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Motivation
Far from equilibrium dynamics in

Heavy-ion collisions Early Universe Ultracold atoms

Longitudinally expanding Relativistic scalar systems Non-relativistic scalar
non-Abelian plasmas (O(N), M@ada)?) systems (GPE)

* When couplings g, A < 1 weak, closed system highly occupied f > 1

* Methods: class.-stat. simulations (TWA) for f > 1, effective / kinetic descriptions, ...
Aarts, Berges (2002); Mueller, Son (2004); Jeon (2005), ...
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Motivation: Nonthermal fixed points

Nonthermal

fixed point

Far from

eQUiIibriu

Initial
conditions

Thermal

Close to equilibrium

equilibrium

Highly occupied:

Distribution f

> =

f(t())p SJ Q) ~

Nonthermal fixed point (NTFP)

v" Partial memory loss
v Time scale independence
v" Self-similar dynamics

Distribution function:

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

First experimental observations:
Prifer et al., Nature 563, 217 (2018)
Erne et al., Nature 563, 225 (2018)

Micha, Tkachev (2004);
NTFP: ’ v (2099

Berges, Rothkopf, Schmid (2008)

Universa[ity far Berges, KB, Schlichting, Venugopalan (2015);
from equilibrium:

Pifieiro Orioli, KB, Berges (2015)
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What phenomena underlie the universality?

More generally, what is the description?
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Example:

2. Universality in scalar systems

(equal-time distribution functions)

* Relativistic O(N)-symmetric scalar theories

m? A

1
S = /dd“w {58“%%% — ——PaPa

2

* Non-relativistic U(1) (Gross-Pitaevskii)

2
S = /dd+1:c [w* <i80 + V—) Y — % (Wﬂ

2m
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Equal-time distribution: Universality Iin scalar systems

Self-similar evolution in IR Pifieiro Oriol, KB, Berges,
PRD 92, 025041 (2015)
Self-similarity  f(¢,p) = t*fs(t°p) 105 b e, t= 600 ---e-rer ]
S t= 1200
o100t b t= 2500 —+
: : x t= 5000 -~
Universal scaling o~ éj 8~ 1 § 103 [ Relativistic (N=2)
exponents 2 2 3 d =3
o 2
= 10¢ F e S r .
@ o j
_ 10" EF ‘\\¥ Original ;
/ddpf(t,p) ~ const (Particle number _ - % distribution 7
conserved) S 100 kL b
7] - 3
O - -
= g0 B :
Bose-Einstein condensation L L 3
10 : :
0.01 0.1 1 Q
| | L . B
Equal-time correlation, F(t,x —x') = 3 <{¢(t, X),¢(t,X')}>C Rescaled momentum: tp

Distribution function -
f(t,p) =/ F(t,p) F(t,p) = w(t,p) F(t,p)
Berges, Rothkopf, Schmidt (2008); Pifieiro Orioli, KB, Berges (2015); Berges, KB, Schlichting, Venugopalan (2015);
Moore (2016); Karl, Gasenzer (2016); Walz, KB, Berges (2017); Berges, KB, Chatrchyan, Jackel (2017); Chantesana,
Pifieiro Orioli, Gasenzer (2018); Schmied, Mikheev, Gasenzer (2018) ...
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______________________________

Self-similar evolution
f(t,p) =t £, (t"p)

109 -
105 F T
- 10 F !
< i ™
2 2L N=1,Qt= 600 -
7 - N=2,Qt= 600 -~
o 101 :_N=3, Qt= 750
"~ N=4, Qt = 1000 --
100 £ N=8, Qt = 2000
10-1 E | 1 T S 5 || ||
0.1 1

Momentum: p/Q

Pifieiro Orioli, KB, Berges (2015);
Berges, KB, Schlichting, Venugopalan
(2015); Moore (2016); Schmied,
Mikheev, Gasenzer (2018); ...

Normalized fg

BEY
o
o

—_—
=

i
-
N

-
-
w

Universality in scalar systems

Universal attractor for O(N) and nonrelativistic

oy
""""""""""
-
@i,

Expanding (N=4)
Nonexpanding (N=2)
Nonexpanding (N=4)

Nonrelativistic

Pifeiro Orioli, KB, Berges,
PRD 92, 025041 (2015)

>

0.1

Normalized

Same «, 0, fs(p)

Conjecture: Universality class
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Universality in scalar systems
What are the relevant excitations?

* An explanation: Large-N kinetic theory

106

— Non-perturbative 1/N expansion at NLO o | \
— Effectively vertex resummation Aegt(t,w,p) 3 '}
. . . 9 *é 10% k
— Quasiparticles with w(p) ~ m + p~/(2m) S el
— Leads to observed exponents g 10|
o — C_l 8= 1 10°F Pf\?/\éalgz},ﬁBl%%ig(e;éls)
272 | = i
— And to observed scaling function (s. Fig.) Lo

Berges (2002); Aarts et al. (2002); Berges, Rothkopf, Schmidt (2008); Scheppach, Berges, Gasenzer (2009); Berges, Sexty (2011); Pifieiro
Orioli, KB, Berges (2015); Walz, KB, Berges (2017); Chantesana, Pifieiro Orioli, Gasenzer (2018); Schmied, Mikheev, Gasenzer (2018); ...

*  Why should large-N theory work for small N?
* Alternative explanation: Vortex dynamics (or other defects)

— Often used for U (1 ), 0(1 ), 0(2) Different papers by Gasenzer et al.; see also Deng et al. (2018)
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3. Unraveling universality classes

(with unequal-time correlations)
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Unequal time correlation functions

Statistical function . Spectral function
/ AN 1 i 7 J—— I / A 1 0 i VA
F(t,t,X—X)—ﬁ<{¢a(t,X),¢a(t,X>}>c I p(t7tvx_x)_N<[¢a(t7x>7¢a<tax)}>
;
* QOccupancy of excitations - Excitation spectrum of system
* Computation in classical limit '+ Computation via linear response
|
F(t7.p) = o (6a(t.D). 0 P Po 7 G0+ 00 S
; Jalt,x) = joo(t — 1) HEAEEES RS
* Fourier transform: - (with GR)G (@) = Vipadw) [
—t+tl~t At=t—t ! : o
TETy EL StTt e XEx =Pk L« Response fot. t > ty, Response
|
. . . . . 1
* Connection to distribution (low p) i pab(t, tw, D) = V(<5¢a(t,p)>(j2(p))*>jM

dw f(t,p) | Method:
F(r,At =0,p) = / o F(r,w,p) = o (tp) | KB, Kurkela, Lappi, Peuron, PRD 98, 014006 (2018);
RS Pifieiro Orioli, Berges, PRL 122, 150401 (2019)
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Unequal time correlation functions
Relation between F and p

* Connected in thermal equilibrium via fluctuation-dissipation relation (FDR)
T

Fleq)(w:p) = [fpE(W) +1/2] pleq) (w, p) & — L Plea (w, p)
* Independent out of equilibrium! — Example in O(1)
Spectral p
120 T g T
N t= 500
100 - p=0.41 t=1000
t=2000
80 -

ions

relat
[e)]
(=)
\

Bogolyubov-Peak —— B 4|

or

/
N
o o
7 T

)
=1

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Frequency: (w-u)/Q
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Unequal time correlation functions

Relation between F and p

* Independent out of equilibrium! - Example in O(1)
Statistical F Spectral p
1000 120 T
900 N t= 500
800 - 100 = 041 t = 1000
t = 2000
700 80
@ 600 - @
2 500 - g 6or
£ 400 | B
S 300 |- 3
200 20
100 |-
0 0 1l e
-100 _20|||||||||||||||||||||||||||||
o e AR o o BN 5T 0 o AR ¢ B ) OB 0.3 w0 0 KR A
Frequency: (w-d)/Q Frequency: (w-u)/Q

* Extra peak dominates at low momenta (IR)

* Reminder: f(7,p) zweﬁ(T,p)/dwF(T,w,p)
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O(1): non-Lorentzian (nL) peak

Statistical F Dispersion
120 ————————

=T ] 1.04 [
N=1 - wF, nL Peak - 1.02 1
100 0=0.2 ﬁ wF, Sech fit = B
;‘2 wp, Sech fit == %0'98 Wnl, (p) — U ~p
80 - i § wF, Lor fit fzzj S
e | i i = T () = ()
= i i & i 1;5."." g,
© & & 09 : e it
% 40 - ; { - e e t= 500 -
; " =
20 - ] = 0.840 01. 02 03 04 05 08
. Momentum: p/Q -
0 S s Width
0.7 0.8 0.9 1 1.1 . e
Frequency: w/Q S £
i =
2 2 -
= ’YHL( ) ~p . ]
f(7_7 p) T T W — WnL (p) £ o ]
FunL(m,w,p) ~ sech | — : ]
WnL (p) 2/YnL (p 2 InL (p) 2 o ]
i et 1
T 1 1 o .-,-,_=‘=a‘.~="ﬁ'?f¥:’ !
As opposed to FL(T,w,p):f( .7) 5
Wi, (p) YL (p) 1 + ((w — Wi, (p))/'VL (p)) 0 0.1 0.2 0.3 0.4 0.5 0.6

Momentum: p/Q
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e
O(1): Universality with U(1)

U(1)
* The properties of nL peak are very similar to U(1) o [P0t Trnarpa
* Genuine universality class: O(1) and U(1) ggg‘ﬂwvg:
* Explanation: at low momenta, O(1) becomes _13 L A By

-1 -0.5 0 0.5 1

effectively non-relativistic U(1)
Pifieiro Orioli, Berges,

PRL 122, 150401 (2019)

* Atlow p, nL Peak also visible in p

Correlations

* Generalized FDR valid

TnL(Ta p)
w— p

FDL(vavp) = an(Ta(’U?p)

0.7 0.8 0.9 1 1.1
Frequency: w/Q
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-
O(8): Large-N peak (Lorentzian)

Filtered

(other peaks subtracted)

90 T T T T I

T I £ T T L}

WwF, Lor Peak - |
WF, Lor fit
wp, Lor fit --- N

Correlations
Correlations

-10
0.6 0.7 0.8 0.9

Frequency: w/Q

Frequency: w/Q

* The same (Lorentzian) peak dominates in both correlation functions (for all p)

* (Generalized FDR;:
Fi(r..p) = AP

(T w.p) f(r,p) wL(p) — p

—— pL(T,w,p
w— wr(p) w-—p ( )
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O(8): Dispersion and width

Dispersion relation Peak width (damping rate)
‘ I:;ggg::z b NS ] & _ :;gggi N=8r,-n"""'ml§
F t=28000, F - = z — :?ggg'g :-f'“"llh =
o [ t=1000,p 1 = R e s e ]
= i s e ¢ g S [ t-=8000,p 1 7
% _ t=8000, p i ; % : _ ﬁggﬂ""\
- g - : 2t & Rescaled
: Bir il TNEE
3 g o AT TR T i
5 —f 0 0.5 1 1.5 2 (;0|5 IIIIIIII 1|1I5 IIIIIIII 2
""""" BTN S S I S S S Momentum: p/Q Rescaled Momentum: (t/t,)Bp/O
0 0.5 1 1.5 2
Momentum: p/Q
p? * Peak becomes more narrow with time,
wL(p)Z\/mgff+p22M+ . . .
2Met Delta peak in late-time limit
L(p) ~ p
frp) 1 ] Peak more dominant with larger N

P ) = o) o 1+ (@ — o))
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Correlations

Correlations

Intermediate N

60 , i At 80 rrrry T |
N=3 WF 70 N=4 ELJ WF
20 = p=0.27 § wp 4 7 p=0.27 }1 wp
3! it 60 - A Ffit -~
aar ’ 'r p-fit == 7] 50 | p-fit == _|
i

Correlations

10
04" 08 05 b7 08 B9 4 44 1o D4 05 0B 07 08 D9 1 A B:4 05 08 Gy 08 b9 1 14
Frequency: w/Q Frequency: w/Q Frequency: w/Q
R TR ;
E t= 500, Lor N ;
t=1000, nL +- s . . . .
gii il A * In general both contributions visible
gt t- 2000, Lor - 4
e ; * Large-N Peak dominates for N > 3
* Unclear what dominates for v = 2
0 0.5 1
Momentum: p/Q
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Unraveling universality classes
Relevant phenomena at low p

N=1 N=2 N=3
Non - Lorentzian Mixed Lorentzian
o]V o B e ) S 70 prerpTrT T T T 0 — T T
wF, nL Peak = wF, Double Peak = g WF, Lor Peak 1 _|
100 |- 2’:(;.2 % WF, Sech fit -~ eo ’:;5 R WF, Double fit -~ ] ee :;':‘g ¥ f! WF. Lor fi
f‘g wp, Sech fit - 50 | ﬁ‘; - e : ! wp, Lor fit === 7|
80 - i wF, Lor fit I i \
2 & 2 a0 L - @ i
g eof { 1 2 f 3 j
i g‘ i 8 20 P . 3 {
e J \ | 10 R 2
() fremm—— S R \“ Nl 0 “‘JM
75y S il e o A i st i i T, J) P U D P B T N B o i ey T
0.7 0.8 0.9 1 1.1 04 08 66 07 0F 990 Ha a2 0.6 0.7 0.8 0.9
Frequency: w/Q Frequency: w/Q Frequency: w/Q
* Asinnonrel. U(1) * Large-N kinetic theory works!
* Vortex / defects dynamics? * Rotational phase excitations
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Conclusion

v Equal-time observables insufficient to understand underlying dynamics

v With unequal-time correlations, we disentangled two universality classes in O(N)

v Outlook: These techniques important also in other systems and experiments to
disentangle competing phenomena

Heavy-ion collisions Early Universe Ultra-cold atoms
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Perturbation

Nonthermal

fixed point

Far from

equilibriu Thank you .for
Initial your attention!

conditions

Response

Thermal

Close to equilibrium

equilibrium

u u Time

23.09.19 | TU Wien, Austria | Kirill Boguslavski | 21



BACKUP SLIDES

23.09.19 | TU Wien, Austria | Kirill Boguslavski | 22



Motivation

Reminder: CS simulations / Truncated Wigner (TWA)

e Initial time t,, quantum (Gaussian) initial conditions (IC):

Choose (¢), (¢¢), which defines weight functional W [¢(t¢)]

* Dynamics given by classical field equations (e.g., GPE)

* Evolve fields classically, obtain observable at time t by averaging over IC

O(t) = (Oulo(®)]) = / D6 W [(to)] Out [6(2)]

Trajectories of a classical
observable O [6(t)] .

Distribution function:

f(p) = V/{60)(0:00:0)
~ (¢¢) w(p)
{00 )

~Y

w(p)
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Motivation: Nonthermal fixed points

Emerge in such physical systems:

Nonthermal

* Heavy-ion collisions
1
S=-7 /dd‘Hx FIFy,

fixed point

Far from

eQuiIibriu

* O(N) Scalar models of inflation, dark matter

S = /dd+1$ llaugpaaugpa - m_290a90a - % (SOa(Pa)Ql Inltlal
2 2 AN conditions
* Ultra-cold atoms (experimental observation, Sl Thermal

Close to equilibrium

equilibrium

Gross-Pitaevskii U(1) simulations)
2
S = /dd+1a: [W (z'ao + V—) Y- g (W*)?‘]

2m Berges, KB, Schlichting, Venugopalan,

PRL 114, 061601 (2015)
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Universality in scalar systems

____________________________

Experimental observation in ultra-cold atoms

T Original Rescaled
i Prufer, Kunkel, Strobel, Lanning, Linnemann, Schmied, ! )
1 Length scale A(um) Time (s) 4 5 6 _ 8 [l msssmm Scaling function fs
i Berges, Gasenzer, Oberthaler, Nature 563, 217 (2018) | R b
: _____________________________________________________________ : g 10°
1 ' Ny
axf, Br— : g’ b ,
2 " s T BB ]
. . . A 8.0 §107ks :
(for effectively d = 1 dimensions) 2 1go
107} w0 ed® ,zﬁ
Scaling exponents as found in: L
Pifieiro Orioli, KB, Berges, PRD 92, 025041 (2015) O a mamenm k) PO esclen momentum WPk Wy
a b
i Erne, Blcker, Gasenzer, Berges, Schmiedmayer, ! B S "\
| — —
| Nature 563, 225 (2018) ! = = 8
: ' = S e
“““““““““““““““““““““““““““““““““““““ : = = o
1 T 5 P
arf, x4 S EmRE T

i 2 3 4 5 & 7
[il.-"i:]”( [4em l]

[sw] 2
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______________________________

Self-similar evolution

ft.p) =t*£,(t"p)

Condensation dynamics

0
10
~—
= 107!
=) .
I 2 *

10° F
=
o100
9
S 10 N
A [ ]
3 : = "7 Nonrelativisti V=256
S 10-5 i onrelativistic V= 5123
: ‘
O o6l : .
10 100 1000

Time:

Condensate. ~ I'(p =0,t)/V

—

Universality in scalar systems

Pinerio Orioli, KB, Berges,
PRD 92, 025041 (2015)

V= 64°
Vv = 128°
V=256 a
V=512 =
0.2 0.4 0.6 0.8 1

Rescaled time: t/V'/®

 Bose-Einstein condensation, a function of condensation time ¢. ~ V1/® ~ [1/8

* Similar condensation phenomenon for non-Abelian gauge theories, gauge-

Berges, KB, Mace, Pawlowski,

invariant condensate from Wilson loop

arXiv:1909.06147
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Unraveling universality classes

Pifieiro Orioli, Berges,
PRL 122, 150401 (2019) _ L
Peak forms in U(1) (non-relativistic)

Observations: 60 l
p =0.46 Transport peak

* F has extra peak (“transport”, non-
Lorentzian), dominates at low p

60

i 25
50 Fp=0.40

50 g
* F and p both have Bogolyubov
N : 40
peak (quasiparticle, Lorentzian) S
2 80 [F(wp)/T —
* Fluctuation-dissipation relation Soof £
(FDR) for them as in equilibrium:  § 10 Ti::;;)
T B -
FBogol(Taw7p) — pBogol(Tawap) ® 0 W’
woH % 40 '
© 1 -0.5
g
Q.
(/)]

20
40

120 15

= 135 10

110 5

10 5

p - 0
p(t,t',x,x’) = <{w(t,x),¢T(t’,x’)}> -10 . 511
1. A 1050051 1050051 2-10 1 2
F(t,t z,a) = 3 <{w(t,x),w(t’,x’)}>c Frequency: w - u
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Correlations
—h
(&)}

-10

Unraveling universality classes
Scalar O(2): Dispersion relations

N=2
p=0.27

ok
iEe (e
[ i L
e e
S T
e
g ) I i
Foig g
AU

WF =

wp HH
F-fit

voaa e e by by by by by v baa

04-08 06 07 08 05

Frequency: w/Q

1

1.1

1.2

Dispersion: o(p)/Q

From fits: ®/Q

0.2

F, nonkin ~
F, kin ~—

F, Bogol +
F, 2nd

HEES

0.1 0.2

0.3 0.4 0.5
Momentum: p/Q

0.6

0.7

p, neg Bog +—
p, kin —
p, Bogol
p, 2nd
Lin Fit
Rel Fit -
Bogol Fit -

0.1 02 03

04 05 06 07
Momentum: p/Q

0.9

1
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