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Motivaitom

Thermalizatioon for quantumrsystems??
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expanentss - OTOGs <[FH@)) X(1)]) /%>
A Generatiomoffeatanglementnt

betweemsuldsystermss
T+ [11) ) =
V2 -
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Bounds on chaos

Reasonable physicall assumptionss
Analyticity \ob ODOOSs
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What happens att|oywT 17272




BFSS\\Made]: Classically chaotic system
witthaahologeaphic dualal
N=1 Supersymmetncc Yang-Mills im D=1+
Reduce to a singlecpoint == BFSSrmatrix modell
[ Banks, Fischlen, Shenken, SusskshK'19a7d 0O

L= [triff}h +2070 — ltr[xf, X712 — 20T ~,[6, X*']]
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Classical chaos and BH physics
Strimgy Interpretatianon:
A Dynamics off gravitating $0 bianes:s
A Thermuallzeedstatee = black halee
A Classical chaos = infscraamidlingg

Expected toosattnate ¢hen VI SShoundd
at lawtemperatunests!




In thnss tadk:
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Gaussian state appraxmadionn

Simple exampié::
Double-welllpotentialal
A ~2 ~ D ~ 3 ~ 4
_p° 4y axz® | bx® | cx

= 2 ' 2 v 3 ' 4
Helisenbenyg equationss
of matiom
aﬁj} — ﬁ&
aﬁﬁ = —ax — bi%z — Ci%g
Also, farexamplée
Op (23) = 2p + pa




' Next step: Gaussian Wigner fumctiomn

Assume Gauss@an wave functiom at anyy tt
Simpler:: Gaussiam Wigner funetioon

(%j) =$§+Jmm For attierr

(p”) =p"+0pp, | comelatorssusee

(P2 ) = ap + Ozp Wick titearesmn!

(2*) = 2% + 62%0,, + 30,27,

(2°p) = x°p + 2x04p + POy

Derive: closedieguations $dior
X, N, bxxr ) bxp» » bpp




Origim eff tunnedlingg

iD= —ax — ba? — cx® — DO e — ICTO 4y,
s T =P Positive: torcecevearabit x=0
(classical miiminunm))
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OtOpp = Opp — A0 zy — 2020 40 — 3CT°0 4y — 3c03
OtOpp = —2 (a,crmp + 2020y + 3cr?oy, + SCcrmep)
Quantumm forcee
causes classical
traj getany'y
to leaeccléassioad |
mimiimum




~ Gaussian state vs exact Schradingerr
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2D potentiah Wit At slirdotartsons
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Classic runawayy
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Classically cihaotiod !
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Gaussian state vs exact Sch
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Gaussian state approximadionn

V |Is good farattiéasttwoclassicalal
Lyapunaow timess
V Maps pure states toopunee states

[discussiom follows betowly]

V Allows tostudyy entanglementit
V Closely relateetao semiclassics
V Is betterrfoor chaotic: tham forr

regulan systemss [ nlim/0406054 |
V Is likelyysafecinrthédargeze-N limmitt
X Is not a umtany\evolviiamn



BFSSmatrix model:: Hiemiltonraan

farmulétioon
3 lﬁa" 1 irh vre vd Ve Z Ta b ie
. H = EP;. Pt 4 fﬂhf::fﬂdfxij XIXe + 5 Cabe2 (03] , 5 X215,
a,n,c dsu(N) Lie algelraainditess

Heisenberg; equationssof fmatioin
M ﬂr L A

0 X = P}
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GSappraximaiido far BFSS model

O P = —CapeCloae X X X5 — £Chacol g (V215) —

— OabcccdeX;? [XX]%(? B Oﬂbﬂcﬂde [XX]?(;X?»d B Ca,bcocde [XX]?’?X;

[ XX]EP = [XPJ + [X P, '

O X P =[PP — CupeClae (XIXE + [X X8 [X X% -
e € d

— CabeClde (X;)Xg T [XX]?J) [XX]?Z%:_

— Cabcccde (X;)de il [XX];)?) [XX]gk? .

-at[PP]fg — —Oabcocde (XEX; + [XX]%E) [XP]3£ o
e e df

— CabcClede (X;)Xg Ll [XX]?j) [Xp]zk o

— CapcCede (X3 X[+ [X X]%) [XP]% + ({a, i} < {f,k})

A CPU time ~ N*5 (douhle:commubatars)s)

A RAM memory ~ N4

A SU9Shrokénr toforeumgtelwu.n f or t




Ungauging the: BFSS model
A Gauge constrarmtss

J— achPG acwwc &‘¢>:0

A For Gaussian stat@s wie: cam anlyyhaveena
weaken constraiint <¢‘ Jﬂ ‘w) — ()

A We workwithfungaugeddmodele|

[ MMldalcecha Meilekmia’ 18M1.00€28Th i n o
(e.g.. LGT withrunitit Polyakov loops)

A Ungauging preserves masttofithee

featuressofthe ®nginalal modell
| Berkowitz;Hanadaa, Rinaldii, Vranas 1802.029855]



Fate aff supersymmetryy
16 supercharges ImBHSS model:
Qo = P [0i]ag V5 — $Cabe X7 X5 (03] 05 V8
044 — 0,07 — 0404
{@m@ﬁ-} = 20,3 H — 2 (0i) s XaJje

11,0,] - _majw\/

Gauge tramsfmm'&tmas
J{I — O{IbEX PG 1 {Ibﬂw wc




Fate aff supersymimeittyy
In full lquantaomthéaryry

'atéﬁ — % abc&i&g&iﬁ (Uggffig — 5&,8‘575) =0
Fierz identity\(cyclidishiftiof mdices)es):

0ilap [0ilys + [Tilary [0i] g5 + [Tilas [0i] 5 =
= 00305 + 0ay 085 t 0050y

In CSFIT aypproxinnatioom
01Qs = 5Cane{ V408 )05 (085005 = Dapdys ) # 0

Fermianie-3pp fuinctianseemsmecessasyly!




Equatiam affstateécanddemperataterre

A Consider mixed Gaussian statess witth
fixeddenergyy E = <H>

A Maximizecentropy Wat.r. t. <X, <>

A Calculate: temperatiire esSinge

-1 _ 98
3 ~ OFE

A Can be done analyticalliusinge
rotationah and SL(NY syynmetries:s



OThéreal’nratialoconiditidnd 1 &
A At T=0 pwre “groudd’rstate n d 6 s t
witthmimimahb | <pp>,<xx>>
A At T>0 mixed] statess interpret@sas
mixitrecob ppre stateses, shiffeeld
by ocl assical o COOl
with dispersion <xx>-<xx>,
A Makes difference for
non-unitary evolution
A Fermions in ground
state at fixed classical
coordinates




