¢

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

XQCD 2018

Kirill Boguslavski

.;..'; European Research Council

i r i ek Frankfurt
e c Supporting top researcher:
from anywher lhe worl Id

Project: CGCglasmaQGP

Talk based on:

KB, Aleksi Kurkela, Tuomas Lappi and Jarkko Peuron,
arXiv:1804.01966

11.05.18 | University of Jyvaskyla, Finland | Kirill Boguslavski | 1



Table of Contents

1. Motivation

2. A suitable system

3. Computational method

4. Extracted spectral function vs. HTL predictions

5. Conclusion

13.05.18 | University of Jyvaskyla, Finland | Kirill Boguslavski | 2



Motivation
Strong Yang-Mills fields (for g «< 1)*

In_ heavy-ion collisions:
formation and dynamics of Quark-Gluon Plasma

.. Initial stage: Glasma with (4,4,) ~ 1/g* atp ~ Qs
ii.  Still far from equilibrium: distribution f ~ 1/g? for p < Q Glasma

From: Gelis et al (2010),
lii. In thermal equilibrium: f > 1 for soft modes p K T o

Real-time, highly occupied situations at weak coupling
= Classical approximation for field dynamics
Aarts, Berges (2002); Mueller, Son (2004); Jeon (2005)

Controlled way to study initial stages in detail?

Spectral properties?
* Qs > Aqcp assumed
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Motivation
Hard (Thermal) Loop formalism (HTL)

Diagrammatically: Diagrammatic example
p~A

« Soft modes p ~ m, hard loops p ~ A > m
« Scale separation assumed, expand in m/A «< 1

* Details of f(¢t,p) “hidden” in few parameters (m, T,, ...)
Braaten, Pisarski (1990); Blaizot, lancu (2002)

Lattice simulations of HTL in real time: (sphalerons, instabilities, transport, ...)

« Additionally explicit separation between soft gauge fields (m « 1/a;) and
hard particles (A > 1/ay), (e.g., coupled via Vlasov-Wong equations)

Hu, Muller, Moore (1997, 1998); Bodeker, Moore, Rummukainen (2000); Dumitru, Nara, Schenke, Strickland,
Greiner (2008, 2009); Attems, Rebhan, Strickland (2008, 2013)

|dea here: all scales on same lattice, m/A ~ 1 also possible!
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Motivation
Obijectives of this work

«  Study spectral and statistical functions p(t, w,p) and F(t, w,p)

-  Develop non-perturbative approach for strong fields
(not based on m/A K 1, an explicit separation of hard and soft modes or
analytical continuation)

*  Quantify to what extent HTL at LO is a good approximation of soft modes
for systems with m/A4 < 1

«  Extract quantities exceeding LO HTL that are hard to compute
diagrammatically. Application: damping rates yr,,(p).

A way of obtaining p(t, w,p) for nonthermal and thermal systems?

21.05.18 | University of Jyvaskyld, Finland | Kirill Boguslavski | 5



A suitable system

Highly occupied § 7
Nonthermal initial state: £ -
fixed point Q pe P
Ng
Far from f(to,p) ~ 77 ©(po — p)

eQUiIibriu

Initial
conditions

g

Nonthermal fixed point (NTFP)

Th | v Partial memory loss
S v" Time scale independence
equilibrium

Close to v Self-similar dynamics
equilibrium
(Single-particle) Distribution function: f(&,p) = t% fs(tPp)
] Micha, Tkachev, Berges, Rothkopf, Schmidt, . o Berges, KB, Schlichting, Venugopalan,
NTFP: prp70, 043538 (2004)  PRL 101, 041603 (2008) Universality:

PRL 114, 061601 (2015)
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A suitable system
Self-similar attractor

Far-from-equilibrium, isotropic, overoccupied f ~ 1/g? :

« Undergoes a cascade of energy ¢ to ol " Qt= 250 — |
. . : - o, Qt= 400 ——
the UV in a self-similar regime %, SOy Qt= 800
Ny i "N Qt = 1500
— +a ﬁ = T ‘
f(t; p) =t fS(t p) \S/Q 107" | . Original ™
Universal scaling exponents § e ’
8 2] f ]
a=—4/7and B =—1/7 g el EA \ \
«  Hard scale A ~ Q(Qt)~F grows 109 L L
Momentum: ()" p/Q
Berges, Scheffler, Sexty (2009); Kurkela, Moore (2011, 2012); Q: constant scale from energy density g?e ~ Q*
Berges, Schlichting, Sexty (2012); Schlichting (2012); Berges, KB,
Schlichting, Venugopalan (2014); York, Kurkela, Lu, Moore (2014) Qtrer = 1500
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A suitable system
Scale separation increases

- Our choice for initial conditions (IC): Mass computation (soft scale m)

o
gcp S, 04
: . EE 0.35 s
* Evolution becomes independent of ng = | o5 fre e o 1 o as
. ey = Pl o7 R 0=9- +
(insensitive to IC) S o5 | ool =2 -
' 05 | 1 No=
- Depends only on energy density (~ Q%) E 02T o4 1 Np=05
o 02 |
« Scale separation grows with time as @ 01f orf
© 0
=-2/7 = 005 ¢}
m/A ~ (Qt) / ) 0 | 1oool . 2oolo 3oloo |
0 1000 2000 3000 4000 5000 6000
Time: Qt

= HTL should be applicable

d3p g% f(t,p)

Definition: mér, = 2ch(2n)3 -
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Computational method
Classical-statistical lattice simulations

«  SU(N,) gauge theory with N. = 2 in temporal A, = 0 gauge

- Large occupancies f(p ~ A) > 1 = dynamics approx. by classical
EOM in link and chromo-electric fields U;, E; on 3D spatial lattice

. Initialization:

:O,
(IA(t=0,p)I2>~f(t - p), (IEC=0,p)I*) ~pf(t=0,p)

then A;(0,p) - U;(0,x), E;(0,p) — E;(0,x) and restore Gauss law

Remark: Gauge-invariant initial conditions possible by starting with (classical) thermal
system, then gauge cooling until A < 1/a (a,: lattice spacing)
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Computational method
Computation of retarded propagator G

Linear response theory:

- Perturb system at t = ¢, with a source jEt,p) = jE.(p) 6(t — tpert)

- Linear reponse | (a;(t,p)) = [ dt'Gg jx (¢, t',p) j* (', p)

Our numerical approach:

- Split gauge field 4;(t, x) — A;(¢, x) + a;(t, x), solve newly developed

equations for a;(¢, x) (also: restore Gauss law)

Kurkela, Lappi, Peuron,

EUJC 76 (2016) 688

*  Perturb system at t = ¢, in Coulomb gauge 9;A4; = 0 with a source

(jg,a(p) (](l)b (Q))*>j: Oab V(Sp,q }M

Polarization

1
(N2-1)V

¢ Obtain GR,kl(tr tpertr p) = ( (allz (t, p)) (ng (p))*>]

— Transverse: v L p,
Longitudinal: v = p
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Computational method
Computation of spectral function p

Finally the spectral function:

» Quantum-mechanical definition:  pji (¢, tpere, ¥ — %) = i{[A7 (¢, X), AR (tpere, X))

-« Relation (used here): Grjk = O(t — tpert) Pjk
« Use isotropy, homogeneity, etc. to improve the statistical uncertainty

«  Transverse polarization: pr(p) = vj‘(p)pf" (pv(p) withv L p

»  Longitudinal polarization: pL(P) =p; p’*(P) Px / P?
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Extracted spectral function vs. HTL predictions

Transverse spectral function p;

pr as function of At =t — t’ (left) or
frequency w (right) at late time tpe e > At

. black dashed lines: HTL at LO
« for |w| < p: Landau cut

« damped oscillations, Lorentz peaks:
existence of quasi-particles with
dispersion wr(p) and damping rate

Yr ().
Similarly for p; (in backup)

Good agreement with HTL !

Transverse spectral function: pt

A D O M R OADMDMDONMILA HDADON RO
T T AAAAR 1] T

Time: Q At

i L p=005Q ]
1 800 }
4 EE3
E §§
J v 400 k =3 1
i i % §|z
[ 1 1 1 ] 0 1 1 1 |
B T Ip=ol.12Q T II T
A 1
] 1 200 | I
0 L\.
t t I t
| 200} ﬁ 1
100 | % :
] |
1 1 1 0 1 1 1
0 50 100 150 200 O 01 02 03

Frequency: o/Q

0.4
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Extracted spectral function vs. HTL predictions
Extracted dispersion relations wr ; (p)

" w7, / MyTL
«  Extracted from peak position (for w; , - , ‘
trans., 192°, Qag = 0.47 -

after subtracting HTL Landau cut) trans., 256, Qag=0.7 - __,.-‘"x.
[ long., 192°, Qag = 0.47 o |

- Similar to HTL predictions: w7} "(p) long., 256°, Qag = 0.7

«  For plasmon frequency wp = w(p = 0),
asymptotic mass m., (gap at p - o0),

we get | | | |
= 0. _|_ ] 0.2 0.5 1 2
|_ mw/wpl 0.96 1 0.03 Momentum: p / myry,
«  Different from HTL at LO: \/2/3 = 0.82 ety

- Same dispersion for different t,er: , no (2 Backup) | justtransverse

R
&

Remark: wr(p) also compatible with w5 = /m%, + p?2 — — :
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Extracted spectral function vs. HTL predictions

Extracted damping rates y; ; (p)
VT,L(P) / Q

i %Mﬁ i

«  yr.(p)is 0(g?) and beyond HTL at LO, it~ °™f
may contain non-perturbative contributions

0.015
(magnetic scale) +192%,Qag=047 -
., 256°,Qag=0.7 ——
. Ny 0.01 | . 192% Qa = 0.47
- Here first determination of y; . (p) l . 256% Qa =07 o
- Extracted by fitting to a damped oscillator 295

? YHTL(P=0) —=—
o HTL prediction: )/HTL(p — 0) Braaten, Pisarski, o L . .

PRD 42, 2156 (1990)

Momentum: p/Q

0 02\ 0:4 0:6 0.8 1
«  “Isotropic” |yr =y, | forp S m
6 Zoom to low p d
i

. YrL/ vutL(p = 0) as function of p/my is " AR
F t
not sensitive to t,.,, (= Backup)
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Extracted spectral function vs. HTL predictions
Statistical correlation function F

(Classical) definition:
FIk(t, At, p) = (E'(t, p) E¥*(t', p))

(As always: At = t — t', Fourier transform to w)

(Thermal) fluctuation-dissipation relation:
F"‘T(t; w, p) / T - pT(t; w, p)

Used to estimate thermal spectral function
Example: G. Aarts, PLB 518, 315 (2001)

Correlation functions

We extract F, p independently, we observe a
generalized fluctuation-dissipation relation:

Fr(t, At,p)
F.'T(t, At = O, p)

= pT (t, Atr p)

Remarks: pr = 0ipr, pr(t,At=0,p) =1
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Extracted spectral function vs. HTL predictions

: . Fr(tAtp) EFr(t,w,p) .
. —_— - 1? Z& —
Observation ate) = o) ~(t,At = 0,p)

Fr and pr have same functional form in At or w!

100f  , p=009Q f = p=055Q -

% Fr/F(tt) — 7

9
5 pT A

100  p=oi5Q 1 p=070Q -
80 | 1

60 |
40 i

20 | : 1 HE

0 1 1 1 1 1 1 1 1
10f  p=o030Q f = p=090Q -
8o | 1

60 | .
40 z

20 i !

0 L L L L L L L

0O 01 02 03 04 05 06 07 08 09 1
Time: Q At Frequency: o /Q

Correlation functions
Correlation functions
-

e

PO T TR

WO 900 8 o

L

o
)]
o
—
o
o
—
)]
o
o
[N
o
—
o
o
—
)]
o
N
o
o

Remark: Similarly for longitudinal but with larger statistical error for EF; in our simulations
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Extracted spectral function vs. HTL predictions
In detail: deviations from HTL

HTL expectation for p «< A in gray, e.g.

Fr(t,w,p) /T, = pr(t, 0, p)

Arnold, Moore, Yaffe,
JHEP 01, 030 (2001)

Statistical function: F; (t,At =0,p) / T.

- With effective temperature =
J d3p (g%f)? 5
°T, = ~ YurL (p = 0) g
2 d®p (g%f)/p 5
1]
(3]
B 107 | trans,Qt= 250
Deviations: s trans, Qt = 1500 =
. @ long, Qt= 250
long, Qt = 1500
- p-dependence even for p «< A o2 L2 .

1 10
Momentum: p/my

Enhancement of Fy., for p < m visible

= Scale separation not good enough? Effect of magnetic scale?
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Conclusion

a. We developed a non-perturbative numerical approach based on classical
lattice simulations, linearized equations and linear response theory to extract
pr 1 in over-occupied gauge systems (no m/A < 1 needed)

b. HTL at LO can describe many observables but some deviations also found;
effects beyond: computation of damping rates yr ;(p)

c. Suggestion: Results relevant also for thermal state

Outlook: We aim to use these techniques to study for instance:

« Transport coefficients, jet quenching?

* Anisotropy, plasma instabilities

* Expanding Glasma for initial stages in heavy-ion collisions
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EE‘ ' /'\p=o'.o5Q: 600 | k ' ]
2 P 33
, E
0 400 | i ]
21 % g‘!fi
-6 | 0 i |
61 ;- I 012 015 | 1 2
4 400 - Momentum: p/m
2 E
_g : 200 | I ]
o R = Li\. Thank you for your attention!
4 ' p=022Q] L
2 I%E 200 1 £x 0.02
HH o | L.
0% 100 | B ] gﬁﬁm wm& }f@
- g ] | 0.015 | %
-4 | . . . 0 A éﬁ
0O 50 100 150 200 O 01 02 03 04 0.01 1 ?
Time: Q At Frequency: o/Q l 2?
0.005 ii
o L

0 0.2 0.4 0.6 0.8 1
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BACKUP SLIDES
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Introduction
Highly occupied systems

Example: cosmological reheating after inflation (1¢* model)

Large initial condensate ¢, ~ 1/V2 Instabilities Highly occupied system
+ vacuum fluctuations (e.g. parametric resonance) created with f(p < Q) ~ 1/
f(p)
q #
P Q P Q P
H H . . . . . d3N
(Single-particle) Distribution function: f(p) = pEm

Similarly, highly occupied systems found in heavy-ion collisions.
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Nonthermal fixed points

Scaling region (of a nonthermal fixed point)

ft,p) = t* fs(t"p)

Self-similar evolution of distribution function f

with scaling behavior of typical scales  puyp ~t 7, f(Peyp) ~ t°

Classification: universality classes far from equilibrium

Via scaling exponents «, f and the scaling function f;(x)

NTFP Close to 2nd order PT
Time scale t Inverse reduced temp. T,/ (T-T,)
Self-similar evolution Critical slowing down, power laws
Scaling exponents & function Critical exponents & surface
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Computational method
What is gauge invariant?

«  Equations of motion of background (BG) field and linearized fluctuations

* Initial conditions for the BG can, in principle, be set gauge-invariantly
(starting with classical thermal system T > 1/a,, gauge cool until A < 1/ay)

»  Correlation function ({(ap(t,x)) Uy(t, tpert, X) j; (x));, Where Uy (t, tpert, X) is
Wilson line, i.e., product of U, links. In our framework:

O

O

=

AO:O:UOZO

Use source only for one momentum p

( (allz (t: x)) UO (t, tpertr x) ]gl (x)>j ~ GR,kl(tr tpertr p)

Remark: But it corresponds to G only in temporal gauge

Gauge-dependent. The choice of the source j(’,’,l(x)

, @ gauge-inv. observable!
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Extracted spectral function vs. HTL predictions
Lorentz peak

€01 ] | (,02 FTI/FT(t,t) I'—+—| 1
Formula: o | i Fr/Fatt) —
p = 0.7Q : © pT
: A ¥ (p) : ‘ pT
~ — < 40 : .
Pt T (w—w(p))2+p2, with 4 < 1 ] Lorentz fit

(b = 0cp = wp)
Sum rules:

j dw pT(t' (‘)'p) =0

05 055 06 065 07 075 08 08 09

joodw pT(t . p) _ 1 Frequency: o/Q

The second sum rule results from p; ~ i{[A(t), E(t)]) and the uncertainty principle.

21.05.18 | University of Jyvaskyld, Finland | Kirill Boguslavski | 24



Extracted spectral function vs. HTL predictions
Variation of initial parameters

: ‘ : — 0.03
o ng=32,Qt= 400 yd
s ng=3.2,Qt= 750 - S o
E ng =3.2, Qt=1500 - ;?-tff/ \}_ %?MW% *‘;S‘gg‘x% MW’&(& el
5 ng=0.2, Qt=1500 - V4 - xf{
= Vi o 002 ¢
g x*"i:j < ‘* 0.04 ‘ ‘ Qt= 750 +
o 7 . ofF 1P | Qt=1500 =
% mﬁ‘*)"aﬂ‘f ! : Q _g 0.01 - 0.02 % e owed
5 1 L x;,"' g * 0.01 4;
R £ :
= 0 0.5 1
1 1 L 1 1 0 L L
0.2 0.5 1 2 5 0 0.5 1 15
Momentum: p / myp Momentum: (t/tref)1/7p/Q
_ -1/7 -
mytL(p = 0) ~ Q(Qt) / varL(p = 0) ~ gZT* ~ Q(Qt) 3/7
Scaling for wr; / myrL, as Scaling for y7 ;. / yurL(p = 0) as
function of p/myrL. function of p/myry.
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Extracted spectral function vs. HTL predictions
Longitudinal spectral function p;

1 % p=005Q] 190 E
p (= wp;) as function of At =t — t’ (left) or '0 A AVAVI\V/\‘ 100 g |
w (right) at late time t,ere > At -Oj U V 0 H _
- Similar as for pr, existence of quasi- 0s | A peotzal | ; ,
particles with w; (p) and y,,(p) .. M AAAAL ©f i

o
o

0

E p=022q] 15 i ]
1 10} il ]
AAAA'A H
vVv’™
_ g 1 s5¢ e 1
i ]

VVYSLl
IV ol L

« ...butforpzm=0.150Q:

o o
IS

o  Quasiparticle peak suppressed

o

Longitudinal spectral function: p;

exponentially 02

0.4 0
o Landau cut dominates oscillations o p-0mal o !
Tk 6 1

: A~
o And smeared around light cone A ‘2‘ ot |
-0.2 | | | | o | | |
0 50 100 150 200 250 O 01 02 03 04
Time: Q At Frequency: o/Q
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Extracted spectral function vs. HTL predictions
Longitudinal statistical function F;

relation:

"N A s-oma]'0f  }

Orange curves are normalized F; (= w?F;) - A NAA A= !

as functions of At =t —t' or w, also g, 08 J V V VV| = i
1L } } } } 1 O MMSL M

«  Generalized fluctuation-dissipation 0_5»‘ P=012Q] o | 51
0 | §E ]
V¥ L 5 ,
0.5 J V ® __!,,} 1 |

F‘L(trAtrp) _ FL(tJ Cl),p) _ FL(t'At = 0,p)
pL(tl Atr p) pL(t; w, p) pL(t'At = Or p)

Longitudinal spectral function: p

o4é p= 0220 15 I
021 1 10} i ]
3 =
O
02 a 1 5[ < | ]
‘ i

*  Higher statistical uncertainty because 04} T
FI*(t,t', p) has both polarizations, the 02 B i
transverse one leads to additional noise ° f\f""““‘“ ‘2‘ L |
02| |
Remark: sum rule (¢, At = 0,p) = —%— from HTL ~ © ® '@ @ o oi 62 03 o
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