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@ In this talk | will discuss our recent understanding on two topics related to
the early stages of a heavy-ion collision event.
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@ In this talk | will discuss our recent understanding on two topics related to
the early stages of a heavy-ion collision event.

e What is meant by thermalization of the closed system of overoccupied
gluons?

e What is the typical thermalization time?

e What happens to the non-equilibrium plasma of overoccupied gluons
when net chirality of quarks are produced.

@ Thermalization time decides how much time a hard probe spends in a
non-equilibrium medium vs QGP.
See talks by L. Apolinario, X. Lépez, D. Avramescu, S. Mrowczynsk, A. Ipp, F. Lindenbauer, A. Kurkela.
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@ In this talk | will discuss our recent understanding on two topics related to
the early stages of a heavy-ion collision event.

e What is meant by thermalization of the closed system of overoccupied
gluons?

e What is the typical thermalization time?

e What happens to the non-equilibrium plasma of overoccupied gluons
when net chirality of quarks are produced.

@ Thermalization time decides how much time a hard probe spends in a
non-equilibrium medium vs QGP.

See talks by L. Apolinario, X. Lépez, D. Avramescu, S. Mrowczynsk, A. Ipp, F. Lindenbauer, A. Kurkela.

@ We use lattice field theory techniques to address these issues.
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Understanding the approach to thermalization in

non-Abelian gauge theories

@ Classical non-Abelian gauge theories are inherently chaotic systems.
[B. Miiller & Trayanov, 92, G. K. Savvidy, 82]
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Understanding the approach to thermalization in

non-Abelian gauge theories

Classical non-Abelian gauge theories are inherently chaotic systems.
[B. Miiller & Trayanov, 92, G. K. Savvidy, 82]

@ Its quantum version can be studied by introducing a massless quark inside it
and study the eigenspectrum of the Dirac operator.

Large eigenvalues \ > gT of the QCD Dirac operator has a density oc \* as
expected from weak-coupling calculations.

Small eigenvalues A\ < g?T /7 has level spacing distribution similar to a
RMT of Gaussian Unitary ensemblejsce review by T Kovacs & M. Giordano]. New
incriminating observables which are free from finite volume and other
systematic effects have been studied in our work

[H. Pandey, R. Shanker, SS, 2407.09253].
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Chaotic properties from the eigenvalue spectrum:

level-spacing distributions

[Fig from Harshit Pandey, Ravi Shanker, S. S., 2407.09253 ]
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Fy = min (rn, 71,,) and the quantity r, = 5”5—:1 represents the ratio of

spacings between two consecutive eigenvalues s, = A\,11 — A, .
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Step 0: A rough estimate of thermalization time

@ A specific Random Matrix theory that can describe the spectrum of
non-Abelian gauge theories depends on the color group structure, here,
SU(3).
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non-Abelian gauge theories depends on the color group structure, here,
SU(3).

@ This is irrespective of the number of dynamical quark flavors present in the
system.

@ Even the classical overoccupied state of SU(3) at the self-similar scaling
regime [ Berges, Boguslavski, Schlichting and Venugopalan, 13] is Chaotic Wlth the |arge5t
Lyapunov exponent is v/ @ = 0.04 x (£/Q%)%24.
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gh estimate of thermalization time

@ A specific Random Matrix theory that can describe the spectrum of

non-Abelian gauge theories depends on the color group structure, here,
SU(3).

@ This is irrespective of the number of dynamical quark flavors present in the
system.

@ Even the classical overoccupied state of SU(3) at the self-similar scaling

regime [ Berges, Boguslavski, Schlichting and Venugopalan, 13] is Chaotic Wlth the |argest
Lyapunov exponent is v/ @ = 0.04 x (£/Q%)%24.

@ Magnetic modes of the gauge fields are always chaotic in nature.

@ By matching the magnetic scales in a non-thermal with a thermal plasma
i.e. g?T /7 where g is the running coupling with Ny = 3 at T ~ 600 MeV
one obtains a time required for these soft modes to thermalize ~ 1.4 fm/c.
[ Harshit Pandey, Ravi Shanker, SS, 2407.09253 ]
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Step 1: Refining our estimate

@ The Lyapunov exponents calculated in a high temperature non-Abelian
plasma is similar in magnitude to that in the self-similar regime at similar
energy densities. [ Fig. from Sayak Guin, Harshit Pandey, SS, 2501.04397 |
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Step 1: Refining our estimate

@ One can estimate the Kolmogorov-Sinai entropy density rate
S= % Z;’Yi

in terms of the spectrum of positive Lyapunov exponents.
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Step 1: Refining our estimate

@ One can estimate the Kolmogorov-Sinai entropy density rate

SZ%Z;’W

in terms of the spectrum of positive Lyapunov exponents.
@ denotes the rate of entropy flow from a non-thermal to a thermal state.

@ Assuming non-expanding geometries, and solving this rate of entropy flow
from the attractor state to a thermal state at T ~ 600 MeV one obtains a
time-scale ~ 0.5 fm for SU(2) gauge group.

[ S. Guin, H. Pandey, SS, 2501.04397 ]
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What do we mean by thermalization of gauge theories

@ We define thermalization time in terms of how fast the soft modes acquire a
thermal spectrum starting from a overoccupied scaling regime.
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What do we mean by thermalization of gauge theories

@ We define thermalization time in terms of how fast the soft modes acquire a
thermal spectrum starting from a overoccupied scaling regime.

@ These soft magnetic modes (|p| < g2 T /) are chaotic and interacts
non-perturbatively. Same is true in a plasma of overoccupied soft gluons
— ideal conditions believed to aid thermalization.

@ Quarks are produced at the hard scale, and should not influence the
non-perturbative dynamics of these soft modes at high temperatures.

@ The quarks affect the running of coupling and thus the magnetic scale in a
thermal plasma. Will further quicken the process of thermalization.
[H. Pandey, R. Shanker, SS, 2407.09253]
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Comparing with what we know till now

@ Our estimates are consistent with the early swtich-on time of hydrodynamics
i.e. local thermal equilibration, typically taken to be 0.5-1 fm/c, which can
explain the flow data in HICs quite well.

[See reviews by U. Heinz, E. Shuryak & D. Teaney, B. Schenke]
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@ Also consistent with estimates for strongly coupled holographic plasmas
[ P. Chesler & L. Yaffe, 08 ].

@ Non-Abelian plasmas with perturbative interactions realized within a kinetic

theory will take a longer time ~ 2.5-3 fm/c to thermalize.
[R. Baier, A. H. Mueller, D. Schiff, D. T. Son, 2002]

Sayantan Sharma High energy probes of the initial stages, Theory Institute, CERN



Comparing with what we know till now

@ Our estimates are consistent with the early swtich-on time of hydrodynamics
i.e. local thermal equilibration, typically taken to be 0.5-1 fm/c, which can
explain the flow data in HICs quite well.

[See reviews by U. Heinz, E. Shuryak & D. Teaney, B. Schenke]

@ Also consistent with estimates for strongly coupled holographic plasmas
[ P. Chesler & L. Yaffe, 08 ].

@ Non-Abelian plasmas with perturbative interactions realized within a kinetic
theory will take a longer time ~ 2.5-3 fm/c to thermalize.
[R. Baier, A. H. Mueller, D. Schiff, D. T. Son, 2002]

@ Onset of plasma instabilities can be one of the routes to achieve early
iSOtrOpiZatiOn. [S. Mrowczynski 93, R. Baier, et. al., 01, P. Arnold, J. Lenaghan,

G. D. Moore, 03, Rebhan & Romatschke, 04, A. Kurkela & G. Moore, 12. ]
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Comparing with what we know till now

@ Our estimates are consistent with the early swtich-on time of hydrodynamics
i.e. local thermal equilibration, typically taken to be 0.5-1 fm/c, which can
explain the flow data in HICs quite well.

[See reviews by U. Heinz, E. Shuryak & D. Teaney, B. Schenke]

@ Also consistent with estimates for strongly coupled holographic plasmas
[ P. Chesler & L. Yaffe, 08 ].

@ Non-Abelian plasmas with perturbative interactions realized within a kinetic
theory will take a longer time ~ 2.5-3 fm/c to thermalize.
[R. Baier, A. H. Mueller, D. Schiff, D. T. Son, 2002]

@ Onset of plasma instabilities can be one of the routes to achieve early
iSOtrOpiZatiOn. [S. Mrowczynski 93, R. Baier, et. al., 01, P. Arnold, J. Lenaghan,
G. D. Moore, 03, Rebhan & Romatschke, 04, A. Kurkela & G. Moore, 12. ]

@ Typically onset of instabilities is favored in a chaotic system.
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Studying a different kind of instabilities

@ How does net chirality (helicity) gets transferred from a fermionic sector to
the gauge sector in non-Abelian gauge theories?
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@ How does net chirality (helicity) gets transferred from a fermionic sector to
the gauge sector in non-Abelian gauge theories?

@ Crucial for understanding topological properties of non-Abelian gauge

theories like QCD far away from equilibrium.
[Y. Akamatsu & N. Yamamoto 13, Y. Hirono, D. Kharzeev, Y. Yin 15, K. Tuchin 17]
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QCD — leads to a net axial charge j§.
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ying a different kind of instabilities

@ How does net chirality (helicity) gets transferred from a fermionic sector to
the gauge sector in non-Abelian gauge theories?

@ Crucial for understanding topological properties of non-Abelian gauge
theories like QCD far away from equilibrium.

[Y. Akamatsu & N. Yamamoto 13, Y. Hirono, D. Kharzeev, Y. Yin 15, K. Tuchin 17]

@ Local regions of CP odd domains created due to sphaleron transitions in
QCD — leads to a net axial charge j§.

@ In presence of an external U(1) magnetic field B, a vector current generated

[ Kharzeev, McLerran, Warringa 07, Kharzeev, Fukushima, Warringa, 08]

JV s B Chiral Magnetic effect
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Chiral Magnetic effect and the role of instabilities

@ Crucial ingredients for understanding anomalous transport —
Spha|er0n rates out Of equ”ibrium [Mace, Schlichting, Venugopalan, 16]
+ anomalous charge production in the strong fields.
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@ Since axial charge is not conserved, just the knowledge of initial conditions
are not sufficient to describe its subsequent evolution.
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Chiral Magnetic effect and the role of instabilities

@ Crucial ingredients for understanding anomalous transport —
Spha|er0n rates out Of equ”ibrium [Mace, Schlichting, Venugopalan, 16]
+ anomalous charge production in the strong fields.

@ Since axial charge is not conserved, just the knowledge of initial conditions
are not sufficient to describe its subsequent evolution.

@ It is important to accurately account for chiral charge some of which may
get absorbed in the gauge fields.

@ A strong back-coupling between fermion and gauge fields improves the
efficiency of helicity transfer, within the chiral kinetic theory onset of

instabilities takes a long time ~ al
Hs
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The physical process

@ We start with non-interacting almost massless fermions with a large chiral

. _ 1 _
imbalance n, , = FE T ,Bun =28
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The physical process

@ We start with non-interacting almost massless fermions with a large chiral
. _ 1 _
imbalance Nyyv = m ,Buh =8.

@ At t = 0 the electric field and links are a random superposition of plane
waves to describe their initial vacuum fluctuations which are sampled from a
mom-distribution function which represents an overoccupied state.
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The physical process

@ We start with non-interacting almost massless fermions with a large chiral
. _ 1 _
imbalance Nyyv = m ,ﬁ‘uh =8.

@ At t = 0 the electric field and links are a random superposition of plane
waves to describe their initial vacuum fluctuations which are sampled from a
mom-distribution function which represents an overoccupied state.

@ The helicity transferred from the fermion to gauge sector during the
evolution of electric and fermion fields

: a3\ oH :
@ﬁb<i_>Ma+¥M4
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The physical process

@ We start with non-interacting almost massless fermions with a large chiral
. _ 1 _
imbalance Nyyv = m ,ﬁ‘uh =8.

@ At t = 0 the electric field and links are a random superposition of plane
waves to describe their initial vacuum fluctuations which are sampled from a
mom-distribution function which represents an overoccupied state.

@ The helicity transferred from the fermion to gauge sector during the
evolution of electric and fermion fields

: a3\ oH -
OwEl = — <g; ) S TEN

@ The effective coupling e>Nf = 64 mimics the strong back-reaction.
[Schlichting, SS, 19]
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What happens in a non-Abelian SU(2) plasma?
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(2) vs U(1) plasma
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(2) vs U(1) plasma
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Self-similar cascade at late times for the Abelian fields

Scaling exponents a = 1.1(5), = 0.4(1) , 7 = pp.t — 375, Helicity consv.
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Formation of large-scale magnetic fields

—1 —1
Inverse cascade from / = i, * to larger scales | = 79y, 1.

BL(t) / (B2(0)va
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Consequences for CME?

@ In the regime 1, < T relevant for HICs, frequent topology changes occur
due to sphaleron transitions.
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Consequences for CME?

@ In the regime 1, < T relevant for HICs, frequent topology changes occur
due to sphaleron transitions.

@ The initial chirality washout due to thermal sphaleron transitions occurs at a

time—scale T = ﬂ L. D. McLerran, E. Mottola, and M. E. Shaposhnikov, 91].
sph = 21,
sp
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Consequences for CME?

@ In the regime 1, < T relevant for HICs, frequent topology changes occur
due to sphaleron transitions.

@ The initial chirality washout due to thermal sphaleron transitions occurs at a

time—scale T = ﬂ L. D. McLerran, E. Mottola, and M. E. Shaposhnikov, 91].
sph = 21,
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@ Typically ya ~ T2 and I'.,,, ~ 0.1 T*.
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@ In the regime 1, < T relevant for HICs, frequent topology changes occur
due to sphaleron transitions.

@ The initial chirality washout due to thermal sphaleron transitions occurs at a

time—scale T = ﬂ L. D. McLerran, E. Mottola, and M. E. Shaposhnikov, 91].
sph = 2r |
sp

@ Typically ya ~ T2 and I'.,,, ~ 0.1 T*.

@ Hence the chirality washout is expected to be on timescales 7., ~ 5/ T
which is not larger than the lifetime of the fireball.
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Consequences for CME?

@ In the regime 1, < T relevant for HICs, frequent topology changes occur
due to sphaleron transitions.

@ The initial chirality washout due to thermal sphaleron transitions occurs at a

time—scale T = ﬂ L. D. McLerran, E. Mottola, and M. E. Shaposhnikov, 91].
sph = 2r |
sp

@ Typically ya ~ T2 and I'.,,, ~ 0.1 T*.

@ Hence the chirality washout is expected to be on timescales 7., ~ 5/ T
which is not larger than the lifetime of the fireball.

@ Erasure of the initial pockets of chirality imbalance will be compensated by
creation of tiny regions of net-chirality studied to thermal sphaleron
transitions.
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@ Using Lattice techniques we can observed that the non-perturbative soft
modes of a non-Abelian gauge theory will equilibrate in a time scale of ~ 0.5
fm/c in a typical thermal state at T ~ 600 MeV.
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@ Using Lattice techniques we can observed that the non-perturbative soft
modes of a non-Abelian gauge theory will equilibrate in a time scale of ~ 0.5
fm/c in a typical thermal state at T ~ 600 MeV.

@ Quarks are produced at the hard scale, do not affect the thermalization of
the soft gauge modes however important to decide the thermalization time.
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@ Using Lattice techniques we can observed that the non-perturbative soft
modes of a non-Abelian gauge theory will equilibrate in a time scale of ~ 0.5
fm/c in a typical thermal state at T ~ 600 MeV.
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@ Using Lattice techniques we can observed that the non-perturbative soft
modes of a non-Abelian gauge theory will equilibrate in a time scale of ~ 0.5
fm/c in a typical thermal state at T ~ 600 MeV.

@ Quarks are produced at the hard scale, do not affect the thermalization of
the soft gauge modes however important to decide the thermalization time.

@ In understanding thermalization it is important to separately study the
dynamics of hard and the soft modes.

@ As soon as quark production starts a highly occupied Abelian plasma
coupled to fermions with net initial chiral imbalance is unstable and has a
rich dynamics. Our study suggests that under strong back-coupling the
onset of instabilities is quicker.
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