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Time-evolution of the QGP in heavy-ion collisions
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Interested in pre-equilibrium stages (“Initial stages”)
— QCD out of equilibrium — Use QCD kinetic theory to simulate plasma evolution

[Rev.Mod.Phys. 93 (2021) [Berges, Heller, Mazeliauskas, Venugopalan]]
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Effective kinetic theory (EKT) description of the QGP
/- How many particles/gluons

m Gluons with distribution function (¢, x, p)

1[JHEP 01 (2003) [Arnold, Moore, Yaffe], Int.J.Mod.Phys.E 16 (2007) [Arnold]]
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Effective kinetic theory (EKT) description of the QGP
/- How many particles/gluons

m Gluons with distribution function (¢, x, p)
m Time evolution described by Boltzmann equation at leading-order!
‘
" . /
Collision term

2
+

2

(O +v-V)f

1[JHEP 01 (2003) [Arnold, Moore, Yaffe], Int.J.Mod.Phys.E 16 (2007) [Arnold]]

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation 3 ir


https://iopscience.iop.org/article/10.1088/1126-6708/2003/01/030
https://www.worldscientific.com/doi/abs/10.1142/S021830130700832X

Effective kinetic theory (EKT) description of the QGP
/- How many particles/gluons

m Gluons with distribution function (¢, x, p)
m Time evolution described by Boltzmann equation at leading-order!
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m Consider 3 types of plasmas:
w Isotropic /> Isotropic Expand Bjorken
Initially overocc. uence|  Initially underocc. il expanding

1
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Thermalization in isotropic plasmas
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m (Left): Initially over-occupied system
m (Right): Underocc. system: Soft thermal bath formed (bottom-up thermalization)

First studied in , see also
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m (Right): Underocc. system: Soft thermal bath formed (bottom-up thermalization)

First studied in Phys Rev.Lett. 133
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Thermalization in isotropic plasmas
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Thermalization in isotropic plasmas
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Bottom-up thermalization in heavy-ion collisions

Initial condition?, with A\ = g2Nc:

Expand
o w1 2
f(pL,pz) = “squeezed” 3 x exp (—p?) /p allng
Time evolution of a purely gluonic plasma
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Occupancy: (pAf)/(p)

2“”\7\ s.Rev.Lett. 115 (2015) [Kurkela, Zhu]]
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Bottom-up thermalization in heavy-ion collisions
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Bottom-up thermalization in heavy-ion collisions
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Jets in heavy-ion collisions

m Jets interact with nonequilibrium plasma
— Imprints of medium interactions

m Many event generators use simplifying
assumptions (isotropic, thermal, ...)
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Jets in heavy-ion collisions

m Jets interact with nonequilibrium plasma
— Imprints of medium interactions

m Many event generators use simplifying
assumptions (isotropic, thermal, ...)

— Describe jet quenching in
out-of-equilibrium plasma!
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Jets in heavy-ion collisions

m Jets interact with nonequilibrium plasma
— Imprints of medium interactions

m Many event generators use simplifying
assumptions (isotropic, thermal, ...)

— Describe jet quenching in
out-of-equilibrium plasma!

m Energy loss dominated by
gluon radiation

m d/ /dw: Spectrum m w: emitted gluon energy

=Probability of emitting gluon m k: transverse momentum
with energy w (relative to vacuum) m o™ |\ /7§ formation time
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Obtaining the gluon emission spectrum Phys.Rev.D 79 (2000) [Arnold]

JETP Lett. 65 (1997) [Zakharov]
Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

—See also: Marco Leitio, Mo 14:30

Spectrum w% ~ from solution to 2D Schrodinger equation /E /E E E
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Obtaining the gluon emission spectrum Phys.Rev.D 79 (2009) [Arnold]

JETP Lett. 65 (1997) [Zakharov]
Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

—See also: Marco Leitio, Mo 14:30

Spectrum w% ~ from solution to 2D Schrodinger equation /E /E E E

m Input: dipole cross section C(x,t) = potential
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Obtaining the gluon emission spectrum Phys.Rev.D 79 (2009) [Arnold]

JETP Lett. 65 (1997) [Zakharov]

Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]
—See also: Marco Leitdo, Mo 14:30 @SQS%
dl/ . L .
Spectrum w g ~ from solution to 2D Schrodinger equation @@ E E

m Input: dipole cross section C(x,t) = potential

m Harmonic approximation (for jets |x| < 1 important!)

1 d(p?)  d(p?) drel
Clx.t) = —a(t)x> - L 1 /dz 2

m § quantifies momentum broadening, “jet quenching parameter” scattering rate

- . . . . . robability of receivin
m Schrodinger equation for harmonic oscillator — analytic solution! P ik Y &
g1 KiC
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Results for a: Broadening Phys.Rev.D 110 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]

Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

m Obtain Jet quenching parameter from
kinetic theory, input f(k),

0= [, A MR FK)

p—>00

Plasma partlcle

\q\uark gu/on)/ —See also: Isabella Danhoni, Tue 9:00

Energetic parton (iﬂedlum modifications
H screenin
(jet) ( 9

P p’

Note: Isotropic screening to prevent
plasma instabilities! Phys.Lett.B 214 (1988) [Mrowczynskil,
Phys.Rev.D 68 (2003) [Romatschke, Strickland]
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Results for é\]: Broadening Phys.Rev.D 110 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]

Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

m Obtain Jet quenching parameter from

kinetic theory, input f(k), Jet evolution in thermal equilibrium#

N . . 100 -----------------------
@7 = [, AT adIMPRRL+ F(K) e
qr<AL -
p—>00 S075F
. . - . Cij // N 0.5 //’
m Simulate jet equilibration = 050F vt ==
S 4 —~ o ——
— § accurately captures T 0%5r 004 0
transverse momentum broadening 0.00 : : : -
0 100 200 300 400
— Remarkable collapse tT(q1/T*)
for different couplings A € (2,20)! —stalk by Fabian Zhou, Friday 9:30

4U| {IEP 05 (2026) [Boguslavski, FL, Mazeliauskas, Takacs, Zhou]]
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Results for §: Broadening

m Obtain Jet quenching parameter from

kinetic theory, input f(k), § during pre-equilibrium stage
10
.. .. Kineti -
@ = [ AT ddIMPR + 7)) o )
<%ij . e
£ ¢ )
m Bands: Vary cutoff and initial conditions %‘6 \ \ — 2:;;80(;(:\6,\/
m Little jet energy dependence =
2,
m Supports hydrodynamic values and large
values in Glasma 0

Glasma values from
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Problems with harmonic approximation

G(t)x? not very good

ENEN

m Actually, harmonic approximation C(x,t) =
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Problems with harmonic approximation

m Actually, harmonic approximation C(x,t) = %c?(t)x2 not very good

" . scattering rate
m § has log divergence,

d(p? d(p? d
g(t) = P1) = (P1) ~ /d2qL 97 C(qL,t) ~ a9 log divergence
dL dt ——— qL

Probability of receiving kick q.

1/q" for large q.
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Problems with harmonic approximation

m Actually, harmonic approximation C(x,t) = %c?(t)x2 not very good

" . scattering rate
m § has log divergence,

d(p?)  d{p? 4 d
g(t) = {pi) = (p1) N/d2qL 97 C(qL,t) ~ 9L — log divergence
dL dt ——— qL

1/q" for large q.

Probability of receiving kick q.

Need cutoff A| to restrict momentum transfer g, < A |
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Problems with harmonic approximation

m Actually, harmonic approximation C(x,t) = %c?(t)x2 not very good

" . scattering rate
m § has log divergence,

d(p?)  d{p? 4 d
g(t) = iipLﬁ = (p1) N/d2qui C(gqp,t) ~ % — log divergence

Probability of receiving kick q.

dt
1/q" for large q.

Need cutoff A| to restrict momentum transfer g, < A |

Can we do better? — Consider full kernel C(q,t) for C(x,t)

Florian Lindenbauer
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Angular dependence and contribution to (7 arXiv:2509.03868 [Altenburger, Boguslavski, FL]

Expand

nall ne

m Momentum broadening kernel: - 60 Clg
rp=7/2 ~\\ <45 ¢)gj/]z2

mm— angular average /

C(ql_) = /drPS ’./\/”2 f(k)(1+ f(k—q)) —form g, > T. [

m C(qg,.) is 2D function 20
1.5
1.0
0.5

0.0

broadening
along beam

broadening
transverse to beam
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Angular dependence and contribution to a arXiv:2509.03868 [Altenburger, Boguslavski, FL]

Expand

nall ne

m Momentum broadening kernel: - 60 Clg
e g =7/2 _\\ L, ¢)9_2?/]Z2

mmm— angular average /

Clar) = /drps IMJ? F(k)(1+ f(k — q)) = omo>7 (i 5
K ) 15[ 25
m C(q,,¢)is 2D function I L j(;
m More differential than §, « ol
0 :
Y d’qL i 1072 . ZZ
= (27r)2 q qf C(qL)’ 10° . 3m/8 Rl
“m " broadening
along beam

m Along beam (¢pq = 0): Much larger

and different form at early times broadening
transverse to beam

How the nonequilibrium initial stages influence medium-induced radiation 12 nir
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Angular average arXiv:2500.03868 [Altenburger, Bog

earliest time

uslavski, FL]

Expand

wall ne

2 8
Cla,) = /drpS M2 F(k)(1+ F(k — q)) —
7/TrR = 0.020
36 7/ = 0.076
Normalize using (Landau-matched) g— f’;iﬂi{fi
thermal kernel =4
E
latest time \Q/i
thermal — 1 ——[rrmrmrmrmrrr e
" 10

Momentum transfer ¢, /7.

[0: Debye mass

How the nonequilibrium initial stages influence medium-induced radiation
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Angular average

Clay) = / dlps M2 F(K)(1 + F(k — )

Normalize using (Landau-matched)
thermal kernel

m Angular average
C(q1) = & [77de C(q,, ) latest time

thermal

Florian Lindenbauer

arXiv:2509.03868 [Altenburger, Boguslavski, FL]

Expand

earliest time P

8
7/7R = 0.010
7/TrR = 0.020
=6 =0,
56 /7R = 0.076
—= 7/7R = 0478
b‘" /7R = 0.901
~
<S4
N
3
=
=
S
—
-1 G L LR L L L ey P T TR )
0- :
10

Momentum transfer ¢, /7.

[0: Debye mass
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arXiv:2509.03868 [Altenburger, Bog

Angular average

earliest time

uslavski, FL]

Expand

wall ne

Clay) = / dlps M2 F(K)(1 + F(k — )

Normalize using (Landau-matched)
thermal kernel

m Angular average

7/7R = 0.010
7/TrR = 0.020
7/ = 0.076
/R = 0.478
7/TR = 0.901

C(q1) = & [77de C(q,, ) latest time

|

. thermal =1 — .
m Late times — thermal 0l L
10
m Small-momentum transfer Momentum transfer ¢, /7~
enhanced [0: Debye mass

How the nonequilibrium initial stages influence medium-induced radiation
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Angular average X500 05568 [Aleenureer. Bopuelae, FL
earl{elst time <E-X|pa|n-d>

C(qL) - /drps ’M‘2 f(k)(l + f(k - q)) ; 7/7R = 0.010
7/TrR = 0.020

6 T;TRZU.(J?G

Normalize using (Landau-matched) f’;igjﬁ

thermal kernel

m Angular average
C(q1) = & [77de C(q,, ) latest time

|

. thermal =1 — .
m Late times — thermal 0l L
10
m Small-momentum transfer Momentum transfer ¢, /7~
enhanced [0: Debye mass

m What to do with jet quenching?

How the nonequilibrium initial stages influence medium-induced radiation 13
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Small-distance behavior of C(x)

] Obtained via Fourier transform
= [ 535(1— &) C(q.)

m Small-distance behavior important for
jet quenching!

m For A = 10, always smaller than in
equilibrium

How the nonequilibrium initial stages influence medium-induced radiation

Florian Lindenbauer

arXiv:2509.03868 [Altenburger, Boguslavski, FL]

Expand
—+= % =0
—— ¢y averaged
—+ o =7/2

A =10

fixed z 7. = 0.01

1071 10°
Time 7/7r

14
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Small-distance behavior of C(X) arXiv:2509.03868 [Altenburger, Boguslavski, FL]

Expand

nall ne

] Obtained via Fourier transform

d? QL Ay x 1.001 —t— =0
f 1 et )C(ql) —— ¢y averaged
. .. % 0.95 —+ g =n/2
m Small-distance behavior important for E )= 10
. . QO
|
jet quenching! =090
m For A = 10, always smaller than in
o 0.85
equilibrium fixed 2T = 0.01
10!1 1(‘)0
m Take small distance behavior and Time 7/7p

calculate jet emission spectrum

Phys.Rev.D 113 (2026) 11 [Barata, Boguslavski, FL, Sadofyev]
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Small-distance form of C(x)

m Proper expansion for small distance: medium input,

/ obtained from §(A1)
Clx.t)= gao(t)log 5
y L)— 4q0 g xzuz(t)

m Expand perturbatively around harmonic oscillator solution
— "“improved opacity expansion”

Go(t 2 Golt
C(x,t) = qoi)x2 Iogffz _ qoi )xz Iog(szz)
—_—————— ~~

harmonic approximation perturbation

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation 15 ir
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Obtaining the spectrum — Schematic #rsre D 113 (2026) 11 [Barata, Boguslaveki, FL, Sadofyes]

107! T/TR "

1.2
—_— G)/Q}A=10 === QP R

10 \ 3 qo(T), M*(T)
038 \\ 3
06 Input: CAIGT, AL) ﬁ Small-distance form of potential
0.4 i
0.2 i

“Improved opacity
expansion”

Output: Spectrum ﬁ
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Recall: Bottom-up thermalization

Overoccupied, initial n > ngperm

NT.t =0

—— Debye-like screened
------ isoHTL screened

====equilibrium

J—
o
)

>\ = (\.‘:)

=
=
Time evolutier-efa—purely gluonic plasma =
3
=
~
&

Q:] »5 ' Overocc.
= .
o 0 2 4 6 8 10
20! . p[T
§' Underoccupied, initial n < niperm
=
2 i —— Debye-like screened
<C . :' '\‘A Tit = 00 isoHTL screened
il,o ; 'l‘ ====equilibrium
SN oy =
100 X X :v\ E '.‘ NTt =0
1072 10! So5f
— 1
Occupancy: (pAf)/(p) = |
i S

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation 17




Isotropic toy models

2

Tt
108 1072 107! 100 10! 10% 10°

A = 2, isotropic, initially overoccupied

_________ ez ==

[N

-1
m @‘i
10! 103 1072 1071 10° 10! 10°
Qt
[T N=2sotropic, -7
10-1 initially underoccupied .~~~
1072 /f
Underocc.

10° 10! 10%

Florian Lindenbauer

Phys.Rev.D 113 (2026) 11 [Barata, Boguslavski, FL, Sadofyev]

Overoccupied, initial n > niperm

NTit =0 —— Debye-like screene

R I A W I R O iSOHTL screened  wm wm s
&~ 10 ====equilibrium
= WAL = 1 1=
=
2
&~ 5
=~
&

0

0 2 4 6 8 10
/T

D,
Underoccupied, initial n < niperm

—— Debye-like screened
isoHTL screened

====equilibrium

NTt=0

do
Go thermal
fe
. thermal

Overocc.

How the nonequilibrium initial stages influence medium-induced radiation 18
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Comparison with isotropic toy models  Frsrend 113 (2026) [Barata, Boguslavski, FL, Sadofyey]

Tt — @
-3 -2 -1 o ' 2 3 .
10 10 10 10 10 10 10 . do thermal
A = 2, isotropic, initially overoccupied 1072 107! 10° 100 — e L
10-1 Neletrau ==+, thermal
N R Sm——a

10!

~a -
X \____.__,___—wu...\
102
Overocc. .
1073

04 10 102 107t 100 10! 10? 10-4 =2 ey Expand
@ Bjorken expansion ™ \ 4_| I_>
is ic, 1

10" 10t 10? 10% 10*

QsT

m Expanding evolution is combination of over-
/’ and underoccupied evolution
Underocc.

m Better visible at smaller couplings!

Florian Lindenbauer
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Comparison with isotropic toy models

10!

Tt
1073 1072 1071 10° 10! 10°

10%

A = 2, isotropic, initially overoccupied

Florian Lindenbauer

— @

/TR Go thermal
1072 10 10° 100 - s

=== [, thermal

10? ; 10*

QsT

m Expanding evolution is combination of over-
and underoccupied evolution

m Better visible at smaller couplings!

How the nonequilibrium initial stages influence medium-induced radiation
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Comparison with isotropic toy models  Frsrend 113 (2026) [Barata, Boguslavski, FL, Sadofyey]

— @

Tt
- -2 -1 0 1 2 3 N
10 10 10 10' 10° 107 10 o thermal
A = 2, isotropic, initially overoccupied 0! T/TR 100 -,
10° ==+, thermal

10!

10 10 102 10t 10° 10! 10%

Overocc. —\“_
1] ===
10 D
Expand

Bjorken expansion -
- 41

1072 ;
10° 10 10%

QsT
m Expanding evolution is combination of over-

/-> and underoccupied evolution
JEEE @ Better visible at smaller couplings!
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Gluon spectrum

Expand

nall ne

Medium-induced spectrum, IOE, A\ = 10

m §o(t), p«(t) — spectrum d/ /dw L e
; —-— thermal matching
m Consider different medium lengths ERRUR NS

Q,L =335, wjw, = 0.2

(colors in plot: green, blue purple) QL= 127, wue =08

(27)*k*w d pmed

10N o L= 19, /e
— Set Go(t) =0fort > L E
5
m Form of rum domin 2
o 9 spectrum dominated & ol w=3

by ratio w/we, I | | |
tmin+l— N 1073 102 10! 10° 10! 10?
We = dt (t — tm,'n)q(t) Transverse momentum k*L/w.(L)

tmin

m All information, difficult to analyze

How the nonequilibrium initial stages influence medium-induced radiation 20
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Gluon spectrum

Expand

nall ne

Medium-induced spectrum, IOE, A\ = 10

m §o(t), p«(t) — spectrum d/ /dw L e
; —-— thermal matching
m Consider different medium lengths ERRUR NS

Q,L =335, wjw, = 0.2

(colors in plot: green, blue purple) QL= 127, wue =08

(27)*k*w d pmed

10N o L= 19, /e
— Set Go(t) =0fort > L E
5
m Form of rum domin 2
o 9 spectrum dominated & ol w=3

by ratio w/we, I | | |
tmin+l— N 1073 102 10! 10° 10! 10?
We = dt (t — tm,'n)q(t) Transverse momentum k*L/w.(L)

tmin

m All information, difficult to analyze
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Comparison to equilibrium
Expand

IOE, A = 10 :
. A . 8 115 =
m Comparison to equilibrium: Maximum of < £
1.10 =
spectrum plot 36 £
> 1.05 @
&0 £
Maximum spectrum nonequ. 24 100 &
Xm = ; %
Maximum spectrum equ. j: 095 &
E ? O.QOE
m Clear systematics visible s 2
. )Qf:“

I 10 20 30

m Does not approach 1 even for L — oc! Medium length QL

How the nonequilibrium initial stages influence medium-induced radiation
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Comparison to equilibrium 1] Phys.Rev.D 113 (2026) [Barata, Boguslavski, FL, Sadofyev]

I0E, overocc. - I0E, A =10 -
., 12500 12 ; Overocc. 8 L15 =
g 2 5 E
310000 11'% < 1.10 2
& g 36 £
g 700 10s % 1.05 E
o +
'§ 5000 0.9 é e . 5 1.00 ®
£ "2 initially overoccupied g4 05
5 2500 08 o - 9
N 3 X~ 1 £ 0.9 o
0 20 40 60 80 ‘s 2 0 ()()HS
Medium length QL ] 902
IOE, underocc. , 0.855

10 20 30
/ Medium length QL
Underocc. edium feng Q 4E_xipaln_d>

i m For fixed L:
then underoccupied 21 5y <1
Y <1 X X

2% 109 100 2% 10 1 1
Mecum lengeh T — Can be explained with toy models

o

£y
Ratio of spectra maximum

1.0

0.9

Emitted energy w/T'
© -

B3
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Comparison to equilibrium 11

10E, overocc.

12500

10000

7500

5000

2500

Emitted energy w/Q;

0
0 20 40 60
Medium length QL

I0E, underocc.

8

Y

Emitted energy w/T'
© -

2% 10° 10t
Medium length 7L

Florian Lindenbauer

2 x 10*

v

Ratio of spectra maximum

3

o

1.0

0.9

%
Ratio of spectra maximum

Overocc.

initially overoccupied
x>1

|/ Underocc.

then underoccupied
x <1

I0E, A =10

8
<
36
>
a0
2 |
c
(7
el
2
2,
w

10 20 30

Phys.Rev.D 113 (2026) [Barata, Boguslavski, FL, Sadofyev]

1.15

1.10

Ratio of spectra maximum .,

e
o
&

Medium length Q.;L S
“I1-

m For fixed L:
Y>1—>x<l1

— Can be explained with toy models
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Phys.Rev.D 113 (2026) [Barata, Boguslavski, FL, Sadofyev]

IOE, A\ =10

Comparison to equilibrium 11

I0E, overocc. - -

., 12500 12 ; Overocc. 8 L15 =
&3 El @ IS
3 10000 E < 1.10 2
5 L% 6 £
& g 3 £
% 7500 10s % 1.05 E
'§ 5000 0.9 é e . 5 J 1.00 ®
£ "2 initially overoccupied S T
5 2500 0s o - 8
) E X > 1 g 0.95 =3

0 20 40 60 80 ‘s 2 0 ()()HS
Medium length QL ] 902

IOE, underocc. 0.855

Y
o

/ fum length QL
Underocc. ium leng Q 4E_xipaln_d>

m For fixed L:
Y>1—>x<l1

then underoccupied

x <1

2% 109 100 2% 10 1 1
Mecum lengeh T — Can be explained with toy models

Emitted energy w/T'
© -

Ratio of spectra maximum
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Jet shape Phys.Rev.D 113 (2026) 11 [Barata, Boguslavski, FL, Sadofyev]

m Energy deposited in annulus
with radii r and R

dp(r,R) (R , dl
dw _/,w ko 2k

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation
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Jet shape

m Energy deposited in annulus
with radii r and R

dp(r,R)  [R« dl
dw _/, ke T 2k

w

m Qualitatively same behavior as
spectra maximum

Florian Lindenbauer

Phys.Rev.D 113 (2026) 11 [Barata, Boguslavski, FL, Sadofyev]

IOE, A =10, r=0.6, R=0.8

8 1.15
Q(j 110 s
3 o
> 1.05-5
20 o
[
4 100 g
- ©
@ 0.95G
B .
= 17}
E?2 0.90 =
i
0.85
10 20 30
Medium length QL —

lae
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Conclusions

m Use QCD kinetic theory to describe
initial nonequilibrium QCD plasma in heavy-ion collisions

m Calculate momentum broadening of jets — §(t) and C(q,,t)
m Taken as input to calculate gluon emission spectrum

m Clear differences to thermal medium evolution,
even at large medium lengths
Outlook
m Prediction/effects for specific more differential observables
m General structure and scaling of spectra?
m Improve QCD kinetic theory simulations of the background
e.g., with machine learning

and ongoing work with Barrera Cabodevila, Kurkela, Mazeliauskas, Taghavi, Zhou

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation
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Thank you very much for your attention!
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Observables in kinetic theories

m Fundamental quantity: Distribution function f(p)

Energy-Momentum tensor:

d3 I AV
T = I/g/ (27:;3 ppp f(p) < "“Moments of distribution function”

Longitudinal pressure P, = T,

Transverse pressure Pr = T = Ty,

How many ‘hard’ particles

(pf) _ [dppf(p)
() [d3ppf(p)

< ‘“particle number weighted with energy”

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation 2 ir



Effect of modifications

Gluon spectrum Input Go and g,

modifying time behavior, A\ = 10 : _— N\
ying - —__ late-time g
2001 T neneautrn 5 modification  «s S
no modification S Y t——
~+= modify 7 > 50 \f 0.6 . == 1o modification
-4 modify 7 > 100 ol “2= modify 7 > 50
modify 7 < 50 = g - ::d:fi T i ?oo
<ok+ modify < 100 S04 j modify © < 50
; I ===+ modify 7 < 100
—___early-time :
w=50s modification
o]
1072 107! 10° 10 10%
KL/ w,
. . . 0.05 e e e
m Only modifications at early time 0 2 50 75 100 125 150
. Simulation time Q7
influence spectrum! @

Florian Lindenbauer
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Spectrum more explicit

IOE Spectrum is obtained via

2 2
di®  _ 25 2 ( imoeTE) Cot(t.0) = 2]
dwdk = mwRe k7 (e et — +ft0d Pa(tao) © o

4/ an i b Go(t1) ’Ek; 2 KK R221 KK R21 2 K K

o FRC/ dty {Z /tu dty 7’%221 e " | QL k)]s K @ +2C12Ro1 K2y | @ — Cotao Q%(L, t2) I 7&(& r0)~?g

( 2 L >e’%} medium input,
W ___1____C " Q2C3(t, L . ~
20C2(t2,L) (Cotao ~ sy — Cotlea 1)) @2 ) obtained from §(A 1)

+260(82) C(t2, L)y

scale,
obtained self-consistently

2 A 2 )
e 0| Few =0, @0=—" a0 - e

with specific boundary conditions: S(to, ty) = 0:C(t, tp)¢=t, = O,
0:S(t, to)t=t, = C(to, to) =1

And requires solving a differential equation

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation
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Small-distance form of C(x)

m Introduce cutoff

co=[  The@) o) 4 [ Thh@n- e
la.|<n (27)3 — jaL>AL27)3
expand: ~%X2qi+...
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Small-distance form of C(x)

m Introduce cutoff

co=[  The@) o) 4 [ Thh@n- e
la.|<n (27)3 — jaL>AL27)3
expand: ~%X2qi+...

X2a(N)
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Small-distance form of C(x)

m Introduce cutoff

g : d’q. ;
C(x) = / Clqy) (1—e™) + / Clg)(1—e™at
e e O LT e @)
expand: ~y X2ql+

IO expand: —(1 YE— Iog >+O(x4)
1x°q

m o is constant related to large g, behavior of C(g, — o0) — L)

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation 5
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Small-distance form of C(x)

m Introduce cutoff

g : d’q. ;
C(x) = / Clqy) (1—e™) + / Clg)(1—e™at
e e O LT e @)
expand: ~y X2ql+

- o) expand:%( —YE— Iog >+O(x4)
1x°q

m o is constant related to large g, behavior of C(g, — o0) — L)

m We know a(/\) = C?O |Og %22 + b (for large enough A)

2 A
C(x,t) = %X2b(t) + Xq20(t) (1 — v — log X2Q>

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation 5
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Small-distance form of C(x)

m Introduce cutoff

g : d’q. ;
C(x) = / Clqy) (1—e™) + / Clg)(1—e™at
e e O LT e @)
expand: ~y X2ql+

- o) expand:%( —YE— Iog >+O(x4)
1x°q

m o is constant related to large g, behavior of C(g, — o0) — L)

m We know a(/\) = C?O |Og %22 + b (for large enough A)

1 x2Go(t xQ 1,
C(x, t) = 5x2b(t) + 20() (1 — g — log 2) = cho(t)x2 |0gm

m Expand perturbatively around harmonic oscillator solution
— “improved opacity expansion”
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Small-distance form of C(x)

m Introduce cutoff

d?q; ; d?q .
C(x _/ C(QJ_) 1 — exdL +/ C(CU_)(I _ e/xcu)
¥ jasl<n (27)2 (—f—l au > (27)
expand: ~y X2ql+

expand:%( —YE— Iog >+O(x4)

X2a(n)
m §o is constant related to Iarge g1 behavior of C(q; — 00) = 32 ql
L
m We know a(/\) == C?O |Og @ +b (for large enough A) medium input,

f obtained from §(A1)
— _ 7 — —_— — = — I A A7
Cx. 1) = 5x*b(t) + == (17 — log = 5 do(t)x" log 212(2)

m Expand perturbatively around harmonic oscillator solution
— “improved opacity expansion”
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go and p, from EKT

—_— G0
m Recall: §o, p« characterize small-x of C(x), . Z“ thermal
m Get Gy from large-cutoff behavior, - == pe thermal
4(t) ~ 24o(t) log - + b(1) o |
m Get p, via % ~~~~~~~~~~
1 A —1 \\“‘;;*.—
A1) = 3 exp(~b(1)/do(t) + 27 ~2) g =
=10
m Thermal: Bjorken expansion -
4 10724 | \ -
. 3NcCrg®((3) 100 10" 102
Go = T3R8 o
273
2 _ m2D mp\ 2(2)/¢(3)-2 2’YE —2— <%—1)(1—2VE)+;2(+3)
ve= o7
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Plasma instabilities

m Anisotropic QCD plasmas generally lead to plasma oscupaney o2
instabilities , o,
< 255,
> o Py o z
. . . %o \\%;%‘";’/“v“ 3
m Soft modes grow exponentially, until perturbation o o,
theory (HTL) breaks down e :
£ %,,,,( lattice data
4 éu‘” o Cy &6
m Although recent progress®, no clear avenue for e ]
£ »
. . . . . o~ =
implementation in kinetic theory R '-:j-é'- Ezz
Smaller occupancy ng=1/4 ng=1

m Classical statistical simulations seem to indicate that
instabilities not dominant
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Momentum broadening kernel vs. jet quenching parameter

weighted with
Momentum broadening kernel: Compare to §, imomentum transfer

Clan) = [dres M F0)+ Fk—a) @ = [ dra'd MR+ Fk—a)

qL
p—00
[different

integration measure

m Similar quantity, less differential,
momentum cutoff

i d2q iy needed
g’ :/(%)qu ¢ C(aL),

m C(g,) is more general than §
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Obtaining the gluon emission spectrum

m Energy loss dominated by gluon radiation

dl/ ' L
wdiw Re / Oy - ()yG(X, tr; Y, f1)y:0 — Gyac,

m d//dw: Spectrum
=Probability of emitting gluon
with energy w (relative to vacuum)

m w: emitted gluon energy

m k: transverse momentum

m tPo™ ~ | //§: formation time

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation 9 ir
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Obtaining the gluon emission spectrum Phys.Rev.D 79 (2000) [Arnold]

JETP Lett. 65 (1997) [Zakharov]
Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

m Energy loss dominated by gluon radiation

d/ ' L
w—-n Re / Ox - OyG(x, t2; Y, t1)y=0 — Gyac,
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Obtaining the gluon emission spectrum Phys.Rev.D 79 (2000) [Arnold]

JETP Lett. 65 (1997) [Zakharov]
Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

m Energy loss dominated by gluon radiation

w%N Re / Ox - OyG(x,t2; Y, t1)y=0 — Guac, E E E E
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Obtaining the gluon emission spectrum Phys.Rev.D 79 (2000) [Arnold]

JETP Lett. 65 (1997) [Zakharov]
Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

m Energy loss dominated by gluon radiation

d/

wa—~Re oo Ox - OyG(x, t2;¥, t1)y=0 — Guac, E /@\ E /E\
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Phys.Rev.D 79 (2009) [Arnold]
JETP Lett. 65 (1997) [Zakharov]

Obtaining the gluon emission spectrum
Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

m Energy loss dominated by gluon radiation

d/ Ox - OyG(x, t2;¥, t1)y—=0 — Guac, E /g /E /E

w—-n Re
dw t1,t2

energy shift
m Green's function solves /
(Iaf —o0E+ IC(X t)) G(X7 ty, tl) = 52()( - y)

9

How the nonequilibrium initial stages influence medium-induced radiation

Florian Lindenbauer



https://arxiv.org/pdf/0808.2767
https://inspirehep.net/literature/441901
https://inspirehep.net/literature/420877

Obtaining the gluon emission spectrum Phys.Rev.D 79 (2009) [Arnold]

JETP Lett. 65 (1997) [Zakharov]
Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

m Energy loss dominated by gluon radiation

d/

wa—~Re oo Ox - OyG(x, t2;¥, t1)y=0 — Guac, E /@\ E /E\

energy shift
m Green's function solves /
(i0r —6E +iC(x, 1)) G(x, t;y, t1) = 0°(x — y)
m Input: dipole cross section = potential in Schrodinger equation

) = ((12:;2

, drel
d?q.

Cla) (1—e*),  Clay)=(2)
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Obtaining the gluon emission spectrum Phys.Rev.D 79 (2009) [Arnold]

JETP Lett. 65 (1997) [Zakharov]
Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

m Energy loss dominated by gluon radiation

d/
wd—w Re ax : 8yG(X7 )y, tl)y:O - Gvam
w 1,12
) energy shift ‘ . o
m Green's function solves / broadening probability

. Co Probability of receiving
—6E+iC(x,t ; = 6%(x —
(i0r —0E+iC(x,t)) G(x,t;y,t1) = 0°(x —y) momentum kick q.

m Input: dipole cross section = potential in Schrodinger equation
,dre

2
C(X) . d qL

= [ GapClant-ex1).  Cla) =

d2qL
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Harmonic approximation for radiation

m Input: dipole cross section = potential in Schrodinger equation

2 .
C(x) = ‘(izg)gqqg (1— ear), Clq.) = (27)
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Harmonic approximation for radiation

m Input: dipole cross section = potential in Schrodinger equation

2 .
C(x) = ‘(izg)gqqg (1— ear), Clq.) = (27)

m Harmonic approximation (for jets small-x important!)

d(pi> B d(pi> :/d2 L drel

C(x,t) = =§(t)x*, g= TR
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Harmonic approximation for radiation

m Input: dipole cross section = potential in Schrodinger equation

2 .
C(x) = ‘(izg)gqqg (1— ear), Clq.) = (27)

m Harmonic approximation (for jets small-x important!)

W) A _ [y, 0T

— -5 2 o —
Clut) = 4a(epe,  q="pgh =52

=

m § quantifies momentum broadening, “jet quenching parameter”
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Harmonic approximation for radiation

m Input: dipole cross section = potential in Schrodinger equation
o= [EHCq) (1), Cla) = (2mP o
(27T)2 1 3 1 d2qJ_
m Harmonic approximation (for jets small-x important!)

4(t)x?, §= =

C(x. t) =
(x.t) dL dt

=

§ quantifies momentum broadening, “jet quenching parameter”

Schrodinger equation for harmonic oscillator — analytic solution!

Florian Lindenbauer How the nonequilibrium initial stages influence medium-induced radiation
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Small-distance form of C(x)

m Proper expansion for small distance:
C(x.t) = 280(t)x log 3 + O(dox's?)
4 x22(t) ’

® i and §o are medium-parameters uniquely
determined from large-cutoff form of §(AL),

A
4(t) ~ 24o(t) log 5 + b(t)

m Obtain p, via

2(t) = 5 exp(—b(t)/do(t) + 27 —2)

Florian Lindenbauer

lol)

1071,

1072

— @
Go thermal
-
T/T; ==+ p, thermal
107! / #w
N
~ Se=~a
B o=y
A=10
Bjorken expansion \
10° 10! 107
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https://inspirehep.net/literature/3081684

Problems with § for radiation

m Recall: § appeared in small-distance expansion: f expansion parameter
physical qum C(x) = /(27[.)2C(qi) (1 —e” qL) ~ qu )

enters equations
9 expand: ~%x2qi+...

as potential
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Problems with § for radiation

m Recall: § appeared in small-distance expansion: f expansion parameter
physical quantity, X)= (27[-)2 aL € ~ 4qx ’

enters equations
9 expand: ~%x2qi+...

as potential

m But: expansion coefficient § divergent,

~ d<Pi> d<Pi> 2 2
= = ~ C ~
q 1L a1t /d q197 (q1)

dqgy
qL

— log divergence

1/q" for large q.
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Problems with § for radiation

m Recall: § appeared in small-distance expansion: f expansion parameter
dqu .
_ q N
physical qum C(x) = /WC(QL) (1 — e J—) ~

enters equations
q expand: ~%x2qi+...

~o2
ax-,

N

as potential
m But: expansion coefficient § divergent,
d(p? d(p? d )
(p1) _ dlry) N/dqu @ Clq) ~ N log divergence
~—— aL

97 L dt
1/q" for large q.

Need cutoff A| to restrict momentum transfer g, < A
(needed in eikonal limit p — oc0)

12
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Problems with § for radiation

m Recall: § appeared in small-distance expansion: f expansion parameter
physical quantity, X)= (27[-)2 aL € ~ 4qx ’

enters equations
q expand: ~%x2qi+...

as potential

m But: expansion coefficient § divergent,

~ d<Pi> d<Pi> 2 2
g g ~ C ~
q dL dt /d 9LqL L‘lﬁl

dqgy
qL

— log divergence
1/q" for large q.

Need cutoff A| to restrict momentum transfer g, < A
(needed in eikonal limit p — oc0)

Can we do better? — Consider full kernel C(q )
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Comparing to thermal system

— @

~ . Go th |

m Recall: §o, ju« obtained from large cutoff . Z“t erma

behavior of § 100 TITR ==y, thermal
10°

m Compare with an evolving thermal system

Ti(t) = (30e(t)>”“ i S

2

A=10

Bjorken expansion

d3 1072 0 1 2
6:/ P Ip|7(p) 10 10 10

5 Late time

m_Thermal forms of §o, p+ known approache to thermal
5

with energy density from kinetic theory,
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