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Color Glass Condensate & glasma

Color charges confined in the colliding nuclei generate CGC
which in turn produce glasma - the system of strong mostly classical
chromodynamic fields which evolves towards equilibrium.

CGC CGC

time

E. lancu, R. Venugopalan, in Quark-Gluon Plasma 3,
ed. by R.C. Hwa, X.-N. Wang (World Scientific, Singapore, 2004



Saturation

A saturation

\ Q2 =20GeV?

Gluon density

107 107 102 ! X

fraction of nucleon’s momentum

Saturated gluon system can be described in terms of classical chromodynamic fields.



Wee partons & valence quarks

1

valence quark X ~ —

nucleon

nucleus

sea or wee partons X << 1

In relativistic heavy-ion collsions

> Saturated wee partons - classical chromodynamic fields

B> Valence quarks - classical sources of chromodynamic fields



Pre-collision potentials
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xr =0

17 (X7, x ) =0"6(x") p(X,)

Gauge condition: A (X_ , XL) =0

N A (x,x,)=0
DF"=j]" = L )
A"(X,x,) = 8(X ) A(x,)
E*=B*=0
E,.B, ~&(X)

Poisson equation

Vi A(X,)=—-p(X,)

d?k e*™ 1
G(x,)= < =—K,(m]|x
)= | o i~ 2 D

\
A(x,) = [d?x' G, =X )p(X',) 1\
\
X

[R regulator m= A,



Pre-collision potentials cont.

Gauge transformation: ~ A” (X_,XL) —> ﬂﬂ(X_,XL)

gauge condition light-come gauge

Ai(x_,xL):O B (x7,x,)=0
(%) =U(x>A”(x)U‘f(x)+éu(x)a”w<x)

U(x‘,xJA*(x‘,xL)UT(x‘,xL)+éU(x‘,xL)(?*UT(x‘,xl) =0

U (x",x,)= Pexp(ig] dzA+(z,xL)]

L p(x7,x,) = LU (x",x,)o'UT(x",x,) pure gauge except X = 0

J. Jalilian-Marian, A. Kovner, L.D. McLerran & H. Weigert, Phys. Rev. D 55, 5414 (1997).



From pure gauge to glasma

ﬂz(x XJ_)__U (X XL)aIUT(X XJ_)
pure gauge

ﬂ;(x-,xL)=éu1(x:xl)a‘u;‘(x:xl>

pure gauge

time

A(r=0,x,)= éul(x‘,xL)aiuf(x‘,xL) +éU2(x‘,xL)8iU§(x‘,xL)

Not a pure gauge!



Color Glass Condensate & glasma

Classical Yang-Mills equation

D,F* () =J"(x)

) = j )+ j5(x) by b

3 pre-collision potentials post-collision potentials
jfz (X) = i5ﬂ+5(xi):01,2 (x,)

Ansatz of gauge potentials

" AT (x) = O(x)O(X )X a(r, X, ) {

Boundary condition
a(0, XJ_) = /Bll (XJ_) + ﬁzl (XJ_)

J A (0 =-0(x)0(x )X a(r,x,) o (0,%,) = —‘g[ﬂ; (%), A (X,)]

A(x) = O(x)O(X )a (7,X, )
L +0(x)OX)A (%) +O(X)O(X)AX,)  Gauge condition

\ @tc/ XA +Xx A"=0

A. Kovner, L.D. McLerran & H. Weigert, Phys. Rev. D 52, 3809 (1995).



Proper time expansion

a(r, XJ_) = Zrna(n) (XL)’ Oll (7, XJ_) = Zrnal(n) (XJ_)
n=0 n=0

Proper time t is treated as a small parameter 7 << QS_1
Yang-Mills equations for the expanded potentials are solved recursively
i
Ay =y =0 for n=135,...
Oth order - oboundary conditions
__9 [ B . |
05(0) = ﬁl ) ﬁz Post-collision potentials are expressed

through pre-collision potentials
J_(O) 131 "',82

2nd order

@ =—12 DI04, A1
iy =& D[4 )

R.]J. Fries, J. I. Kapusta, and Y. Li, arXiv:nucl-th/0604054
G.Chen, R/J. Fries, ].I. Kapusta and Y. Li, Physical Review D 92, 064912 (2015) 10

—ig(B, + )

Fully analytic approach!



Proper time expansion cont.

Chromoelectric and chromomagnetic fields

Ei _ FiO Bi zlgiijkj
| 2
Oth order

— (0,0, E), — (0,0, B)

(0)

(0) (XL) - Ig[ﬂl (XJ_) /82 (XL)]
BG, (x,) =—1ge™[B/(x,), B (x,)]

(0)

At higher orders transverse fields show up

R.]J. Fries, J. I. Kapusta, and Y. Li, arXiv:nucl-th/0604054

E & B fields along the axis z

G.Chen, R.J. Fries, ].I. Kapusta and Y. Li, Physical Review D 92, 064912 (2015) 1



Observables - energy-momentum tensor

T (x) = 2Tr[F* (x)F," (X) + % geF (Q)F,, (X)]

' (x) = 0" A" (x) — 0" A" (x) —ig[ A" (x), A" (x)]

Physical quantities

<T % (X)> - energy density
<T ! (X)> - energy flux, Poynting vector
(T™(0).(T”(x)).(T#(x)) - pressures
(

T (X)> - momentum flux

<. ] > averaging over colour configuration of initial nuclei

one-point correlators
12
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Averaging over colour configuration
of initial nuclei

Observable = [33,0} (5" (x,)A'(y.)...A"(2,))

p(x.)~ p(x,)

Wick theorem

(P )P (YLl (z,) =D TI{pl(x )Pl (y.))

Glasma graph approximation

(BB Bz)) =D T Bix ) B (y,)) =D TIBY (x,.y )



Basic two-point correlator
in transversaly uniform system

BYL (X, —y ) =(BA(X)BI(y))=[d*x' d?y' (Pl (X' )AL (Y'))

color charge surface density

(PL(x )P (YL))=9*u5%6P (X, —y,) 4=g7Q?

2

B, (x, —y,)=5"(8C,(r)— f'tIC,(r)) r=x -y, rerl ¢

I,.i
o

r

_ m?K, (mr) g*Nyu(mrK (mr)-1) |
G = gzNC(mrKl(mr)—l){eXp{ ? } 1} ~  #log(mr)

Adzm -1
r<<m

UV regularization required

_ m°rK,(mr) g*Neg(mrK, (mr)-1) | 4
CZ(r)_gch(mrKl(mr)—l){eXp[ Azrm? } 1} >Q

.

J. Jalilian-Marian, A. Kovner, L. D. McLerran and H. Weigert, Physical Review D 55, 5414 (1997) "’



Basic correlator of real nucleus

D System nonuniform in the transverse plane

Projected Woods-Saxon distribution

)= | i

Rp/a
In(+e )—oo1+exp[(«/xf +2° — RA)/a}
1
REE(XJ_-'_yJ_)’ r=Xx,.-y.

ng X,,y,)= 0P f1(R,r) ~ “gradient expansion in R”

strong dependence on r

weak dependence of R

System uniform in the transverse plane

By (XY, ) =61 (x, —y ) =5%1"(r)

G.Chen, R/J. Fries, J.I. Kapusta and Y. Li, Physical Review D 92, 064912 (2015)
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Numerical results

Pb-Pb collisions at LHC
N.=3

g=1

Q, =2 GeV

m=0.2 GeV
R,=7.4fm
a=0.5fm

Ry

/.
AWey!

Collision geometry

"N

RX
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Radial flow

Pb-Pb collisions at b = 6 fm

P=RT®

7 P[GeV/fm’] \1
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 17



Radial flow cont.

Pb-Pb collisions at b = 6 fm
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023)
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Pb-Pb collisions at b = 2 fm
T02x _Tozy

) /TOZX + TOZy

deR

v

Elliptic flow

2 [d?RTZ +T¢
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023)
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Eccentricity y

Pb-Pb collisions at b = 2 fm

2 2
J.dZR RX _Ry TOO

_ JRf-l-R; X
jdzR\/RfTRjTOO
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M. Carrington, W. Cowie, B. Friesen, St. Mrowczyniski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 20
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Hydrodynamic-like behavior

Pb-Pb collisions

v,(7=0.06 fm) ="~

L

v,(r =0.06 fin)

g(r=0)

Z

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 21



Equation of universal flow

Energy flow is generated by
1 OoT 00 gradient of energy density.

TOX ~__
2 OX y Py

Assumptions: q
mv o _
> 6,7 =0
P>  Energy momentum tensor is mostly diagonal.

P> Thesystem is boost-invariant.

Glasma in ultrarelativistic collisions For glasma the equation of universal
T# (t = 0) = diag(e, &, £, &) flow is satsified exactly order by order

in proper time expansion.
short-time evolution

J. Vredevoogd & S. Pratt, Phys. Rev. C 79, 044915 (2009);
M. Carrington, St. Mrowczynski &]J.-Y. Ollitrault, Phys. Rev. C 110, 054903 (2024)
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Mapping on hydrodynamic T+

glasma (T X ) VS. hydro (T X )

Eigenvalue problem: gIasmaW /1Wﬂ
Ideal hydrodynamics
maro = (€ + P)U“U” — pg*” T, =0 = p=%g
higrouv = guﬂ

Anisotropic hydrodynamics

hydro =(e+ p)uiu” = p 0" = (p; — p)2"7" Ty, =0 = PL=e-2p;

pv _ 7 % _ 7
Thydro v =&ur, Thydro v pLZ

W. Florkowski & R. Ryblewski, Phys. Rev. C 83, 034907 (2011)
M. Martinez & M. Strickland, Nucl. Phys. A 848, 183 (2010)

N
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glasma

anisotropic

hydro

M. Carrington, St. Mréwczynski & J.-Y. Ollitrault, Phys. Rev. C 110, 054903 (2024) 24



Angular momentum

Ry Au Au, Vs = 200 GeV
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F. Becattini, F.Piccini, J. Rizzo, Physical Review C 77, 024906 (2008) 25



Angular momentum cont.

. dL”’
Pb-Pb collisions —— —_;? j d?RR*T™  Milne coordinates

dn

—1111;11..11.1..1..111b[fm]
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Glasma does not rotate!

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 26



Vorticity

2| 0.0006
: 0.0003
0 = — — 0.
~0.0003

o T
V' =

") =1a)
o(F) =V xV (F) o, (F) = vx LD

T(r)

M. Carrington & St. Mréwczynski, Physical Review C 113, 064910 (2026)



Local angular momentum

dLZ(FE)) 2 0x X X 0
=—r | dr((r-r) T = (r' =T
T j (=T = (= )T™)

0.06 0.12
0.03 0.06

& o. 0.
-0.03 -0.06
-0.06 -0.12

b=2fm

M. Carrington & St. Mréwczynski, Physical Review C 113, 064910 (2026)
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Jet quenching in glasma

near-side

away-side

How hard probes propagate through the glasma?

dE

—— - collisional energy loss
dx

N

( - transverse momentum broadening

d E rad 1 R o
. = — g a,N_gL - radiative energy loss
X

29



Fokker-Planck equation of hard probes

drift
A

collisions
A

p

(g+v-vjn(t
ot

\ ( A\

1,p) = (V! X (v)V +ViY (v) n(t,r,p)

n(t,r,p) - distribution function of hard probes

XT(v), Yi(v) = <

n(t,r,p) =n,(p)~e

solves FK equation

V = L , Vip = i
E, op;
4 i
d—E — —V—Y i (V) collisional energy loss
dx Y,
2( o VvV
G=—| o" —— X'(v) momentum broadening
V V
.
& . v
T = Y‘(v):?X"(v)

30



Fokker-Planck equation
of hard probes in glasma

t
Xij (V) ZJI\'I f dt |: (t F)F (t I’))> two-point correlator
co

r=r—-v(t-t) F,tr=g(E,tr)+vxB,(tr))

E' ; B' - chromoelectric and chromomagnetic fields

radiative energy loss <

=——a . N_qL
L dx g ° ¢
iv/]
collisional energy loss d_E vvo X1 X (v)
dx T

St. Mréwczynski, European Physical Journal A 54, 43 (2018)
M. Carrington, B. Friesen & St. Mrowczyniski, Phys. Rev. C 114, 014906 (2026)
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Hard probes in glasma - ¢

order in
T expansion

zof— g [GeV’/fm] —0
15 — |
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Qs =2 GeV :z/ \ B 6’7
m=0.2 GeV o .
_3
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_5 -
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczyniski & D. Pickering, Phys. Rev. C 108, 054903 (2023)
M. Carrington, B. Friesen & St. Mrowczynski, Phys. Rev. C 114, 014906 (2026) 32



Glasma impact on jet quenching

Glasma A q(t)
O =6 GeVZ/fm "
t . =0.06 fm
Equilibrium QGP
§=3T° %
t, =0.6 fm
T, =450 MeV e E— !
boece I hvdradynamic stage = E
g, =1.4 GeV?/fm
13 ) to.
T=T. (t_oj ApT2 non-eq. . dtd(t) ApTZ non-eq
t 0 —— =093
L=10fm - Ap
O .. =
Apz|” = [dtq(t)
t

S. Cao et al. [JETSCAPE], Physical Review C 104, 024905 (2021),
C. Shen, U. Heinz, P. Huovinen and H. Song, Physical Review C 84, 044903 (2011).



Conclusions

The glasma evolves in a hydrodynamic-like way.

The glasma’s global orbital momentum is small,
the system does not rotate.

There is a local angular momentum of glasma along

the beam consistent with a sign of the A polarization.

In spite of its short lifetime the glasma provides
a significant contribution to the jet quenching.
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