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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. lancuy, 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
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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



Ultrarelativistic heavy-ion collisions
in light-cone variables

natural units c=1

xizti—z XY =X Y +Xy —X-§=Xy +Xy =Xy
J2
X =0 = z=x=t
O(x)>0 O(x")>0 O(X)O(x")>0

{ N . ! N

x <0 X7 <0




Color Glass Condensate & glasma

Classical Yang-Mills equation

D, F7(x)=]"(x)

i (X) = j” () + j& (x) B 5,

pre-collision potentials post-collision potentials
jf,lz (X) = iéwjté‘(xi)pl,z (XJ_)

Ansatz of gauge potentials

(AT (%) = (X)X )X a(z, X, ) {

Boundary condition
a(0, XJ_) = 131I (XJ_) + :le (XJ_)

2 A (X) =-O(X")O(X )X a(r,X,) o' (0,x,) = _ig[ﬂli x,), Br(x,)]

A () = O(x")O(x ) (z.X,)
~ + ®(—X+)®(X_),31i (X)) + ®(X+)®(_X_)ﬂzi (x,) Gauge condition

\ @ta/ XA +X A"=0

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



Pre-collision potentials

L

rl

x =0

17 (X7, x ) =0"6(x7) p(x,)

Gauge condition: A (X_ , XL) =0

N A (x,x,)=0
DF"=]" = L )
AT (X, %,) = 8(x ) A(X,)
E‘=B*=0
EL’BL~5(X_)

Poisson equation

Vi A(X,)=—-p(X,)

d’k, e*™ 1
G(x )= = =—K,(m]| X
(x.) I(zmz o= 2 <MD

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

[R regulator m= A,



Pre-collision potentials cont.

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

gauge condition light-come gauge

Ai(X_,XL)=O IBJF(X_vXL):O
B (x) =U(x>A”(x)UT(x)+éu(x)a”UT<x)

U(x‘,xl)A+(x‘,xl)UT(x‘,xL)+éU(x‘,xJ@*UT(x‘,xL) =0

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

. B(xx,)=U(x,x,)dU T (x,x,) bure gauge except x = o

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

a(r, XJ_) - Zrna(n) (XJ_)’ ai (7, XJ_) = Zr”ai(n) (XJ_)
n=0 n=0

Proper time t is treated as a small parameter 7 << Q;l

Yang-Mills equations for the expanded potentials are solved recursively

_ _

Ay =y =0 for n=135,...
Oth order - oboundary conditions
_ E[ B - |
0!(0) = ﬁl ) ﬂz Post-collision potentials are expressed
2 through pre-collision potentials

aiL(O) = /B1| +,le
2nd order ]
@y == (D" [D 14, A1)

i | zZij .z '
oty =& DV [ A

R.]J. Fries, J. I. Kapusta, and Y. Li, arXiv:nucl-th/0604054
G.Chen, R/]. Fries, J.I. Kapusta and Y. Li, Physical Review D 92, 064912 (2015) 11

D'=0'-ig(8 + )

Fully analytic approach!



Proper time expansion cont.

Chromoelectric and chromomagnetic fields

Ei:FiO, Bi:%giijKj

Oth order
E 0 = (0,0,E), B(O) =(0,0,B)

E (X,) = —ig[B; (x,), B (x,)]
(0) (XL) — _IggZIJ [:81 (XJ_) 182 (XJ_)]

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, J.I. Kapusta and Y. Li, Physical Review D 92, 064912 (2015) 12



Observables - energy-momentum tensor

T (x) = 2Tr[F* (X)F," (X) + % g F ()F, (X))

o (x) = 0" A (x) = 8" A (x) —ig[ A" (x), A" (X)]

Physical quantities

<T ” (X)> - energy density
<T ! (X)> - energy flux, Poynting vector
<T ) (X)> ’ <T " (X)> ’ <T : (X)> - pressures
(

Tij(X)> - momentum flux

<. ] > averaging over colour configuration of initial nuclei

one-point correlators
13
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Averaging over colour configuration
of initial nuclei

Observable = [38,0! (5 (x,)8'(y,)...5"(2,))

p(x,)~ p(x,)

Wick theorem

(P (x )P (yL)--- Pl (z,)) =2 TL{pl(x )Pl (y.))

Glasma graph approximation

(BEX)BY ) - Brz)) =2 T Bi(x ) B (y,)) = > TIBY(x,,y )



Basic two-point correlator
in transversaly uniform system

BYL (X, -y, ) =(A(x)BIy))=[d*x' d?y' (Pl (X )AL Y'))

color charge surface density

(PA (X )Py ) =921 o®5P (x, —y,) u=gQ?

i
A

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

r
r

r

_ m*K, (mr) g N (mrK, (mr)-1) |

4m -1
r<<m

UV regularization required

_ m*rK,(mr) g*N z(mrK, (mr)-1) ~ .
Cz(r)_gch(mrKl(mr)—l){eXp{ 47rm? } 1} r>Q

.

J. Jalilian-Marian, A. Kovner, L. D. McLerran and H. Weigert, Physical Review D 55, 5414 (1997) 5



Basic correlator of real nucleus

D System nonuniform in the transverse plane

Projected Woods-Saxon distribution

x) = e | &

Rala
In(L+e™") % 14 exp[(«/xf +27° - RA)/a}
1
REE(XL+yJ_)1 r=Xx,.-y.

B;jb (X,,¥,)= o fi (R,r) = ''gradient expansion in R”

strong dependence on r

weak dependence of R

System uniform in the transverse plane

By, (X, Y, )=3" 1V (x, —y,)=571"(r)

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




Numerical results

Pb-Pb collisions at LHC
N.=3
g=1
Q, =2GeV
m=0.2 GeV
R,=7.4fm
a=0.5fm

Ry

/R(
AV
A,

Collision geometry

RX
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Radial flow

Pb-Pb collisions at b = 6 fm

P=RT"

7 P[GeV/fm’] \1
e _ R=3fm order in t expansion
5L ' /
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 18



Radial flow cont.

Pb-Pb collisions at b = 6 fm

o~

P=RT"
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023)
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Elliptic flow
Pb-Pb collisions at b = 2 fm
T02x _Tozy
B JToe + Toy
T TeRfaT,

deR

v
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczyniski & D. Pickering, Phys. Rev. C 108, 054903 (2023) -0



Eccentricity y

Pb-Pb collisions at b = 2 fm

2 2
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 21
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Hydrodynamic-like behavior

Pb-Pb collisions

v,(7=0.06 fm) ="~

L 4

v,(r =0.06 fim)

g(r=0)

Z

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 22



Equation of universal flow

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

TOX ~__
2 OX y D,

Assumptions: q
nv o
> 0T =0
>  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(c, £, £, —) 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)
23



Mapping on hydrodynamic T+

glasma (T X ) VS. hydro (T X )
. ) U
Eigenvalue problem: gIasmaW = AW
Ideal hydrodynamics
1
_ My Vv uv
Thydro (‘9 + p)u u — pg Thﬁ;dmy =0 = P :gg
pv — oM
Thydro 1% =&l

Anisotropic hydrodynamics

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

Hv — oM % _ U
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)



glasma

anisotropic

hydro

M. Carrington, St. Mréwczynski & J.-Y. Ollitrault, Phys. Rev. C 110, 054903 (2024) 25



Angular momentum

y Au Au, Vs = 200 GeV
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F. Becattini, F.Piccini, J. Rizzo, Physical Review C 77, 024906 (2008) 26



Angular momentum cont.

. dL’
Pb-Pb collisions = =7 J d’RR*T™  Milne coordinates

dn

—1111.11..11.1..1..111b[fm]

1.0 1.5 2.0 2.5

Glasma does not rotate!

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 27



Vorticity

(F) = VxV(F) 0y (F) =V x

M. Carrington & St. Mréwczynski, arXiv:2505.07324 , Phys Rev. C in print

T(r)
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Local angular momentum

dL’ ()
dn

—r [ d?r((r! =T = (" = HT>)
AZ

0.12
0.06

-0.06
-0.12

M. Carrington & St. Mréwczynski, arXiv:2505.07324, Phys Rev. C in print
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Jet quenching in glasma

How hard probes propagate through the glasma?

near-side

dE

—— - collisional energy loss
dx

away-side A _
q - transverse momentum broadening

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

30



Fokker-Planck equation of hard probes

drift collisions

A A
( \ r \

n(t,r,p) - distribution function of hard probes V= ﬂ, Vi = 9
E, > op,
(~ i
dE Vi
—=——Y"'(V) collisional energy loss
dx Y

XT(v), YI(V) = <

) aV2 y
g= E( o' — Vv j X (v) momentum broadening

v V&

e =n~e’ o Yj(v)=¥—'x“(v)

solves FK equation
31



Origin of Fokker-Planck Equation

< Boltzmann equation >

Diffusive approximation

p — momentum of a hard probe

p >> Ap Ap - momentum transfer in a single collision
\ 4

onker-Planck equatior>

P> How to obtain a Fokker-Planck equation for glasma?

Apply the quasilinear method known in plasma physics.

32



Fokker-Planck equation
of hard probes in glasma

Ij 1 t ' J (41 !
X (v) = ZNcgdt (Rt nF/ T, r)

rr=r—vt-t) F.@tr)=g(E,(t,r)+vxB,(tr))

E',B' - chromoelectric and chromomagnetic fields

two-point correlators

St. Mrowczyniski, European Physical Journal A 54, 43 (2018) -



Momentum broadeing of hard probes

q:_
\

1 {5” ) vivij<Ap'Ap’>

At—0
Wong equations

-
dr(t)

2 dt =v({) Lorentz force
d F.tr)=9(E,({t, xB,(t,
Zit):qalza(t’r(t)) (t,r)=g(E.(t,r)+vxB,(tr))

-

t
Ap' = [dtq,F! (tr(t))
0

(Ap'Ap’) = [dt'[dt"[ Dag,q, (F! (t',r(t)) R, (t".r(t"))

_® 1 quark B iy,] -
’ {ﬁlfl gluon q :g(é‘ll —VV jx JI(V)

v V2

M. Carrington, B. Friesen & St. Mréwczynski, arXiv:2604.02050, Phys. Rev. C in print
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Hard probes in glasma - ¢

order in
T expansion
20F ¢ [GeV’/fm] 0
15 — -
N.=3 91
Qs = 2 Gev E r’/ ,_\:\\ZM 6)7
m=0.2 GeV o’
—3
v=v, =1 : 0.02 0.04 0.06 008 7 [fm]
-5 _
-10 — — 2

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, Phys. Rev. C 108, 054903 (2023) 35



Guage dependence

i 1
X’(v):ZI\I

t
jdt'(Fa‘ (t,r)F)(t, r’))> F.(t,r)=9(E,(t,r)+VvxB,(tr))
0

c

Gauge transformation (in adjoint representation)  x = (t,r)

\ F1 () = U (OF () = F (UL ()

Ul (x)U,, (x)=05"

Fai (X) Faj (x) > U ab (X) Fbi (X) ch (x)U CTa (X) = Fbi (X) Fbj (X) gauge invariant
Fa (R (y) = U, COR QR (NUL(Y) =UL (U, (Y)F (X)F (y) sauge dependent

t
X ()= [ (R DR (68 )R () gavge invariant
0

c

(t,r)
Q(t,r|t',1r')=Pexp (ig _[

(t',r")

b 0T Qi) U RNV
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Gauge independent g
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i " —-----— \
L =270 -
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M. Carrington, B. Friesen & St. Mrowczynski, arXiv:2604.02050, Phys. Rev. C in print 37



Glasma impact on jet quenching

Glasma A q(1)
6. =6 GeV2/fm -
t.. =006 fm

Equilibrium QGP

q:3T3 ‘j’o
t

T, = 450 MeV &
g, =1.4 GeV?/fm

to 1/3 A )
T:TO T pT

L =10 fm

max

S. Cao et al. [JETSCAPE], Physical Review C 104, 024905 (2021),

non-eq

Ap?

=0.93

€q

Apy

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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