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Glasma and its evolution



The pre-equilibrium stage: Glasma as the initial condition

Many gluons in the early stage
Useful, easy description in terms of classical, intense fields, rather than in terms of one-
particle states

Glasma (*)

Glasma: initial condition for the medium produced in RHICs.

(*)Lappi and McLerran (2006)



The MV model for the color sources: large nucleus

— - Model of sources of the classical gluon fields (MV)
— Uncorrelated color density fluctuations on the two nuclei.

McLerran and Venugopalan (1996)
Kovchegov (1996)

Gaussian distribution of color charges (*)

g2 =Qs: saturation scale Lappi (2008)

-» Q.=1-3GeV

(p*(xT)) = 0.

() (yr)) = (gpa)?0“' 6 (zr — yp)

(*)See Dana’s talk for more details
Realistic Qs distribution for large nuclei: Schenke et al (2022-.....)



The MV model for the color sources: proton

Hot spots model
Valence quarks act as sources for static charges that generate the CGC fields

T (x;) = 1 exp [ — x; \ Constituent quarks
A 21B,, P 2B.,) [centers of hotspots
_ 5 Valence quarks
ch_(0-4fm) ]
5 (hotspots)
1 1 (-’BT - 3371)2 Static color charges N
Tp(mr) = 3 Z_: 27 B, OXPp (_ 2B, [around the hotspots |
=1 B,=(0.11 fm)?]
272
2 _ 2
Qz. @) = -0, 2g(2, Q) Ty(@.)
C
Saturation scale in the transverse plane

Simplest implementation (Q,=1 GeV, x=10%)

zg(z, Qg) = Agx_)‘g(l — :c)fg
A, =2.308, ), =0.058, f, =56

xgz3 94 B. Schenke et al. (2022,2023)

G. Parisi et al, in preparation
Olivaet al (2024)



The MV model for the color sources: proton

Hot spots model
Valence quarks act as sources for static charges that generate the CGC fields

277
2 __ 2
QS (‘T} mJ_) - Tas $g(.’lﬁ'} QU) Tp(ml) Valence quarks
c (hotspots)
Saturation scale in the transverse plane A~ —

QZU(:Eﬂ ml) — CQS(SE: ml)

(c=1.25)

(" (zr)p(yr)) = ¢p(z, 27)5%6 P (z — yr)

B. Schenke et al. (2022,2023)
G. Parisi et al, in preparation
Olivaet al (2024)



The pre-equilibrium stage: evolving the glasma via CYM equations

Due to the large density the gluon field behaves like a classical field:
Dynamics is governed by classical EoMs, namely the classical Yang-Mills (CYM) equations.

(DHF,,)* =0 1= Do (122)
1
1 |
0.FE, =—D,F; E, = —0: Ay,
n = “Hitin s g

Evolution of the system is studied assuming the glasma initial condition,
and evolving this condition by virtue of the CYM equations(*).

(*)These are solved in a gauge-invariant fashion on a real-time lattice.
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G. Parisi et al, in preparation

Evolution of the fields

dE?
dt

= 8,B% + fupe AL BS

t=0+

Formation time of transverse fields:
Q.t=1 namely t=0.1 fm/c

See also Lappiand McLerran (2006)
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pA collision

Evolution of the enerqy density in pA collisions

7=0.15 fm/c

Energy density in the transverse plane

G. Parisi et al, in preparation



The free-streaming regime in pA collisions

e ="Tr |E} + E7 + B} + B} |,

P, =Tr |—E; — B + E7 + B}

Pr=Tr [E2 + B2].

512, 1 sheet, 1 event)

7=0.2 fm/c

pA collision Longitudinal pressure vanishes
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The free-streaming in pA and AA collisions

e =Tr |E} + E} + B} + B3]

Longitudinal expansion
with zero pressure (aka free streaming):

de dT

E T

» Fields are diluted: description in terms of
gluons, and relativistic kinetic theory,
is possible in this regime.

Bogulavski et al. (2023, 2024)
Ruggieri et al. (2015)

G. Parisi et al, in preparation



Heavy quarks in the early stage



The pre-equilibrium stage: heavy quarks

Charm quarks

1
tforma.tion ~ O 06 flIl/ C

2m,.

Relativistic kinetic theory of HQs in Glasma (wong, 1979, Heinz, 1985, Pooja et al 2024)

drt  p
dt E’

dp p, OV
N y
9@ E  Ox

dt
dQ),
E = AY
At gfa,bc p,uQc

v= % (Relativistic velocity)
dp )
e qFE + g (v x B) — VV  (Lorentz force plus interquark force)

D,J!" =0 (Color current conservation)
JE = cyFT,e

Qala, dapcQa@p@. conserved



The pre-equilibrium stage: heavy quarks

Charm quarks

1

tforma.tion ~ ~ 006 fIIl/ C
2m,.

Relativistic kinetic theory of HQs in Glasma (wong, 1979, Heinz, 1985, Pooja et al 2024)

drt B Pt
dt N E ’ Boltzmann-Vlasov equation
dp p, OV 5 5

T, QQQFW E axi} P Ouf ""QQGF#VPVSI{ gfabcAgp#Qcaéfa =0

dt
dQ)q

E
dt

— gfabcA p,uQc

Equations of motion of heavy quarks are solved in the background
given by the evolving Glasma fields



The pre-equilibrium stage: diffusion of heavy quarks in the color filaments

Fields arrange in correlation domains, Field correlators in the transverse plane
aka filaments, of transverse area =£?:

&2 =0(1/Q,%) | By, 7 lm/e

—0.01

— 0.0
0.1
0.15

0.3

0 0.25

Courtesy of Dana Avramescu

The force experienced by HQs in the pre-equilibrium
stage is time-correlated: diffusion with memory.

Artwork by x

o
G Mrowczynski et al. 2112.06812



The pre-equilibrium stage: diffusion of heavy quarks in the color filaments

Dana Avramescu et al. (2023)

very massive quarks beauty quarks charm quarks
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Slow color charges spend some time within one single filament:
diffusion in a coherent field, rather than in a random medium.

The force exerted on these charges is time-correlated.



Heavy quarks inside colored filaments: diffusion dominates over enerqy loss for small pT

EvGlasma lifetime = 0.3-0.6 fm/c

Tmem <K Teq

=0.1-0.3 fm/c
[e.g. M.R. et al (2020)] 25—30 fm/c
[e.g. M. R. et al (2020)]

==

* Diffusion dominates because of the large thermalization time
* Memory leads to nonlinear evolution of G,



Heavy quarks in the easly stage: momentum diffusion and jet quenching

Ipp et al. (2020) RHIC

) - Lappi et al. (2020)

m.k(q';t) = 0.20
oy Overpopulated plasma
m/(g%p) = 0.10 pop P
-—-—-m/(g*pn) = 0.05

m/(g°p) =0

— foL dt q(t)

Mroweczynski et al, 2112.06812

hydrodynamic stage

)
Qs [GeV]

For jet quenching see also Barata et al, 2406.07615
For angular correlations see Avramescu et al., 2409.10565



The pre-equilibrium stage: di ' uarks in the color filaments

——= w/out current
— W/ current

o, x at® + bt

Liu et al. PRD103 034029 (2021)

0.4 0.6 0|.8
t [fm/c]

Diffusion in the color filament

* Early time: 6,=Q,Dt
Standard Brownian motion ——* Later time: c,=2Dt

D: momentum diffusion coefficient

See also D. Avramescu et al. (2023)



Anisotropic diffusion

Minimal longitudinal fluctuations(*)

pA collisions

(@Y
&>
3
o
3
|
|
3Q.'J
:S
A~
3
L
]
=

longitudinal, A=0

longitudinal, A=10"

OE"(x1,m) = F(n) ) Di&i(x1) g0

-5
= (ransverse, A=10

-3
transverse, A=10

0.4
T [fm/c]

G. Parisi et al, in preparation
Results without fluctuationsare in agreement with D. Avramescu et al (2023), Ipp et al (2020)

(*)Fukushima and Gelis (2011)



Comparison with pnQCD-Langevin dynamics

dp
It = —yp+§ (&(t1)&(t2)) = 2Do(t1 — t2)
-—-& charm, EvGlasma T=J ﬁn /C
--- beauty, EvGlasma
---& charm, pQCD Langevin
---{3 beauty, pQCD Langevin
energy loss

random kicks from the medium
(diffusion)

o

Ave_[GeV]

Both fixed by pQCD at temperature T=0(Q,)

Pooja et al (2023)

Average diffusion coefficient of HQs in Glasma agrees with pQCD
for small values of Q. (diluted Glasma).



The pre-equilibrium stage: potential impact on modification factor

Initial distribution
From perturbative QCD, aka FONLL [Cacciari et al. (2001, 2012)]

(AN/d?pr)final

p-Pb @ 5.02 TeV _—
(dN/dsz)chD

Rpr —

- - t:lformaiion

D-meson
Standard fragmentation [Peterson et al.(1983)

— t=1 fm/c

gty =3.4 GeV

— 1=0.2 fm/c
— =0.3 fm/c
=0.4 fm/c
Ropy # 1
Interaction with the fields created

by the collision

See also
o , M. Ruggieri and S. K. Das (2018)
More on this in Greco’s talk Y. Sun et al. (2019) for an estimate of the effect on the ellipticflow.



The pre-equilibrium stage: potential impact on elliptic flow

free-streaming

up to 0.3 fmlc * Diffusion in the early stage
S0 mie . « Evolution in the QGP

=T and D from
1=0.1 fm/c

1.0 o Pb+Pb @ 5.02 TeV, 30-50%, y=0

free-streaming e " and D from t=0.1 fm/c
up to 0.3 fm/c ® experimental

e Glasma at 1=
0.1-0.3 fm/c

0.5

7=0.3 fm/c

0'002468024681(?'0

p, (GeVic)

Data: ALICE, NPA 967 (2017), PRL 120 (2018).

0'00246802468100'0

p, (GeVic)

Diffusion in the early stage
helps to describe simultaneously the RAA and the v2.

Figure: Aggarwal (2020)

More on this in Greco’s talk



Quarkonia in the early stage



J/wand Yin glasma

g g
Q Q Q Q
dQ, = dQq
E dt =g fabCAgp#QC E dt =g fabcAgp,u,Qc

a Y _
“Fab =0

Quark-antiquark pairs are constantly bombarded by gluons during the early stage.
Their color charges fluctuate, leading to transitions to color-octet states.

More precisely

Singlet-octet transitions are induced by gauge-field fluctuations, that cause the evolution of the (traced) octet
component of the density matrix of the pair.




J/wand Yin glasma: initialization

* (Center-of-mass of the pairs is extracted near the
hotspots of enerqgy Oliva et al. (2404.05315)

* Foreach pair, we extract the relative distance and the
relative momentum according to(*)

d* Pug
d2 rreld2prel

_ 2 /.2 .2 2
— CXP (_'rrel/ To — prel'ro)

ro = 0.4fm c-cbar pairs
ro = 0.2fm b-bbarpairs

e Pairs are extracted in the color-singlet state:

Qa:_Qa, CL=1,...,N02—1

(*)Zhao et al. (2025)



J/wand Yin glasma: interquark potential

dp
dt

. p, OV
_ aFw_ N '
9Qatrq E o0z

A generic state belonging to the 3 x 3bar can be decomposed as

8
V) = cs|S) + Zcfé‘oz'>

Singlet Octet
2 ]
Ps = _§T 1™ + §I ,  Color-singlet projector
2 _ 8
Po = gTa R T + 5] , Color-octet projector

Oliva et al. (2404.05315)



J/wand Yin glasma: interquark potential

dp
dt

. p, OV
= gQuFMEY — 2
9Qat E  Ox

A generic state belonging to the 3 x 3bar can be decomposed as

8
V) = cs|S) + Zcfé‘oz'>

Singlet Octet
V=1°gTe2
T'rel
4 « 1 «
Vo = L Vo==-—
3 T'rel , 6 T'rel

Oliva et al. (2404.05315)



J/wand Yin glasma: interquark potential

3
) = es|S) + ) ilOy) V=1°gTe2 DL R U

=1 T rel 3 T'rel 0 Trel

WIVY) = |es|*Vs + (1 — |es|) Vo

2 2 A 2 _ _
les|” = [(WIPs[)|” = (Y| Psly) = (Y| Ps|y) = F:\S
semiclassical approximation Expectation value of the
(neglect quantum fluctuations) projector in the semiclassical
state v
2 a a
po_ 2QQ° 1
3 N, 9’ ] ]
200" 8 classical projectors
Fo = + -
3 N, 9’

Oliva et al. (2404.05315)



J/wand Yin glasma: interquark potential

8
~ _ N N
|¢>:CS|S>—|-ZC@|OZ') V:Ta'@Ta_s VS:_§T37 Vo=é s
1=1 ’rrel rel Trel
P;S‘=—2Q%_2m+1 ~
zgg . V= @ViY) = PsVs + PoVo
Po=3"§ 1o

QaQa g classical interquark
V — potential
N

I'rel

The coupling in the classical potential dynamically evolves with
the pair, taking into account the formation of an octet component
due to the interaction with the external gluon fields.

Oliva et al. (2404.05315)



J/wand Yin glasma: evolution of the relative distance

c-cbar pairs b-bbar pairs

— N0 potential

— QQ potential
— singlet potential

— QQ potential & no glasma

— no potential

— QQ potential
— singlet potential

— QQ potential & no glasma

3 £
T

>
= 3
P O
O 0
[ ©
N N

0.4 0.6
T-Tiorm  [TM/C]

0.4 0.6
T-Tiorm [fM/C]

Oliva et al. (2404.05315)



Gauge field fluctuations induce color
decorrelation in the pairs, leading to the
formation of the octet component.

Note

During the initial stage of the evolution, the
relative distance remains nearly constant,
while color decorrelates rapidly.

Therefore, in this early phase, the primary
driver of pair melting is color decorrelation.

J/wand Yin glasma: color decorrelation

0.4 0.6
T-Tiorm [fM/C]

Oliva et al. (2404.05315)
See also Pooja et al. (2024)



J/wand Yin glasma: color equilibration

Probabilities to populate the singlet
and one of the octet states
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Oliva et al. (2404.05315)
See also Delorme et al. (2024)



J/wand Yin glasma: pair dissociation

We assign a probability of survival of a pair, which is

2
T'rel
PSUI‘ViV&l — Pdista,ncepcolor 7Ddista,nce = €exXp | — 1‘82
207
Pmelting =1- Psurvival Pcolor = exXp [—Ii(g — 1)2]

b-bbar pairs

0,=0.3 fm, k=4
0,=0.3 fm, k=0

0.4 0.6
T-Tiorm [fM/C]

0.4 0.6

The melting of each pair is decided via T-Tiorm [IM/C]
a stochastic algorithm.

Oliva et al. (2404.05315)
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—_— 7, =05 fm
—_— 1, = 0.6 fm

r. =0.7 fm

Pooja et al. (2404.05315)



Conclusions and Outlook

Glasma as the initial condition in high energy nuclear collisions (pA and AA)

Heavy quarks (c and b) can probe the pre-equilibrium stage, gluon-dominated, stage
Interaction of HQs with evolving Glasma fields potentially affects observables (spectra, v2
and possibly more)

Quarkonia melting in the early stage: rough model, which however gives indications on the
amount of quark-antiquark pairs that can melt before the QGP forms

Strong fluctuations can lead to a rapid turbulent behavior of the gluon fields(*) (heavy tails
in field correlators) potentially enhancing the effects on HQs

Quantum-transport evolution of color in the early stage, relevant for calculation of the
dissociation percentage (master equation for the color density matrix)

Merging the early-stage evolution (classical-statistical simulations) with the QGP (relativistic
transport)

(*)See for example Berges et al (2014)



Appendix




Preparing for the glasma

~ pn,k‘
ALC}f(iBL) — —p(wi) ai,k = = 5 (m=0.2 GeV)
ki +m
Ny
Ve = H eXp {igaﬁ,mT“} Wilson line
n=1
A.B A.B
I— VA’BV " Gauge links for nuclei A and B
x, x xr+1

B. Schenke et al. (2022,2023)
G. Parisi et al, in preparation
Olivaet al (2024)



—I)(

The glasma fields

—+ UB ) (]I + ) — hC] = ( Gauge links at =0+

- DU (@) - U (1))

1

UP N (x, —1) — UM (z, —1)) — h.c.}

Color-electric fields at =0+

B. Schenke et al. (2022,2023)
G. Parisi et al, in preparation
Olivaet al (2024)



The pre-equilibrium stage: evolving the glasma via CYM equations

0:Ui(@) = ——+E'(2)Ui(),

0, Uy(x) = —iga,7TE"(x)U,(x).

E'(t") = E'(t — A1) + 2A729a%aﬂ' [Um'(T) + U_pi(T) — (h.c.)]
F20r TS U(r) + Up(r) — (e,
2991 47,
E"(1") = E"(t — AT)
)
2 - . — (h.c.
+ 7-29%@17_ j;y [UJW(T) + U_jy(7) — (hec )}:

CYM equations are implemented on a real-time lattice and solved by a gauge-invariant algorithm, see Dana’s talk
for more technical details.



