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Chiral plasma instabilities

How does net chirality (helicity) gets transferred from a fermionic sector to
the gauge sector in gauge theories with massless (massive) fermions?

Has implications ranging from nano to the cosmological scales.
[A. Vilenkin, 80, Y. Akamatsu & N. Yamamoto 13, D. Kharzeev 14, E. Gorbar, I. Shovkovy et. al. 16 ]

May be an important link for understanding the origin of strong helical
magnetic fields in early universe.
[Tashiro, Vachaspati & Vilenkin 12, A. Boyarsky, O. Ruchayskiy, M. Shaposhnikov, 12]

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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Plasma instabilities & Thermalization

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]

However onset of hydrodynamics is typically taken to be < 0.5 fm/c which
can explain the flow data in HICs quite well.
[See reviews by U. Heinz, E. Shuryak & D. Teaney, B. Schenke]

Presence of plasma instabilities provide one of the routes to achieve early
isotropization and atleast a local thermal equilibrium condition.
[R. Baier, et. al., 01, . B. Arnold, J. Lenaghan, G. D. Moore, 03, Rebhan & Romatschke, 04. ]

Onset of instabilities is favored in a chaotic plasma → Abelian gauge
theories are inherently chaotic systems. [See talk by Sayak Guin on the role
of chaos in the thermalization in non-Abelian gauge theories.]

Essentially the chaotic properties are inherent in the magnetic modes of the
gauge theories (|p| < g2T/π). [See talk by Ravi Shanker on the chaotic
properties inherent in the eigenvalue spectrum of non-Abelian gauge
theories.]
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Chiral Magnetic effect and the role of instabilities

Early stages of heavy-ion collisions provides a unique laboratory to study
topological properties of QCD.
Local regions of CP odd domains created due to sphaleron transitions in
QCD → leads to a net axial charge ja0 .

In presence of an external U(1) magnetic field B⃗, a vector current generated
[ Kharzeev, McLerran, Warringa 07, Kharzeev, Fukushima, Warringa, 08]

j⃗v ∝ ja0 B⃗ Chiral Magnetic effect
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Chiral Magnetic effect and the role of instabilities

Early stages of heavy-ion collisions provides a unique laboratory to study
topological properties of QCD.

Strong SU(3) color fields at early times lead to enhancement of
sphaleron rates in pre-equilibrium stages. [Mace, Schlichting and Venugopalan, 16].
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Chiral Magnetic effect and the role of instabilities

Crucial ingredients for understanding anomalous transport →
sphaleron rates out of equilibrium [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.
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The outline of this talk

We want to study how a over-occupied Abelian as well as a
non-Abelian plasma with an initial net chiral imbalance evolves as a
function of time in 3 + 1 D.

Initial gauge field occupation numbers large → amenable to classical
statistical lattice gauge theory techniques.

Specifically study the effects of strong back-coupling between fermion
and gauge fields on the efficiency of helicity transfer.

We also want to study the entire time evolution of this process which
is not possible using kinetic theory.
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CLT for gauge theories on the lattice

Gauge theories are Constrained systems.
The Hamiltonian in A0 = 0 gauge is defined as

HYM =
∑
x,i

a2
i

g2
c a

3

E i
a,xE

i
a,x

2
+
∑
x,i,j

a3

g2
c a

2
i a

2
j

ReTr
[
1 − U□

ij (x)
]
,

Evolution eq. for links and electric field variables are then derived from the
lattice Hamiltonian yielding the following set of update rules

∂x0Ui,x = −i
a2
i

a3 E i
a,xt

a Ui,x

∂x0E i
a,x = staples +

〈
ĵ ia,x

〉
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Introducing fermions on the lattice

The fermions are essentially quantum due to Pauli-Dirac statistics.

To describe fermion production need to solve Hamilton’s equation,

i∂tψ̂ = γ0(−iDW +m)ψ̂

Fermion operator ψ̂ written in terms of mode-functions [Aarts, Smit, 97, 98]

ψ̂x(t) =
1√
V

∑
λ

(
b̂λ(0)ϕuλ(t, x) + d̂†

λ(0)ϕ
v
λ(t, x)

)
,

On a N3 lattice → 4NcN
3 modes, prohibitively expensive on realistic

volumes. In small volumes lattice cut-off effects are more severe!
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Implementation

We start with non-interacting almost massless fermions with a large chiral
imbalance nu,v = 1

eβ(Ep±µh)+1
, βµh = 8 .

At t = 0 the electric field and links are a random superposition of plane
waves to describe their initial vacuum fluctuations.

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

∂x0E i
a,x = −

(
gca

3

ai

)
δH

δAa
i,x

+ e2Nf J
i
a.

We choose e2Nf = 64 to mimic the strong interactions.
[Mace, Mueller, Schlichting, SS, 19]
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Chiral plasma instabilities in Abelian gauge theories
[Mace, Mueller, Schlichting, SS, PRL 124, 191604 (2020)]

Strong chirality transfer but not much energy lost in the process!
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Chiral plasma instabilities in Abelian gauge theories
[Mace, Mueller, Schlichting, SS, PRL 124, 191604 (2020)]

Linear growth of R-H modes starts immediately!

nB(p) =
B(p)2

|p|
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Chiral plasma instabilities in Abelian gauge theories
[Mace, Mueller, Schlichting, SS, PRL 124, 191604 (2020)]
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Intermediate R-H modes grows at the fastest rate!
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Chiral plasma instabilities in Abelian gauge theories
[Mace, Mueller, Schlichting, SS, PRL 124, 191604 (2020)]
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Fermions heated up significantly during growth of secondary instabilities.
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Self-similar cascade at late times
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e2∆nB(t, p) = ταfs(τ
β|p|)

Scaling exponents α = 1.1(5), β = 0.4(1) , τ = µh.t − 375 , Helicity consv.
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Formation of large-scale magnetic fields

Inverse cascade from l = µ−1
h to larger scales l = τβµ−1

h .
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Our results in the context of recent studies

Within chiral kinetic theory the growth of unstable modes 0 ≤ k ≤ αµ5/π
are characterized by the exponent
γ = 4αµ5

π2m2
D
k2(1 − πk

αµ5
) [Y. Akamatsu & N. Yamamoto 13].

In weak-coupling and µ5 ≫ T , the time scale for the onset of instabilities
∼ γ−1 = 1/(αµ5) can be quite long. Not easy to follow up late-time
behaviour.

Our study suggests that under strong back-coupling the onset of instabilities
and turbulence is quicker.

An earlier study observed that backreaction of fermions on the
electromagnetic field prevents the system from acquiring chirality
imbalance[P. V. Buividovich & M. V. Ulybyshev 16] → we observe an efficient transfer
of chirality. This may be due to better control over chiral properties of
fermions on a finite lattice.
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Our results in the context of recent studies

For finite mass, time scale for chirality flipping may exceed the one needed
to create helical magnetic fields. Cannot sustain the imbalance without an
energy source, for example, via a turbulent mechanism
[D. B. Kaplan, S. Reddy & S. Sen, 17].

Our study shows this could be a possibility but we need to perform runs with
heavier quark mass.

For Abelian plasma, collisions of fermions do not affect the instability when
µ5 ≫ T .

In non-Abelian plasma the time scale of the onset of instabilities is expected
to be comparatively faster [Y. Akamatsu & N. Yamamoto 13] → Need to perform a
similar long-time evolution of chirally imbalance non-Abelian plasma with
strong back-coupling.
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What happens in a non-Abelian SU(2) plasma?
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Chirality transfer happens more efficiently

Most chirality feeds to topology

[Schlichting, SS, Phy. Rev. Lett. 131 (2023), 102303]
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SU(2) vs U(1) plasma
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Initial gauge field spectra are similar

[Schlichting, SS, Phy. Rev. Lett. 131 (2023), 102303]
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SU(2) vs U(1) plasma
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Abelian → grows in the infrared

Infrared spectra saturates O(1)

[Schlichting, SS, arxiv:2211.11365]
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Consequences for CME?

In the opposite regime µh ≪ 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
τsph = χAT

2Γsph
[ L. D. McLerran, E. Mottola, and M. E. Shaposhnikov, 91].

Typically χA ∼ T 2 and Γsph ∼ 0.1 T 4.

Hence the chirality washout is expected to be on timescales
τsph ∼ 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 due to thermal
sphaleron transitions → could be done if one can cleanly disentagle
the modes |p⃗| ∼ g2T from the modes at scale ∼ T [D. Bodeker, 98].
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Summary

A highly occupied Abelian/ SU(2) plasma coupled to fermions with
net initial chiral imbalance is unstable and has a rich dynamics.

Including back-coupling of (fermion) matter fields even to highly
occupied (classical) gauge fields is non-trivial.

With strong back-coupling early onset of exponential growth of helical
B-modes of a particular type in an Abelian plasma which eventually
ends up in a turbulent cascade.

Unlike the Abelian case, the non-Abelian modes do not show an
infrared enhancement. Most of the initial chirality absorbed by the
topology of the gauge fields.

Including all orders quantum fluctuations in gauge sector is extremely
challenging!
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Backup slide: Anomaly balance in real-time

Non-trivial check: how well is the anomaly relation satisfied on a finite
lattice

∂µj
µ
a (x) = 2mηa(x)− 2

g2

16π2 trFµν F̃
µν [W (x)] → J0

a (t) = −2∆NCS(t)
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Improved version of Wilson fermions mimics very well the properties of
chiral fermions! [Mace, Mueller, Schlichting, SS, 16]
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