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Background and Updates

Part |. Goldreich-Sc cke Instability for
|. Examination of Se ymmetric Tral

Intensity (Jy/beam
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Casassus et al (2013)
Continuum emission at 4.65 GHz Van Der Marel et al. (2013)
Focus on CO emission (2 micron emission) 440 pm emission (ALMA)

Are source of structures planets? < mm-sized grains!
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Background and Updates

Dead zone

Cosmic
rays?

Nonthermal
X-rays ionization

\,\,\,\/\’\/\,\1 of full disk column

Resistive quenching
of MRI, suppressed
angular momentum
transport
Collisional ionization MRl-active Ambipolar diffusion
atT>10*K(r<1AU), surface layer dominates
MRI turbulent

Armitage - 2011
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Background and Updates

x=(R-R0), z<<R0, y=R0q ~ RO

Figure 1: A theoreist’s schematic of a pp-disk.
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art |. C
Part Il. Examir

e Discussion of “thin-disks" surrounds the disparity of two velocities:

Hy _ Vertical Scale Height _ Local Sound Speed
Ro ~ Radial Length Scale ~ Local Keplerian Speed

€ =

Another way to think of it:

“the time it takes a sound wave to propagate upwards is the same as one local orbit time"
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For disks with barotropic equations of state m only

e Axisymmetric steady configuration —

_QZR:_E@_BE’ o _Ll0P 02
pOR  OR p0Z 0Z
(disk — radial momentum balance) (disk — vertical momentum balance)

Disk rotates constantly on cylinders: Q(R,Z) = Q(R) only. ‘

Dr. Orkan "Matt" Umurhan n.umurhan@ KITP-Waveflows 29/04/2014 6/41



For example, for | P = P(p, T) = p(R,Z)c*(R)

e steady configuration —-

2R _LoP 0% 2 2

Q°R = SOR ~ OR’ o0 :Blncaj
LoP ob 9Z ~ OR 0z
poZ 9z

Disk rotation varies with Z: ~ Q*(R,Z) ~ ®(R, Z).
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GSF Primer - Quickie
Nonlinear Nume|

Goldreich-Schubert-Fricke (1967/68) [Also Urpin 2003, Arit & Urpin (2004)]
— mean rotation not constant on cylinders — * = R*Q(R, Z)

i stability for: & _ L 0 Hol
instability for: R " 1,07 <0 (Solberg-Hoiland)

For a “locally isothermal” disk:

T:TO(R%)q — V(R Z) = KCP(R)<1+q[;’§}zz...>

cold disks: scale height £, = Hy < R, implies (for reference Qo at Ro)

(growth rates) ~ —Qo— <= (onradial disturb. length scales)
0

Hy
{, ~ —Hy.
R Ro 0

\ For Ho/Ry = 0.05 =5 £, ~ 0.01R, \
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GSF Primer - Quickie
N

Vertical Rotation
Axis: Z

(R,Z,) S R+ 1,2)

Radius R

INSTABILITY

— when total energy of interchanged configuration is less than original state
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GSF Primer - Quickie
Nonlinear Numerical Experiments
Asymptotics and Linear Theory

Background and Updates
Part |. Goldreich-Schubert-Fricke Instability for Disks

rt Il. Examination of Secondary Axisymmetric Transition

Model Equations

Op+V-pu=0,
Opu+V - puu=—VP — pVP,
OT +u-VT = *(T — Tref)/Trelax

with P = pT and ® = —GM /R
or a proper energy equation

Oe+V-eu=—PV- -u+ Q

Code and Setup

Nirvana and Nirvana-Ill code

(spherical coordinates) (N, = 1300 and Ny = 1000)
Axisymmetric disturbances -

in/Ro =1 rou/Ro = 2, Zmax/Ho = 5.
Outflow or reflecting conditions -

(no observed difference in results)
T~ (R/ Ro)q
q= -1 (constant Hy /Ry = 0.05 over domain)

seed with random field in KE

Strong Activity when 7e.x — 0 and ¢ # 0.

"Matt" Umurhan orkan.m.umurha
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Goldreich-Schubert-Fricke Instability for Disks Nonlinear Numerical Experiments

Height
Height
Height

10 12 14 16 18
Radius

10 12 14 16 18
Radius

Height
Height
Height

Radius Radius Radius

Figure 3. Edge-on contours of the perturbed vertical velocity as a function of R, Z and time for model TR1-0. Note that for clarity, the grey-scale of the image
has been streteched by plotting the quantity sign(vz) X [vz|'/*. Note that the spectrum bar shows values of v;/*.

m | Radial Wavelength of dominant growing mode ~ 0.009R;. ‘
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GSF Primer - Quickie
Nonlinear Numerical Experiments
Asymptotics and Linear Theory

. Background and Updates
Part |. Goldreich-Schubert-Fricke Instability for Disks
Part Il. Examination of S ary Axisymmetric Transiti

6  Nelson, Gressel & Umurhan 0 j j j
107 B
10 T T T
100l | 0% R
IS
g 10 Trom=10
1051 Meridional energy i 2 10°- Relax™ q
&
Ey 2
% 10 i f-:S 107 4
g <
2 o |
® 107 b o
< / 9
10° Radial energy _| 10
10 . . h
10° g 01 10 10.0 100.0
Time (Orbits)
10 . . .
0.1 100.0 Figure 10. Time evolution of the sum of the (normalised) perturbed radial

10.0
Time (Orbits) and meridional Kinetic energy in discs where the temperature was initially
constant on cylinders, as a function of the thermal relaxation time. Note that
Figure 1. Time evolution of the normalised perturbed kinetic energy in the only the Trela = 0 and 0.01 cases show growth.
meridional and radial coordinate directions for model TIR-0 with p = ~1.5,

¢ = —1 and reflecting boundary conditions at the

growth rate ~ 0.24 orbit~!

Important Clue: radial velocities dwarfed by vertical velocities
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Background and Updates GSF Primer - Quickie
Part I. Goldreich-Schubert-Fricke Instability for Disks Nonlinear Numerical Experiments
Il. Examination of S 3 ymmetric Transition Asymptotics and Linear Theory

Perturbed kinetic energy versus time

Kinetic Energy

100 1000 ERIN]
Time (Orbits) Time (Orbite)

1000

Energy ratio
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’ Part |. Goldreich-Schubert-Fricke Instability for Disks

GSF Primer - Quicki
Nonlinear Numeric periments

Asymptotics and Linear Theory

e numerically guided asymptotic analysis

time™! ~ QQH()/RQ, ék ~ (Ho/Ro)zRo, £, ~ Hy, and Ve K Vg,

for Trelax — 0

and ¢#0

e examined around fiducial radius R = Ry where T = Ty, <= ¢%

—2Qv = —cd, In p

dv ov
E—i—%ﬂovk—l——wzo

0z
dv
7,2 = *Cioaz Inp
Opvy . Opv,
e ST e AR
or oz

with p = exp(—z*/2H3).

"Matt" Umurhan

Radial Geostrophy!!

Azimuthal Mom
Vertical Mom

Anelastic Eqn.!!
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round and Updates GSF Primer - Quickie
Part |. Goldreich- Schubert Fricke Instability for Disks Nonlinear Numerical Experiments
t Il. Examination of ary ymmetric Tra 0 Asymptotics and Linear Theory

e

solution modes of the inseparable “form":

‘ Inseparable equation in r and z!!‘

Y
‘ o' = p(m, k) ~ Z;Ll &1/ cos kr H;(z)

82 (92/)/ 82pl (1 tq 0 ) ap where m are integer indices > 0:

t oz I o
= (m/K*) (—I +4/1— qzkz)

a2 o ' 9z

maximal growth rates  (oursims: ¢ = —1, Hy /Ry = 0.05)

2
radial scale of max growth : ¢, = 7|q| (%) Ry = 0.008R,
0

growth rate of max growth in KE :  s{88) = 2. = V2 m|q| < ) orbit™"

= 0.221/m orbit~
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GSF Primer - Quickie
Nonlinear Num | Experiments
Asymptotics and Linear Theory

Assume separable solution: p ~ ¢

Temporal Response (Eigenvalue Distributions in units of orb'1)
)

0.6 @ S(i i
__ 05 |
2 )
% oS :
®
=
£ 03 B i
5 0 C;
v %
Z_o02 'Y
o~ L3

0.1 C

c B 2
ok L L L Lo

0.25 0375 0.5

7 891 2
Io‘l = oscillation frequency (orb™ ')
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ound and Updates GSF Primer - Quickie
art . Goldrelch Schubert-Fricke Instability for DISkS Nonlinear Numerical Experiments

Part Il. Examir 0 dary Axisymmetric Tr 0 Asymptotics and Linear Theory

T Sponge Region

Large Shearing box equations 3
. . . (2) ~ -
Spectral calculations/ axisymmetric e s
[L.,L]=[10,10] «= 512°

Use sponges = 1/10 domain size .

L
o

vertical gravity/ temperature -2
periodic 3
hyperviscosity V' | [Srongarager] ¥_— i
” " _514 v_egtical gpavity gzz(z)
Additional Results/Insight
e Robust results at [ e
¢ Rightward drift of patterns 23/ .
e Episodic angular momentum 7 1 \ }
transport 08 dogdx~ e x 1
6 -4 -2 0 2 4 6

Dr. Orkan "Matt" Umurhan



round and Updates GSF Primer - Quickie
Part |. Goldreich-Schubert-Fricke Instability for Disks Nonlinear Numerical Experiments
Part Il. Examination of Secondar ymmetric Transitio Asymptotics and Linear Theory

LSB run (field quantities)




round and Updates GSF Primer - Quickie
Part |. Goldreich-Schubert-Fricke Instability for Disks Nonlinear Numerical Experiments
Part Il. Examination of Secondar ymmetric Transition Asymptotics and Linear Theory

ther movie depicting same LSB run wi ici Dilatatio

LSB run (vorticity/dilatation)




round and Updates GSF Primer - Quickie
Part I. Goldreich- Schubert Fricke Instability for DISkS Nonlinear Numerical Experiments
ymmetric Transitio Asymptotics and Linear Theory

LSB run (energy/transport)
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GSF Primer - Quick
Part |. Goldreich-Schubert-Fricke Instability for Disks Nonlir lum e
Asymptotics and Linear Theory

3.5 T T
effective ‘o"
~2x107*

)

N
o

n

[l

volume integrated p u v

tertiary acoustic instability (72)

1 I I I I I I I I I I

Dr. Orkan "Matt" Umurhan <an.m.umurha KITP-Waveflows 29/04/2014 21/41




{ GSF Primer - Quickie
art |. Goldreich-Schubert- Fncke Instablllty for Nonlinear Numerical Experiments

IIl. Examinatio y Axisymmetric Transition Asymptotics and Linear Theory

Radiative Diffusion Cooling Times <= Disturbance
length scales ¢, and disk position

e Using typical protoplanetary disk properties cooling times due to rad.
diffusion are

Trctun/ Pors = 169F2 (KR Jem? /g) (€. /R)* (R/20 AU)™3/"  Poy = 21/,

Where F <+ disk mass relative to solar disks (e.g. Chiang and Goldreich
1999),

K, < mean opacities (near 1cm?/gm).

e For ¢ ~ 0.01Ry GSF Operates in disks where R > 15 — 20AU
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™ Part |. Goldreich-Schubert-Fricke Instability for Disks

Asymptotics and Linear Theory

Vertical shear instability in discs 13

[-15-10-0500 05 10 15

Height

Height
Height

0 12 14 16 18
Radi

m vortex production in-plane =
Outward angular momentum Transportage!
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Background and Updates GSF Primer - Quickie
Part I. Goldreich-Schubert-Fricke Instability for Disks Nonlinear Numerical Experiments
|. Examination of Secondary Axisymmetric Transitio Asymptotics and Linear Theory

Transport Map

Effective “a"

~2x1073

Distribution around midplane

Height

Next Stages:
Sort out linear theory of competing
instabilities

Further examine the requirement
that thermal relaxation times must
be short!

Verification via other means (see Figure 14. Spatial distribution of the time and horizontally averaged

next SeCtIOn) Reynolds stress (normalised by the mean pressure at each radius) for the
model TIR-0-3D.

Dr. Orkan "Matt" Umurhan orkan.m.umurh : v KITP-Waveflows 29/04/2014 24/41
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GSF Primer - Quickie
Nonlinear Numerical Experiments

Asymptotics and Linear Theory

GSF instability possible in Dead Zones of Disks
Axisymmetric instability strongest

Relevant in media/scales with short “effective” cooling times.
Saturated state - outward drifting vertical jets

Linear transition: small radial length scales: Radially
geostrophic, anelastic dynamics
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rt 1l Examlnatlon of Secondary Amsymmetrlc Transmon

Setup and preliminaries
Test Profiles

Linear Theory

Vorticity Field
Axisymmetric saturated state is steady in 4
moving frame N \\\‘\\ N
Simulations show unsteady incomplete vortex Patterr
roll-up Ec: o Drift
N
HYPOTHESIS 2 <& /)
, )
Are the weak secondary rolls due to a variant
; ; e i
of one (or more) canonical shear instabilities? o — /ﬂ . 1
Ky
HYPOTHESIS 85 s
Can the secondary transition be depicted in a 8 G
stripped-down model representing the primary e \ \ 1
instability as an external forcing term? ‘ \ °
2 -1
Vorticity e ‘ 5
e Ou  Ow ’ -
W= = — —
9z ox .

Dr. Orkan "Matt" Umurhan
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Background and Updates Setup and preliminaries
art |. Goldreich-Schubert-Fricke Instability for Di Test Profiles
Il. Examination of Secondary Axisymmetric Transition Linear Theory

Simplified Model (by fiat)
Eqns. in rotating frame with b/g shear VKep = —Qogx. and constant density:

du oIl
& _oqw = -2
d ov Ox’
dv _ 1
Z+u2-qu = 0+F, Ft:;(V—v)
dw ot 1
@ = “ath R=(W-w)
u ow _
ox 0z

Rayleigh Drag Models F, and F,, <= Metaphor for Primary “GSF" Instability

Time scale 7 represents growth rate of primary instability, V(x) and W (x)
denotes the saturation profiles of the instability. These are placed by hand.

(H.0.G.)
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Background and Upd Setup and preliminaries
art |. Goldreich-Schubert-Fr stability for D Test Profiles
Il. Examination of Secondary Axisymmetric Transition Linear Theory

azimuthally sheared axisymmetric flow vertically stratified (Boussinesq) fluid

aw _ ol — du _ _ol
d 0z’ e Ox’
du oIl dw oIl
—_ = —— — —— = —— S
dt Ox + 20, dt 0z +8as,
dv av(x) ds ds(z)
= = = |===£ — Al = = =—Z
dt dx =y dt dz
ou Ow ou Ow
= — — <~ 0 = — —_—
0 ax o ax o
v is the analog variable to entropy where S is specific entropy.

u < w, w < u, and v <> S in this correspondence.

o — all theorems of stratified shear flows carry over correspondingly <.
e “Shear in azimuthal velocity akin to vertical entropy gradient”

o Merely a reinterpretation of centrifugally driven flows.
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Setup and preliminaries
Test Profiles

ch-Schubert-
Linear Theory

I Examlna n of Secondary Amsymmetrlc Transmon

In the absence of any additional shear, then if a mode is
unstable then it must be true that somewhere in the domain the

following happens:

Correspondence b/w Inviscid Rayleigh Criterion and Unstable Stratification

For axisymmetric rotating flow = e o

ds
N2 = gasjz <0

2 _ 502 . av
w. =205 {QO(Z q)+dx}<0

Criterion for Buoyant Instability

Inviscid Rayleigh Criterion

= No news here.

Dr. Orkan "Matt" Umurhan m.umurhar KITP-Waveflows 29/04/2014 29/41




Background and Updates Setup and preliminaries
art |. Goldreich-Schubert-Fricke Instability for Disks Test Profiles

Il. Examination of Secondary Axisymmetric Transition Linear Theory

For a flow of the above type also characterised by some
additional base shear, then if there is instability it must be true
that somewhere in the domain the following is valid

Effective Richardson Criteria and its analog

For stratified flow

For axisymmetric rotating flow ith vertically sh d
With radial shear of vertical flow W(x): with vertically sneare
horizontal flow U(z)
dv 1 (daw\’
200 |9, (2 — — o 2
0[0( qux] < 4(dx> N < L (Y
4\ dz
Analog Richardson Criterion
hal ferl Richardson Criterion
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round and Updates Setup and preliminaries
Iy for D Test Profiles

Linear Theory

Vorticity Field Perturbation Azimuthal Velocity
4 4‘
2 \¥ \\\\\‘\ \‘»\\ - 2“! “\\
. Pmrn
§o . Drift %‘o
WP /)// W ///r
ERERT R R 4

KITP-Waveflows 29/04/2014



Setup and preliminaries
Test Profiles
Linear Theory

3.5F

Analog Rlchardson Measure 4<u

“Unstable"

— (dW/dx)?

“Unstable"

Dr. Orkan "Matt" Umurhan



Background and Updates Setup and preliminaries
Part |. Goldreich-Schubert-Fricke Instability for Disks Test Profiles

Il. Examination of Secondary Axisymmetric Transition Linear Theory

Rayleigh profile with stable azimuthal velocity jump

Initial Vorticity Profile (Rayleigh-like): m(x) Initial Azimuthal Velocity Profile: V(x)

3 0.04
25
0.02
2
T 1 saREREEEE AN S T o
1 -0.02
0.5 0 -0.04
XiH, L 0 xm, ! 2
Stable jump in V(x) “total V" Lagrangian conserved
like stable stratification
. . dy
Rayleigh Profile - = 0, V= Qo(2—g)x+v(x, 1)

= “Holmboe-like" config. for + — oo
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Setup and preliminaries
Test Profiles

Il. Examination of Secondary Amsymmetrlc Transition Linear Theory

e “Short" cooling time results = = 10.

Vorticity at t=160 v att=160
w 3
8 0.2
2.5
i\ 0.1
6 2 ‘
©
4 S 15 o
2 1 -0.1
o 0.5 o2
2 o = 1 2
b,
0.5x + v at t_1 60
1
1 Z/H,=0.245 005 ,‘
0.5 _
8
o & 0 _0s
< 0 % 2 15 -1 -05 005 1 15 2
N ! ZM, =174
& o
-0.5 3 o
-
-1 2 -15 -1 05 0 05 1 15 2
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Background and Updates Setup and preliminaries
art 1. Gc Schubert-Fricke Instability for Di Test Profiles
rt Il. Examination of Secondary Axisymmetric Transition Linear Theory

ovie depicting “Holmboe-type" flow at
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Test Profiles

rt Il. Examination of Secondary Axisymmetric Transition

‘azemuthal velocty (Deviation fiom Kepheran)

s 5
Q W ¢ ‘
25 -
. 8 o2
“Quiet” .
2 0.1
15 E 0 °
1 0.1 o
a8 02
s
H 9 ‘ 03
2 a5 4 o5 0 05 1 15 2
11087525
st ety (Ovistonrom Keplran)
K 0z 15
o015
25 10
o1
s
2 1005
15 o i’
005 F
“ n i °
ursty "
10
0s
015
15
o 0z 0

1= 502525
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Setup and preliminaries
Test Profiles

rt Il. Examination of Secondary Axisymmetric Transition Linear Theory

Kinetic Energy Spectra: (Nx X Nz = 394x256)

‘ Note: these are effectively “T85" simulations

Spectrum during
“Quiet" Phase

3|
g 10 °F
L
Spectrum during
107 “Bursty" Phase
107
1 2
10 Ikl 10
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Background and Updates Setup and preliminaries
art |. Goldreich-Schubert-Fr Instability for Di Test Profiles

rt Il. Examination of Secondary Axisymmetric Transition Linear Theory

Jet profile with stable azimuthal velocity jump “The Jetboe"? :)

Initial Vorticity Profile (Jet-like)

Initial Azimuthal Velocity Profile

3 3
0.3
25 2
2 ! 02
= [ w=weo RPN
N 15 8
y —1 0.1
-2 m mirally Raylei
05 E . vt o
-3 0
2 -1 0wy 1 2
o
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Setup and pre
Test Profiles

rt Il. Examination of Secondary Axisymmetric Transition r Theory
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Setup and preliminaries
Test Profiles
Linear Theory

A Jetboe Experiment
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Examination of Secondary Axisymmetric Transition Linear Theory

Interpret instability as a sequence of transitions
associated with interacting Rossby Edgewave
dynamics.

Can use the recently developed “Kernal Gravity Wave
perspective to interpret the instability complex here.

In development now....sorry nothing to show here yet.
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