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Turbulence

Recall:

VAV - VV==Vp+uV3V +f
V-v=0
One characteristic of turbulence is the scaling behaviour of the
Kinetic energy (per unit mass).

Define
é(k)dk -Amount of kinetic energy between k and k + dk
Then

& x k=23



Turbulence

Recall:

One characteristic of turbulence is the scallng behawour of the
Kinetic energy (per unit mass).

E X k—5/3




Turbulence

Recall:

_1./’+7-Vv)=—Vp+1/\/2v’+f(kf) f(kf):o

V-v=0

One characteristic of turbulence is the scaling behaviour of the
Kinetic energy (per unit mass).

& x k=3 (n=72)

This is part of a broader set of predictions:

(VF =7VO)-7)" ||



Turbulence
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Turbulence

Recall:
VAV VYV ==Vp+uVEIV +flk)  fik)=0
V-v=0
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Hollographic turbulence

Rﬂy — ERg”” + Ag//w = ()

yr = o0l

dst = ar(=fiodt” + (dx')” + (dx*)?) + d fr) =
rof(r)




Holographic turbulence

|
R/,w — ERg”” + Agﬂy = ()

yr = 00t VﬂTMD:O
W = (e + P) u*u” + Pn** +

7‘=7‘h

*Maldacena, 1997
*Witten, 1998
-Bhattacharyya et. al. 2007

- Karch and Jensen, 2014 g 8



Hollographic turbulence

R/,w — ERg”” + Ag//w = ()

y — o001}




Hollographic turbulence

R//w — ERg/“”’ + Ag//w = ()




Hollographic turbulence

R,——Rg, +A7Ag,, =0
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Holographic turbulence

V4+V-VV==Vp+uvV2y V4+V-VV==Vp+uV
V-7 =0 V-7 =0
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Holographic turbulence

V4+V-VV==Vp+uvV2y V4+V-VV==Vp+uV
V-7 =0 V-v=0
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Holographic turbulence
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Stochastic gravity and turbulence
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Stochastic gravity and turbulence

We wish to solve r— oot —
R : R 12 = (
mn 2 gmn f2 gmn T

At t>0 we have

8 — &%) gDdxtdx” = — (1 + Q)dr* + (dx')* + (dx*)?
where
. q <
0Q=gq q=——+=
T T

ELx)=0 &1L X)EC, X)=D(X = XN8(~1)  D(k)=8(|k|—k)



Stochastic gravity and turbulence

We wish to solve r— oot —
R : R 12 = (
mn 2 gmn f2 gmn T

At t>0 we have

S — 8, gy dxtdx’ = — (1 + Q)dt* + (dx')* + (dx?*)?

F— Q00

The energy momentum tensor, 7%*, can be read off of the metric.

After averaging we obtain 7.



Stochastic gravity and turbulence

We wish to solve F— 0ot
R : R 12 = ()
mn 2 gmn f2 gmn T

At t>0 we have

S — 8, gy dxtdx’ = — (1 + Q)dt* + (dx')* + (dx?*)?

F— Q00

In practice, we need to solve numerically.

Solving in the right order allows us to rewrite the Einstein equations as a set of
ordinary stochastic differential equations.



Stochastic gravity and turbulence

We solved

1 12

R ——Rg, ——g =0

Did this many times, and then computed the average:
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Stochastic gravity and turbulence
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Stochastic gravity and turbulence
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Holographic and turbulence

T,W
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Holographic and turbulence

Recall:

A L0 s
€ = Ep\vl kdO, o k3

We find:
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Holographic and turbulence




Holographic and turbulence

There’s an apparent horizon at

09 <p=p(t,x,x) < 1.1

We would like to find a geometric
quantity that encodes

(VFE) = V() - #)" o |r|*

(Recall that {,, = n/3 for Kolmogorov
theory)




Holographic and turbulence

We would like to find a geometric X" 400
quantity that encodes 500
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Holographic and turbulence

We would like to find a geometric

quantity that encodes 500

(VFE) = V() - #)" o |r|*

(Recall that {,, = n/3 for Kolmogorov
theory) .
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Holographic and turbulence

(Recall that {,, = n/3 for Kolmogorov
theory)

0.5
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As It turns out, the extrinsic curvature of the

horizon, Klj, IS proportional to the shear. Thus,

€p(x) ~ ep(x)

1 o
en(x) = — J KJK/dx
Dg J . 1<r




Holographic and turbulence
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Stochastic gravity and turbulence
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Stochastic gravity and turbulence
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Stochastic gravity and turbulence
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Stochastic gravity and turbulence
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Stochastic gravity and turbulence
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