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Quantum effects in
real-time evolution of

gauge theories




Motivation

Glasma state at early stages of HIC
Overpopulated gluon states
Almost “classical” gauge fields

Chaotic Classical Dynamics  coor

[Saviddy,Susskind...] g
Positive Lyapunov
exponents Spociior =
Gauge fields forget Fharges

initial conditions : .
But not enough for 1 hermalization



Motivation
Dimensionally reduced (9+1) dimensional

N=1 Super-Yang-Mills in (d+1) dimensions
S = [T (1Fap + 50 D0+
_l_%(DﬂX,LL)z T i_Xp; Xy] + /U"} L[X“ ’U])

AB=0.d, pv=d+1.9 /

N X N hermitian Majorana-Weyl fermions, N
matrices X N hermitian matrices

“Holographic” duality [Witten’96]:
» X", = Dp brane positions
» X, = open string excitations




Motivation
N=1 Supersymmetric Yang-Mills in D=1+9:
gauge bosons+adjoint Majorana-Weyl fermions

Reduce to a single point = BFSS matrix model
[Banks, Fischler, Shenker, Susskind’1997]

L= 91 [trX X1+‘?9T9——t1~}(1 X712 — 207,16, Xt]]
2g

AL

N X N hermitian Majorana-Weyl fermions,

matrices N X N hermitian

System of N DO branes
joined by open strings




Motivation
Stringy interpretation:
Dynamics of self-gravitating DO
branes
Entropy production = black hole
formation




Motivation
So far, mostly classical simulations ...

Quantum effects?
T+ 4T
V2

Thermalization and scrambling?

Fast thermalization in Yang-Mills
plasma?

Quantum entanglement?

Evaporation of black holes [Hanada’15]
... Information paradox?




In this talk:
Numerical methods to address all
these questions

* Beyond classical-statistical: quantum
fluctuations of gauge fields

« Semi-analytic solutions based on
truncated Heisenber equations

« Classical-statistical approximation:
effect of fermions »

black hole “evaporation”



Going beyond CSFT

 Return to Heisenberg eqs of motion
« VEV with more non-trivial correlators
First, test this idea on the simplest example

T p° | ai? | b&® | ca*
= p2 | 2 | 3 | 4
0T = p, ! o) [
aﬁﬁ = —axr — b:ffz — Ci%g &
Tunnelling

between potential \ i

wells? Absent in CSFT!




~ Next step: Gaussian Wigner function

Assume Gaussian wave function at any t
Simpler: Gaussian Wigner function

(il?j ) = $22 +0zz, | For other

(P°) =P+ 0pp, | correlators: use
(EETPL Y = zp + 04y Wick theorem!
(2*) = 2% + 62%0,, + 30,27,
(2°p) = x°p + 2x04p + POy

Derive closed equations for
X, P, 0 XX ? xp)app



Origin of tunnelling
, 3

O = p Positive force even at x=0
(classical minimum)

atg$$ — 20—331):;

OOy = Opp — A04p — 20204, — 3c20 4y — 3CO2

Ot0pp = —2 (aamp + 2020y + 3cr?oy, + 3(30'$$O'$p)

Quantum force
causes classical
trajectory
to leave classical
minimum




Improved CSFT vs exact Schrodinger
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» Early-time evolution OK
« Tunnelling period qualitatively OK

——




2D potential with flat directions

_ by | P N2 A2
H = =t + STy

Classic runaway
along x=0 or y=0

~-1.0

Ozzij = 0ij0zzs  Oppij = 0ij0pps  Oxpij = 0ijOxp,

m‘izorx p‘izou

Maximally symmetric
initial conditions




Improved CSFT vs exact Schrodinger
: . 0%=0.25

» OK for wavefuncs with <x?>~<p?>
» Wrong for large <x?> or <p4>



BFSS matrix model: Hamiltonian
formulation

- 1 i =, l S i =, S ?. . =, =,
H — a b f Hb cyvd ve - I b1

a,b,c - su(N) Lie algebra indices
Heisenberg equations of motion p,xa = pa

atf)f — _Cabcccde)z;ivf}z; — %Cbac:o—;ﬁ{;g&%a
at¢§ — C{lchfJ;@Ibg‘

Average assuming that X are classical
(“strong field regime”)!!!

(XPXEXE) = (XPW X)W XS) =X XIXS



Improved CSFT for BFSS model

04 Pf = —CapeCode X X X5 — £Chacol g (V215 —

_ Cabcccde)(;? (XX ff — CpeCloge [XX]??XE — CopcClrde [XX]?fo
O X X3 = [XPI + [XPJE,

X P8 = [PPI%] — CupeCuge (XEXE + [ X X]4) X X5 -
— CapeClae (XPX¢ +[XX]2) (X X]H —
— CapcCege (X7 X + [ X X]8) [XX]jﬁa
[PP)}] = —CapeCeac (XFX5 + [XX]I) [X P2 —
— CapeCloge (X2X5 + [ X X]2) [X P —

— CapcClde (XZX T 4 [X X]5) [XP]% + ({a, i} < {f. k})
« CPU time ~ N“5 (double commutators)
« RAM memory ~ N°4
« SUSY still broken ...




' Entropy/phase volume conservation

 Entropy of mixed state in terms of
correlators m)p simplectic eigenvalues of

E:(mmn <<m®p>>)

((p®x)) ((pR®p))

» Simplectic eigenvals = eigenvals of € ©

0 1
== ( —1 0 ) - simplectic form
Heisenberg equations take the form

O (eZ) =V (=) — (=) V



Initial conditions

<X2> are random .G?USS.‘?F‘. =

X X3 = 0”8,

PP]ﬂb = 02§, |

_prf—o - uf!
o .

Minimal quantum
dispersion

(Uncertainty principle) -

(Classical) dispersion of <X%.> roughly
corresponds to temperature



Initial conditions

Choice of initial momentum
P chosen to have
zero angular momentum
Zero gauge constraint
zero Tr[P]
minimal Tr[P?]



Quantum effects decrease instability

Class.Bos.+Fermions

‘\rv:_'h_r e i PR AN

Class.Bos.
Quant.Bos. sigma=0.02 o /
Quant. Bos. sigma=0.05 g /

u.1§ == . )

0.001

*
-
..-_-if_.u.ﬂ-“‘\.'s.ﬁ"n'
. A S

e X Ay 2
-at- AT T gt k- I i, - ol . LI g
£ 5 . R b . : ~e . n . A L Ny ;
A ; DAt R S N o - e - et . - . "y #y - few
Doanal e ST Ly + ¥ Ug 5= 7o =2 % . % T LY R . L e AR R * -
g J 1 - e . - Fotm Lt Rt I .
| AT PO AN 0 ORI S0 o2, 5y W R 0 S T s
10 i: et Tf* 3 i g e, -] oty . e S . A .. .
! 3 EER " « "N Wt ., . % . .

X L
'L o % o, e -l ;'t":-‘__ha.r. L Jr: e
A A : . AN -~ s :
+ - -] =% vaLt : -, - L] a -
st E St Sl PR N A T
RV S R e Al o . .
| ':.- H z- c' e "'?. . ®
Loyel et .
I‘i,a. .e
o
B L]
.

(in| €755 (t) e~ %% |in) — (in| & (t) |in) =
Lyapunov exponents
~ OTO correlators !!!




Entanglement entropy production

« Separate out some variables, restrict
the correlator matrix to them

= _ ( ((z@z)) ((z®p)) )

- ((p@x)) ((pRp))

» Restricted correlator, in general, mixed

Entanglement entropy vs simplectic evals
of restricted correlators

S:;(‘fi s)In(fi +3)— (fi—3)In(fi —3)




Entanglement entropy production
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Intermediate conclusions

* Quantum effects do not speed up
thermalization, at least in our Gaussian
approximation, as indicated by classical
Lyapunov exponents

* Alternative criterion: entanglement
entropy, “quantum scrambling”

 Early-time thermalization at most
governed by classical Lyapunov exponents

* More general OTO correlators?



Classical-statistical field theory (CSFT)
[Son, Aarts, Smit, Berges, Tanji, Gelis,...]
- Schwinger pair production
- Axial charge generation in glasma
- (Chiral) plasma instabilities

Closed system of equations: 0; X! = P
01 Py = —ClapeCoae XPXEXE — LChacol 5 {105105)
O (Ve ) = Cage X{ob (VY ) + Crae X ooy, (122 )
Numerical solution! Fermions are costly!

CPU time + RAM memory scaling ~ N4
Parallelization is necessary



Initial conditions: bosons
Initial state should be excited to allow for
nontrivial evolution (thinking about black
holes, we still believe in quantum mechanics)

Z= 1Ty (e_ﬁ/Teiﬁtée_iﬁt) = Z 1Ty (e_ﬁ/Té)
Our initial conditions:

Gaussian random,
dispersion f
Gaussian random,
dispersion 1

ij _
Ay




Initial conditions: fermions
Fermions are in ground state at given X9

(adh) = T2 —i 5 (ut (v (€) ~ va () oh ()
hg%u% (€) = e vl (€), hg%vg (€) = —teul (€)
Tricky for Majoranas, no Dirac sea!!! (¢ _ 15)
Negative energy stored in fermions

Initial conditions: momenta
For given X and <wpw>: Choose P such that

« Zero angular momentum (non-rotating BH)
« Gauge constraint/ = Cac X/ P} — ) Cavettg (€) vg, (€)
» Tr(P) = 0 (center of mass at rest)

« Tr(P?) is minimal




Some results N =8, f = 0.48
Hawking radiation of DO branes

14207

fermions

With
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Classical

With fermions

Some results N =8, f = 0.48
2

Not all configurations evaporate
10671




" Fraction of evaporating configurations
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At f > 0.5 and N->= almost no configurations
evaporate, phase transition at large N?



Constant acceleration at late times

23457

« Boson kinetic energy grows without bound
« Fermion energy falls down
» Origin of const force - SUSY violation?



CSFT and SUSY
16 supercharges in BFSS model:
Qo = P [0i]ag V5 — 1CabeX) X5 (03505 1
04 — 0,05 — 040
{@m é‘)g} = 2505 H — 2 (07) 5 X0J°

[ﬁ, @7} _ —iqﬁ,?jﬂ(\/

Gauge transformations

a __ b Dc ) b e
J¢ = Cachi P@, Qcﬂbﬂwﬂwﬂ




CSFT and SUSY
In full quantum theory
8t©5 — % abc&i&%&% (033025 — 6&,8676) =0
Fierz identity (cyclic shift of indices):

Tilap (Oilys T 1Tilary (0ilgs + Tilas (06,5 =
= 0005 + 0ay 085 + 005048

In CSFT approximation
0:Qs = 5Cane{ V24 )0 (05015 — dapdas ) # 0

Fermionic 3pt function seems necessary!



Some results N = 8, f = 0.48

14307
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w 02=0.0, 0.1, 0.2, 1.0 + no fermions




8, f=0.48

Some results N

10671

w 02=0.0, 0.1, 0.2, 1.0 + no fermions



Evaporation threshold: N = 6, f = 0.50
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Quantum fluctuations vs evaporation

Quantum fluctuations of X variables

suppress evaporation!!!
« Small o?%: evaporation becomes slower

* Intermediate 6%: no evaporation

« Large o?: fermions negligible

* Fine-tuning with realistic initial
conditions?

Exact solutions with high symmetry?

What effect quantum fluctuations of X
have on classical dynamics?



Exact solution: quantum X

limit of large 02}
SU(N) x SO(D) symmetric initial conditions

:XX]%? (t=0) =0, (t=0) 63-3-6“5, -

XPIE (£ = 0) = oy (¢ = 000 0 (= ) =

PP (t =0) = oy (t =0) §;;0 | =

Equations of motion, o,, can be excluded
Ot0zy = 205p, OtOzp = Opp — 2N (D — 1) o,
Or0pp = —4AN (D — 1) 04404y

O (opp + N(D—1)02,) =0= Motion in 1D

= o,, + N (D —1)02, = A = const cubic

0;0we = 2A — 6N (D — 1) o3, potential!!!




Exact solution: quantum X, maxsym
V (0zz) =2N (D —1)0°_ —2A0,,

15k

Larger than %,

(uncertainty relation)

7/ Always periodic oscillations
7/ Always safely within potential well
/ “Quantum” tunnelling only to X?<0???



One step further:
quantum X + quantum g, maxsym
(PahXs) = Cabe [0u] 0 [007],
(V2vhP5) = Cabe [04] o 5 [V201]

07040 = 2A — 3K (O‘ix + [@'}@9:{:]) :
OF [Wpx] = —Kopg |z — 1/4

/ Bounded solutions for small [wwx]
X Otherwise o,,(t)<0, unphysical

X No “evaporating” solutions o, (t)~t?
X SUSY still not restored



Summary

Quantum fermions in BFSS model
trigger real-time instability, “black
hole evaporation™?

Not all configurations “evaporate”
Artificial acceleration at large
distances

Quantum fluctuations of X coordinates
suppress instability

Is “fine tuning” possible with realistic
initial conditions?

Faster “quantum” thermalization?



