!)

* [hese could be iImportant in low-ionization protoplanetary disks

0.10 , , , ,

0.6 o 3(11) | N
__ 05 ' '
T
2 () X
S o4 o S, S 0.06
2 = +
: g
£ B =
S 03 > C € 0.04 A
2 | mo —3 >k
- 02 . X %
o UNEEERN x
- \ \ 0.02F X Kxx -

_ \ KX
o1l 8_\ X‘X‘X—X-X_X_X
\»\ B
C1 1 000 ] ] ] ] ]
ol ; ‘ | | 0.00 0.05 0.10 0.15 0.20 0.25
025 0375 05 .7 8 .91 2 3 4 5 6 0] /2(0)

lo| = oscillation frequency (orb ™)

Nelson, Gressel, & Umurhan 201 3 McNally & MER 2014



Unstable Modes In Hydro Disks
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namic Disk Instabilities
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A First Implementation of the VGSB

t = 10.87 orbits
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