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MOTIVATION

B ADS/CFT CORRESPONDENCE SUGGESTS THAT
GRAVITY (GEOMETRY) SHOULD BE INTERPRETED AS
AN EMERGENT PHENOMENON FOR STRONGLY
COUPLED FIELD THEORY.

@ BLACK HOLE INFORMATION PARADOX IS SOLVED
ONLY IN PRINCIPLE. WE WOULD LIKE TO HAVE
MORE DETAILS ABOUT WHAT BLACK HOLES ARE
MADE OF, HOW THEY FORM AND HOW THEY
EVAPORATE: WANT DUAL PICTURE



MORE MOTIVATION

@ UNDERSTAND LARGE N BETTER: BOTH
CLASSICALLY AND QUANTUM

@ ADDRESS THERMALIZATION PROCESSES AND CHECK
FAST SCRAMBLING CONJECTURES.



PLAN OF TALK

@ SMALL AND LARGE ADS BLACK HOLES
@ DUAL PICTURE
2 MATRIX QUANTUM MECHANICAL MODELS

@ INITIAL CONDITIONS AND THERMALIZATION
TRAJECTORIES.



SMALL ADS BLACK
HOLES



AdS black holes were studied by Hawking and Page ‘82

Assume spherical symmetry on AdS global coordinates:
b- sphere 1s not touched.

'Iwo varieties: small and large.

Large black holes have positive specific heat: eternal.

Large AdS black holes are dual to thermal state in GF'L, Witten



 Small AdS black holes are like Schwarzschild

» Negative specific heat.

» Unstable to Gregory-Laflamme instability along S J



Second class of small black holes:

10D Schwarzschild

Localized on 85

Stable, negative specific heat, evaporate via
Hawking radiation; not eternal



O

Hawking radiation

Horizon

Matter shell collapsing

Need to reproduce history of
formation and evaporation

ol black hole on dual




DUAL PICTURE

BASED ON:ARXIV0O809.0712,
w. C. ASPLUND



READ THE FOLLOWING AS
A SCRIPT FOR WHAT TO DO

* Prepare states. * Finally answer: What are
black holes?
» Keep approximations for as
long as we can.

* See system collapse and
thermalize.

 Argue for thermality, entropy,
and eventual evaporation.



WHAT ONE CAN ARGUE

* In classic N=4 SYM one can argue for a geometric
picture of the b-sphere purely from gauge theory.

» Picture 1s suggestive of how to setup 1nitial conditions
ogeometrically: 1n a nutshell, eigenvalues dominate.

» Classical motion of eigenvalues leads to particle
production on off-diagonal modes.

* Entropy 1s generated and it 1s possible to argue that
nonabelian configurations become 1mportant.



Prepare a dense gas of oft-
diagonal modes on a small region

of sphere.

Ireat the diagonal modes as slow
degrees ot freedom

Ireat oft-diagonal modes as
(approximately tree) fast degrees of
freedom for a while.




Energy of oft-diagonal modes grows with distance.

T'here 1s an extra force on eigenvalues in small region from
stretched string bits that makes them compress.

So long as eigenvalue motion 1s slow the ott-diagonal
modes are adiabatic (no creation annihilation of ofi-
diagonal modes)

W
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Eventually gas of eigenvalue 1s so compressed that
adiabatic approximation breaks down and there 1s
(heavy) production of oft-diagonal modes (like 1n Douglas,
Kabat, Pouliot, Shenker)

T'his generates ‘entropy’. T'here are more configurations like

this than 1mitial conditions of the type we study.
(Moduli trapping mechanism, Kofman et al. hep-th/0403001)

Also, one can see that the no-interacting approximation
also breaks down, because 1t depends on 1nverse masses that
are becoming light.



It the system 1s chaotic, one gets
lost 1n these configurations.

T'’he time scale 1s expected to be fast (this 1s a fast scrambler)

Y. Sekino, L. Susskind arxiv:080s.2096



One finds that the small black hole should be thermal

on M<<N eigenvalues that have approximately
decoupled tfrom the outside.




WHAT CAN’T BE DONE YET

 Study the details of the thermalization dynamics of N=4 SYM at
strong coupling. Requires very large N real tme dynamics with
particle production.

» Some classical dynamics, but a lot of quantum on top of 1it:
UV catastrophe reasoning.

 Details of vacua and approximate dynamics still poorly
understood.

 Evaporation requires deep understanding of out of equilibrium
system.



GENERAL INGREDIENTS FOR TOY MODEL

® APPROXIMATELY COMMUTING MATRICES FOR INITIAL
STATES.

® MODES EXTENDED BETWEEN EIGENVALUES’ BECOME
LIGHT AND THERE IS PARTICLE PRODUCTION.

® FOR NUMERICS, FINITELY MANY DEGREES OF
FREEDOM



MATRIX QM MODELS



MODELS

* BFSS matrix model, scatter gravitons at high energy;
expect to form matrix black holes

* Drawbacks: need details of wave functions making
oraviton (bound states at threshold)

» Another option: BMN matrix model.



BMN MATRIX MODEL ‘O2

e Massive deformation of BESS matrix model

» Dual to M-theory on plane wave.

» Also obtained from truncation of N=4 SYM to SU(2)

invariant states on sphere (Kim, Klose, Plefka)

* Better for lattice analysis anyhow (Caterall, Wiseman, van
Anders)

 Lose ‘scattering problem’.



I 1
e — 27 /dt ((m)(f)2 - 5[Xf,XJP) + fermions

SPLIT 9X INTO 3 X +6 Y

1 . 2 .
SBMN — SBFSS = @ dt (,uz(XZ)Q e %(Ya)2 e Q/Li EgijngXk>

4+ fermions



WORK WITH D. TRANCANELLI

arXiv:1011.2749

GROUND STATE IS MADE OF CONCENTRIC FUZZY
SPHERES.

SPHERES CAN BE KICKED INDEPENDENTLY



Picture as D2-branes with D0 charge
(magnetic flux)

String ends carry angular momentum

(highest weight states depicted)

Constant density of possible
string ends on each sphere

Mass of oft-diagonal modes proportional to distance.



L
N

Length of strings change
as we displace tuzzy spheres
Where spheres intersect we get classical

tachyon (great for stmulations): these
also carry angular momentum



» At high 'I] fermions stop contributing to entropy;, etc.

» (lassical tachyons means that any small fluctuation
(quantum seed) grows classically.

» Fasy to program (classical leap frog evolver with
‘quantum fluctuation’ seeds).

» All the problem 1s figuring out the right initial
conditions.



DETAILS OF TACHYON
COMPUTATION

1
Virin = 53t (X2 X X ) o (X7, X+ pX ) (X, X))

X = X — 3ipedt XXk X0, X1, X1



SOME CLASSICAL
SOLUTIONS

(x') =

L%nl) + Re (b} * 1,y exp(it)) | | 0 .
0 Li,,,y + Re(bs * 1(,,) exp(it)) ...

T'hese are the spheres oscillating about zero with
ditferent amplitudes.




EXPAND IN FLUCTUATIONS:
LINEARIZED ANALYSIS

X3 ~ [3 + b (8 (1)> + Z 5$?mnm - (5'77?771)*}/271 )
{m

X L4 63, Yo + (0,,1) Vi
/ m

We use a basis of ‘fuzzy monopole spherical harmonics’

IMPORTANT: 1, m labels don’t mix.



Need kinetic terms

£(X) _

kin

DO | —

, 1 .. L.._
Z ‘537?771‘2 T §|6x2_m—1‘2 T §|6aj£m—|—1‘2
{m

Need to project orthogonal to gauge transtormations.

59X3 = i[éﬁnggm + h.c., X3] = —z(m — b)595ngm -+ z(m — b)56’ZmYJn .

And similar for other modes.



End result

L+0+02—m*  (b—m+1)A_ (b—m—1)A,
wp o= b—m+1DA_ b+ (b—m)>+ A% —A A

B (f:: m)(ﬁiﬁm%—l)
.- [T

+ projection.



Special case of no mixing:

(W)t = —b+ (b— £ —1)2,
(Wi _p1)*=b+ 0+ L+1)"
These are modes of maximum angular momentum.

'Tachyonic for some values of b.

Same 1nstability as Nielsen-Olesen:
charged gluons in constant chromomagnetic field become
tachyonic due to large magnetic moment.



"Floquet’ or ‘Bloch’ analysis of time dependence.

Ge(t) + (my ())%q(t) = 0.

b(t) = bsin(t)

Like a Schrodinger problem in a 1-d periodic potential:
leads to energy band analysis.




(o) = (e n) (o)

FEigenvalues of matrix determine 1t stable
(eigenvalue unitary = 1n energy band), or
unstable (eigenvalues real = outside bands).




Most unstable mode typically has highest 1
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FULL SIMULATIONS:

CLASSICAL WITH SEMI-C

ASSICAL

INITIAL CONDITIONS

ARXIV: 1104.5469+ WORK IN PROGRESS.
C. ASPLUND, D. TRANCANELL.I



Take same classical configurations as betore.

Add quantum fluctuation seeds:

generate random

y from gaussian

distribution normal

1zed to harmonic

oscillator wave functions.
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RESULTS:

10~

KICK SINGLE EIGENVALUE: TACHYON
STILL FORMS FOR SHORT TIME
ON CROSSING SPHERE

Thermalization
process ¢

Remnant oscillations are from

‘center of mass’ mode
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EIGENVALUE SPECTRUM

T.achyé.n has built génough to produce back reaction
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2D CROSS SECTION
OF GEOMETRY AS
SEEN FROM A PROBE
EIGENVALUE POINT
OF VIEW: MASS
OF LIGHTEST Y MODE
CONNECTING TO
EIGENVALUE
DISTRIBUTION.



Op

As seen from the fermion masses point of view

-15

Fermion masses seem
to track
matter distribution better.



ANOTHER AXIS OF SPHERE
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SECONDARY SHRINKAGE?
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APPROXIMATELY CONVERGES TO
SPHERICAL CONFIGURATION

e 5td(XY)

m— std(X )

I

std(Y")

std(Y?)

w ‘ TRACE OF X,Y
. """“-w DECOUPLED: SERVES

A A\/A\/A\/A\/A B A /ﬂ\ AAAW AS PHYSICAL CLOCK.

2000 4000 6000 8000 10000 12 000

SECONDARY SHRINKAGE IS FROM GROWTH
OF Y MATRICES (PARAMETRIC RESONANCE)



AFTER THERMALIZATION IN 3D
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TESTS OF THERMALITY

1200 -
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400 -

SEMICIRCLE DISTRIBUTION FOR
MOMENTA EIGENVALUES:
AVERAGE OVER TIME.

200 -




FAST THERMALIZATION?

TEST VIA NORMALIZED AUTOCORRELATION
FUNCTIONS
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-04 - LARGER L DECAYS FASTER:
SIMILAR TO DIFUSSION ON BH HORIZON.




MORE PRELIMINARY RESULTS

Standard deviations as function of the initial velocit:

initial data: n1=10, n2=1, delta=0.008, Ncycle=250, hbar=10"-6

color code:
(red,X0) ( X1) (purple,X2) (brown,Y0) (blue,Y1) (green,Y2) (black,TrX0)
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Thermalization seems to happen always at around ~14 oscillations.

v=50 v=60




POWER SPECTRA

] N0 W 1
3 ey IR i Il ‘W Mﬂm& %%ﬁlﬂmmﬂw W &

oy
Ihﬂahﬂlu A ol ["AMMWH\ M \ g W Wﬂ
IM(' i 'H rhihd WH “Iﬁwmww e WW

10 5 W:W’” ol IMHIWI lh Juw M ﬂ
ﬂ " WIH\ iy “hl L
10 W* e MW w | WWW m Wl

itr W NWM
0001 H lww W‘Wl llmm.lm.lm

e o o o e w w  wdbe e e I e w o ew w ow w a a l
1000 2000 3000 4000 5000 6000 7000



HIGH QUALITY L=2.

150 |
100 {

50 -

| I | ! | ! ! | ! 1 | ! 1 J
500 1000 1500 2000 2500 3000

"
0001 M““m‘ i

1073

1077

. . . . I . . . . I . . . . I . . . . I . . . . I . . . . |
‘ 500 1000 1500 2000 2500 3000



DOESN’T THERMALIZE ALWAYS




CONCLUSION

 Dual black hole dynamics on AdS/CFT can be

accessed.

 Partial understanding ot thermalization 1n large N

QFT

e Stmulations 1n real ttme BMN matrix model seem to
indicate fast thermalization.



TO DO

» Eixplore phase space: angular momentum, topology
changes, configurations that don’t thermalize.

» Add termions: in BFSS they might help black hole

evaporate.
* Vary N and test fast scrambler conjectures.

* Is there a hydrodynamic way of thinking hiding in
these models?
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