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Early stages of heavy-ion collisions

How does far-from-equilibrium QCD
medium become a fluid?

Different stages of collisions:
Glasma → Kinetic theory →
Hydrodynamics
[See e.g. Berges, Heller, Mazeliauskas, Venugopalan

(2020)]

Medium can quench jets and change jet
substructure.

How important are the initial stages for
jets?

Are there some specific signatures on jets
from the initial stages? [Chun Shen, 2014]
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Jet physics in homogeneous, equilibrated medium

Transverse momentum broadening:

q̂ =
d⟨p2

⊥⟩
dt

Allows for medium-induced gluon
emission.

Wavepackets overlap for a long time
during emission.

Schematic estimate: τ ∼
√
E/q̂

Get rate Γ ∼ αsP (z)/τ ∼ αs P (z)

√
q̂√
E

This process determines whole jet
structure.
[For vacuum-like emission see e.g. Majumder (2018);

Wang, Guo (2001)]

p⊥

θ
Ea

Eb
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What changes out of equilibrium?

Before hydro q̂ is big.

Big pressure anisotropy at early times.

Expect to lead to anisotropy in
momentum broadening:

q̂z ̸= q̂y with q̂y =
d⟨p2

y⟩
dt , q̂z =

d⟨p2
z⟩

dt
[Hauksson, Jeon, Gale (2022)]

Has been seen in glasma stage and kinetic
theory stage calculations.
[See also: Ipp, Muller, Schuh (2020); Carrington,

Czajka, Mrowczynski (2022)]

p⊥

[Avramescu, Băran, Greco, Ipp, Müller, Ruggieri] [Boguslavski, Kurkela, Lappi, Lindenbauer, Peuron]
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This work

How does anisotropy in broadening affect jet evolution?

q̂z

q̂y

→

θ
E

→
Jet partons get spin polarization.

Calculate dPa→bc
dζdt

where abc ∈ {y, z}, ζ = Eb/Ea

Look at how polarization propagates in jet evolution.

How could this be measured?

EbEa
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Single gluon emission in an anisotropic medium

P

P

∆τ

Γ

Γ

E
ζE

Hard splitting sensitive to different components of P. E.g.

|Γy→z,z|2 = 4PyP y

|Γy→z,y|2 = 4PzP z/ζ
2

An anisotropic medium enhances certain polarization states.

E.g. if q̂z > q̂y, second case more likely.

dPa→bc

dζdt
∼ αs

(q̂y q̂z)
1/4

√
2E

Aa→bc(ζ, q̂z/q̂y)
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Single gluon emission in an anisotropic medium

P

P

∆τ

Γ

Γ

E
ζE

dPa→bc

dζdt
=

g2Nc

8πω2ζ(1− ζ)
Re

∫ L

0

d∆t

∫
d2P

(2π)2

∫
d2P̄

(2π)2

× Γa→bc(P , ζ) Γa→bc(P̄ , ζ) S̃(3)(∆t,P , P̄ )

[E.g. Baier, Dokshitzer, Mueller, Peigne, Schiff (1996); Zakharov (1996); Wiedemann, Gyulassy (1999);

Blaizot, Dominguez, Iancu, Mehtar-Tani (2013)]

Use polarized vacuum splitting functions: Γa→bc

S̃(3) describes the momentum broadening of three partons.

Use harmonic oscillator approximation: q̂zr
2
z + q̂yr

2
y
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Single gluon emission in an anisotropic medium

Ensemble of gluons: Probability p of polarization in beam direction.

p′ =
pPz→z + (1− p)Py→z

p (Pz→z + Pz→y) + (1− p) (Py→z + Py→y)

Daughter parton has (ζ = Eb/Ea)

p′ − 1
2
= f(ζ)

(
p− 1

2

)
+ g(ζ)G(q̂z/q̂y)

f(ζ) =
ζ2

(1− ζ)2 + ζ2 + ζ2(1− ζ)2
, g(ζ) =

(1− ζ)2

(1− ζ)2 + ζ2(1− ζ)2 + ζ2

Isotropic medium:
Polarization reduced at each splitting.

Anisotropic:
Unpolarized mother radiates polarized
daughter!

1− p′
p′

p

EbEa
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Single gluon emission in an anisotropic medium

Two intuitive limits (ζ = Eb/Ea):

ζ → 1 :
p′ − 1

2
= (p− 1

2
) + (1− ζ)2 G(q̂z/q̂y)

Hard daughter parton gets polarization of
parent parton.

ζ → 0 :
p′ − 1

2
= ζ2 (p− 1

2
) +G(q̂z/q̂y)

Soft daugther parton is always polarized.

Size of effect given by G(q̂z/q̂y).

Maximal value is around G ∼ 0.3.
Plot as a function of ∆q̂

q̂
=

q̂z−q̂y
q̂z−q̂y

.

1− p′
p′

p

EbEa
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Expected branching is democratic (ζ ∼ 1
2 ).

Not clear which wins out in the end.
Need evolution of jet as a whole

Siggi Hauksson Feb 14th 2024 9 / 15



Evolution of polarization

Einit

E = ξEinit

Consider total evolution of jet in glasma brick with constant G(q̂z/q̂y).

τ = αsNc
π

√
q̂
E
t

dDtot(ξ, τ)

dτ
=

∫ 1

ξ
dz K0(ζ)

√
ζ

ξ
Dtot

(
ξ

ζ
, τ

)
−
∫ 1

0
dζ K0(ζ)

ζ
√
ξ
Dtot(ξ, τ)

dD̃(ξ, τ)

dτ
=

∫ 1

ξ
dζ M0(ζ)

√
ζ

ξ
D̃

(
ξ

ζ
, τ

)
−
∫ 1

0
dζ K0(ζ)

ζ
√
ξ
D̃(ξ, τ)

+

∫ 1

ξ
dζ L0(ζ)

√
ζ

ξ
Dtot

(
ξ

ζ
, τ

)
.

K0(ζ) ≈
1

ζ3/2(1− ζ)3/2
, M0(ζ) ≈ ζ2K0(ζ), L0(ζ) ≈ G(q̂z/q̂y)(1− ζ)2 K0(ζ)

Dtot = ξ
d(Nz+Ny)

dξ is energy spectrum, D̃ = ξ
d(Nz−Ny)

dξ is polarization.
[Equation for Dtot: Blaizot, Iancu, Mehtar-Tani (2013); Blaizot, Mehtar-Tani (2015); Fister, Iancu

(2014); Iancu, Wu (2015); Escobedo, Iancu (2016). See also e.g. Mehtar-Tani, Schlichting (2018),

Adhya, Salgado, Spousta, Tywoniuk (2021) ]Siggi Hauksson Feb 14th 2024 10 / 15



Propagation of polarization in isotropic medium

Have solved new equation numerically (and analytically for small ξ).

In an isotropic medium, polarization eventually goes away.

Use D̃(ξ, τ = 0) = 1: get D̃(ξ, τ) ∼ ξ3/2 for small ξ.
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Since M0(ζ) = ζ2K0(ζ) get D̃ = ξ2Dtot ∼ ξ3/2
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Propagation of polarization in anisotropic medium

Anisotropic medium: Use Dtot(ξ, τ = 0) = δ(1− ξ) D̃(ξ, τ = 0) = 0.
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Get that D̃ ∼ 1/
√
ξ and thus D̃/Dtot is constant at small ξ.

Confirm by analytical solution at ξ ≪ τ :

Get

D̃(ξ, τ) ≈ G(q̂z/q̂y)

3

τe−πτ2

√
ξ

Nearly constant fraction of jet partons is polarized across different energies.
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How could this be measured?

Need to measure spin of Λ baryons in jet!

Measurements have been done at lower
pT . See e.g. [STAR, Nature 548, 62 (2017)]

Motivation to study vorticy of QGP.

Weak decay Λ → p+ π and measure
angle of p.

Has been measured at tenth of percent.

Need to connect our theoretical
calculation to polarization of Λ.

Evolution of medium.
Fragmentation.
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FIG. 4. Global polarization of Λ and Λ̄ as a function of
the collision energy

√
sNN for 20-50% centrality Au+Au col-

lisions. Thin lines show calculations from a 3+1D cascade
+ viscous hydrodynamic model (UrQMD+vHLLE) [15] and
bold lines show the AMPT model calculations [16]. In the case
of each model, primary Λ with and without the feed-down
effect are indicated by dashed and solid lines, respectively.
Open boxes and vertical lines show systematic and statistical
uncertainties, respectively. Note that the data points at 200
GeV and for Λ̄ are slightly horizontally shifted for visibility.

most of the models calculate the spin polarization from
the local vorticity at the freeze-out hypersurface. How-
ever it is not clear when and how the vorticity and polar-
ization are coupled during the system evolution and how
much the hadronic rescattering at the later stage affects
the spin polarization.

We also performed differential measurements of the po-
larization, versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapid-
ity. The vorticity of the system is expected to be smaller
in more central collisions because of smaller initial source
tilt [8, 33], and/or because the number of spectator nucle-
ons becomes smaller. Therefore, the initial longitudinal
flow velocity, which would be a source of the initial an-
gular momentum of the system, becomes less dependent
on the transverse direction [12]. Figure 5 presents the
centrality dependence of the polarization. The polariza-
tion of Λ and Λ̄ is found to be larger in more peripheral
collisions, as expected from an increase in the thermal
vorticity [43]. With the given large uncertainties, it is
not clear if the polarization saturates or even starts to

drop off in the most peripheral collisions.
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FIG. 5. Λ (Λ̄) polarization as a function of the collision cen-
trality in Au+Au collisions at

√
sNN = 200 GeV. Open boxes

and vertical lines show systematic and statistical uncertain-
ties. The data points for Λ̄ are slightly shifted for visibility.

Figure 6 shows the polarization as a function of pT

for the 20%–60% centrality bin. The polarization de-
pendence on pT is weak or absent, considering the large
uncertainties, which is consistent with the expectation
that the polarization is generated by a rotation of the
system and therefore does not have a strong pT depen-
dence. One might expect a decrease of the polarization at
lower pT due to the smearing effect caused by scattering
at the later stage of the collisions, and/or a decrease of
polarization at higher pT because of a larger contribution
from jet fragmentation, but it is difficult to discuss such
effects given the current experimental uncertainties. Cal-
culations for primary Λ from a hydrodynamic model with
two different initial conditions (ICs) [44] are compared to
the data. The pT dependence of the polarization slightly
depends on the initial conditions, i.e. Glauber IC with
the initial tilt of the source [8, 9] and the initial state
from the UrQMD model [45]. The UrQMD IC includes a
pre-equilibrium phase which leads to the initial flow, but
the Glauber IC does not include it, and the initial energy
density profile is different between the two ICs, both of
which would affect the initial angular momentum. The
data are closer to the UrQMD IC, but on average are
slightly higher than the calculations.

Figure 7 presents the pseudorapidity dependence of the
polarization for Λ and Λ̄. It is consistent with being con-
stant within uncertainties. The vorticity is expected to
decrease at large rapidities, but might also have a lo-
cal minimum at η = 0 due to complex shear flow struc-
ture [15, 43, 46]. Due to baryon transparency at higher
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ABSTRACT

Recent relativistic heavy-ion collision experiments have 
found evidences for the generation of strong magnetic 
field and global angular momentum. This brief article 
aims to highlight the physics aspects of these observa-
tions.

INTRODUCTION

It is now well established that quantum chromodynamics 
(QCD) is the theory of strong interactions. Heavy-ion col-
lisions at relativistic energies create strongly interacting 
QCD matter at extreme conditions which provides the 

opportunity to study the thermodynamic and transport 
properties of various exotic phases of QCD. It was pre-
dicted that non-central collisions produce an extremely 
strong magnetic field (~1018 – 1019 Gauss) [1] and large 
global angular momenta (~104 – 105 ℏ) [2]. In this arti-
cle, various theoretical aspects of these features and their 
observable consequences will be outlined.

MAGNETIC FIELD AND ANGULAR MOMENTUM

In Fig. 1, the mechanism due to which magnetic field is 
produced in non-central relativistic heavy-ion collisions 

Angular Momentum and Magnetic Field in 
Relativistic Heavy-ion Collisions

Amaresh Jaiswal

School of Physical Sciences, National Institute of Science Education and Research Bhubaneswar,  
HBNI, Jatni 752050, Odisha, India

Fig.1: Generation of magnetic field in non-central relativistic heavy ion 
collisions [3].

Fig. 2: Global angular momentum generation in non-central relativistic heavy 
ion collisions [4].

DOI: 10.22661/AAPPSBL.2020.30.5.19

[Mohanty, 2020]
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How could this be measured?

Need spin-dependent fragmentation
function for Λ.

Has been constrained by LEP data in
unpolarized e+e−.
[de Florian, Stratmann, Vogelsang (1997)]

Recently used for correlation of spin of
two Λs in heavy-ion collisions.
[Li, Chen, Cao, Wei (2023)]

Need to fold our calculation with
evolution of medium.

Evolution of ∆q̂ particularly important.

How well does spin survive hydro stage?

Theoretical calculation has to include
quarks.

scenario 1
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scenario 3
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Fig. 4

[Boguslavski, Kurkela, Lappi,

Lindenbauer, Peuron]
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Conclusions

Early stages have anisotropic momentum
broadening, q̂y ̸= q̂z.

Leads to polarization of partons in jet.

Have evaluated for gluons in BDMPS-Z
framework.

Competing effect: Abundant sourcing of
polarization vs. washing out.

Derived and solved evolution equations
for jets.

Can potentially measure through
polarization of Λ in jet.
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Jet broadening in glasma

Jet partons traverse heavily occupied gluon fields.
[Ipp, Muller, Schuh (2020); Carrington, Czajka, Mrowczynski (2022); Avramescu, Băran,

Greco, Ipp, Müller, Ruggieri (2023)]

Deflected by chromomagnetic and chromoelectric forces.

Claim that as much broadening as during hydro stage.
∆p2⊥

∣∣
glasma

/∆p2⊥
∣∣
hydro

≈ 0.9
[Carrington, Czajka, Mrowczynski (2022)]

Heavily anisotropic broadening, q̂z ≈ 2q̂y

[Carrington, Czajka,

Mrowczynski (2022)]

[Ipp, Muller, Schuh (2020)]
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Jet broadening in kinetic theory

Anisotropic broadening recently evaluated
in kinetic theory.
Boguslavski, Kurkela, Lappi, Lindenbauer, Peuron

(2023)

Longitudinal expansion squeezes
momentum distribution.

Get q̂z > q̂y

Calculation uncertainties: Cutoff
dependence, matching with hydro q̂,
strength of coupling.
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Single gluon emission in an ansiotropic medium

S̃(3) describes the momentum broadening of the three partons during
emission.

S̃(3) ∼ ⟨GGG⟩ with propagator

G ∼
∫

Dr ei
E
2

∫
dtṙ2Peig

∫
dt A−

Medium average gives

⟨A−(x+,x)A−(y+,y)⟩ ∼ δ(x+ − y+)γ(x− y)

Use harmonic oscillator approximation but in anisotropic medium

γ(0)− γ(r) ∼ q̂zr
2
z + q̂yr

2
y

Get that

S(3)(∆t,u,v) =

∫ r(t=∆t)=v

r(t=0)=u
Dr exp

{
iM

∫ ∆t

0
dt

[
ṙ2

2
+

Ω2
zr

2
z +Ω2

yr
2
y

2

]}
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Single gluon emission in an anisotropic medium

Get e.g. for dPz→z

dζdt =
∑

c
dPz→zc

dζdt

dPz→z

dζdt = αs
(q̂y q̂z)

1/4

√
2ω

A(q̂z/q̂y) γ(ζ)
[
F0

z→z(ζ) +G(q̂z/q̂y)F1
z→z(ζ)

]
.

where

A(q̂z/q̂y) ≡
1

2
[f(a) + f(1/a)] , G(q̂z/q̂y) ≡

f(1/a)− f(a)

f(a) + f(1/a)

f(a) ≡
∫ ∞

0
dx

[
1

a1/2x2
−

1

sinh1/2 ax sinh3/2 x

]
.

and

γ(ζ) =
[1− ζ(1− ζ)]1/2

ζ1/2(1− ζ)1/2
,

F0
z→z(ζ) =

1

2

(
1− ζ

ζ
+

2ζ

1− ζ
+ ζ(1− ζ),

)
, F1

z→z(ζ) =
1

2

(
1− ζ

ζ
+ ζ(1− ζ)

)
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Single gluon emission in an anisotropic medium

Total unpolarized rate is
dP
dζdt =

1
2

∑
a,b,c

dPa→bc

dζdt

It is nearly unaffected by anisotropy
(ζ = Eb/Ea; q̂ = q̂z + q̂y)

dP
dζdt

=
αs

2π
Pg→g(ζ)

√
1− ζ(1− ζ)√
ζ(1− ζ)Ea

(4q̂z q̂y)
1/4

×
1

2

[
f

(√
q̂z

q̂y

)
+ f

(√
q̂y

q̂z

)]

Plot (dP)aniso/(dP)iso at fixed q̂ with
q̂z−q̂y
q̂z+q̂y

varying.
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Interpretation

Green’s function is

G(ξ, ξ1, τ) =
1

ξ1
D̃0

(
ξ

ξ1
,
∆τ√
ξ1

)
≈

(
ξ

ξ1(ξ1 − ξ)

)3/2

∆τ e−π∆τ2/(ξ1−ξ)

Get ξ1 − ξ ∼ ∆τ2

In general also have ∆τ ∼ √
ξ

Thus

Democratic branching ξ1 ∼ 2ξ, quasilocal in energy.
Also quasilocal in time ∆τ ∼ √

ξ ≪ 1.

Polarization is produced abundantly.

Quickly goes away after a few branchings.

Thus a good approximation is

D̃(ξ, τ) ∝ G(q̂z/q̂y)Dtot(ξ, τ)
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Propagation of polarization in isotropic medium

Have solved new equation numerically (and analytically for small ξ).

In an isotropic medium, polarization quickly goes away.

Use D̃(ξ, τ = 0) = 1: get D̃(ξ, τ) ∼ ξ3/2 for small ξ after time τ ∼ √
ξ.
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Well known that for Dtot(ξ, τ = 0) = δ(1− ξ)

Dtot(ξ, τ) =
τ

√
ξ(1− ξ)3/2

e−πτ2/(1−ξ) ∼
τe−πτ2

√
ξ

Physics of democratic branching and turbulence.

Since M0(ζ) = ζ2K0(ζ) get D̃ = ξ2Dtot
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Propagation of polarization in anisotropic medium

Anisotropic medium: Use Dtot(ξ, τ = 0) = δ(1− ξ) D̃(ξ, τ = 0) = 0.
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Get that D̃ ∼ 1/
√
ξ and thus D̃/Dtot is constant at small ξ.

Confirm by analytical solution at ξ ≪ τ :
Use method of Green’s functions:

D̃(ξ, τ) =

∫ 1

ξ

dξ1

∫ τ

0

dτ1 G(ξ, ξ1, τ − τ1)I(ξ1, τ1),

Get

D̃(ξ, τ) ≈ G(q̂z/q̂y)

3

τe−πτ2

√
ξ
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	Appendix

