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Topology in high T QCD

QCD has a topologically non-trivial vacuum structure

Transitions between sectors topologically nontrivial

In high T QCD plasmas, transitions are thermally activated by
sphaleron transitions
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Axial charge and chiral phenomena

For an SU(N:) x U(1) gauge theory coupled to Nsflavors of
massless Dirac fermions, the axial charge is not conserved

(eqf )N
il = =~
J 167z2

et 0K+ = Ge,GH
0, Q" = T Fu k" 327z

sphalerons generate/erase axial charge

Chiral anomaly leads to nontrivial moditication of the hydro
equations —> In a hot, dense medium like quark-gluon plasma,
quantum chiral anomaly can be expressed macroscopically!




Macroscopic description of sphaleron damping

Over large time and distance scales, we can express the
expectation value of the non-Abelian Chern-Simons current in

terms of the sphaleron transition rate:

2
8 A\ Hra
< = G4, G" > = 4T, D —
f
In the presence of an axial charge imbalance, sphalerons exhibit

a bias that tends to erase the iImbalance g yjichiing and Sharma (2022),
McLerran, Mottola, and Shaposhnikov (1991)

Sphaleron rate is notoriously difficult to calculate, with current
estimates from:

eweak coupling parametric estimate: 'y, o a7 Mooreég%ass'er

equenched lattice calculation: 'y, = (0.02 — 0. )T
Altenkort et al. (2021) 5




Objectives

Basic questions:

e How do sphaleron transitions influence chiral transport
ohenomena in QGP? (e.g. CME, CMW)

e \What are the effects” Are these eftects significant in heavy ion
collisions?




Hydrodynamic description



General setup

We consider a single fermion-flavor, viscous relativistic fluid in
d:3+1, g,uy — (_1919191)

In local fluid rest frame, fluid velocity is defined by

u2 — — 1 —l/tluT’m/ = €l/ty

Consider two U(1) currents:
Ji = (wr'w) = (urtysy)

conserved not conserved —> chiral
anomaly, sphaleron transitions




Hydrodynamic description
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VIscous corrections to transport

™ = —not” — CAM0 - u

vy, = — Oyy (TA”” ()y'u—; — equ”) — oy TAM (3,/”7‘4 + ogyeq;B" + gy

UL = — 0yy (TA”” dy'u—; — equ”> — o4 TAM ()y'u?A + oppeqB" + S 0

Viscous corrections up to first order in external fields, gradients of
hydrodynamic variables
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VIscous corrections to transport

shear, bulk viscosity

MY — _@/w _@ﬂva U

vy, = — Oyy (TA”” ()y'u—; — equ”) — oy TAM ()y'u?A + ogyeq;B" + gy

UL = — 0yy (TA”” a,,”—TV — equ”> — o4 TAM ()y'u?A + oppeqB" + S 0

Viscous corrections up to first order in external tields, gradients of
hydrodynamic variables
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VIscous corrections to transport

shear, bulk viscosity

MY — _@/w _@ﬂva .

Hy Ha
H — — v l
vl = (TA”” d, equ”) oyaTA"0,— + ogyeqB" + &ya*

\ vector, axial conductivity

i A9 BV _ op T TARvy HA B "
Va = ~ Oav 2 €qy v + OpseqrB” + Sy

Viscous corrections up to first order in external tields, gradients of
hydrodynamic variables
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VIscous corrections to transport

shear, bulk viscosity

— _@'ﬂy _@ﬂya .7
chiral vortical effect

chiral magnetic effect

/’tV /’tA
H _ 1 22% U urpy ’ U U

\ vector, axial conductivity
1M

chlral separatlon effect

chiral electric separation effect SP'" :
polarization

Viscous corrections up to first order in external fields, gradients of
hydrodynamic variables
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ENtropy production

Dissipative effects contribute positively to entropy production in
the system, while anomalous effects do not

Entropy production is quantified by the entropy current

1 eq
6S”———6MT””—I/”(6&——JCE)—1/”6—
TﬂV V
//tA

2
e CE”B —4F
T (( Qf)

o ) + 90, (DgB* + D, w")

Entropy current also constrains the anomalous transport
coefricients Son and Surowka (2009)
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Hydrodynamic
excltations in a
charge-neutral plasma



Setting up linearized equations

To analyze
laws, const

itutive equations, and the transport coef

write the collection of hydrodynamic equations

We then linearize the equations around static, charge-neutral

background in equilibrium:

u” = (1,0,0,0)

finite 7' > u,,

background py, =0, uy, =0

Switch hydrodynamic variables:

i
0€, ONy 4, T

iclents to

nydrodynamic excitations, we collect the conservation
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| Inearized hydrodynamic equations

| , 4 sound waves
atﬂL+l‘k‘CS5€+§}/ﬂk m; =0

0,7 p+ }/ﬂkzﬂ' 15=0 > diffusive shear mode

o, | + ynkzﬂll — Z ieqe| K X B (D{/(Snvaf) =0

5 / I|KX B

|k xB]
ONy = = Ysph 2 Ony 1

)(V / f
AT diffusive shear mode
sph coupled to charge density
yaT modes

0,0n, ;+ DyK*8ny o+ eq,C

ysph =
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| Inearized hydrodynamic equations

N the single-tlavor case, we rewrite the charge mode equations
N matrix form,

V., — Dk? ieq,chzlk - B
o Ieqr valk B  Dk®+ o)

such that it solves the equation d.¢, + M ¢, = 0

for ¢, = (énV, 5nA)

1
c=— and:

For illustrative purposes, we use equation of state ¢ 3

NC = 3, Xvia = Tz, D = (271'T)_1
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Inclusion of sphalerons leads to emergence of a characteristic wavenumber

scale kemw which signals the onset of the CMW
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Dispersion

relations, Nf=2
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Charge diffusion:
Numerical studies



INitial vector charge
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Sphaleron rate (if sufficiently large) impacts vector charge transport in
(strong) magnetic fields (->possibility to see on the lattice?)
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Initial axial charge
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System with initial axial charge more sensitive to change in sphaleron rate
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Quantifying charge separation

Charge separation is the
indicator for chiral
magnetic effect in heavy
ion collisions

We can quantify charge

Dipole moment: D(Fsph)/D(FSph=O)

: : : Single flavor
separation via electric ol 000
dipole moment g o= 112

6nAu,O/6nAd,o - 2 -

0.0001

- B
D(B,1) = JaﬁXTB ‘ Z eqny ¢(1, X)
f

0.001 0.01
Sphaleron rate: I'gyp/T :

Establishes a quantitative relationship between charge

separation and sphaleron transition rate
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Conclusions

We modified the description o
to iInclude damping from spha

- an anomalous relativistic plasma
eron transitions

Inclusion of sphalerons leads to emergence of a characteristic
wavenumber scale kemw that depends on the magnetic field

strength: an indicator of chiral

magnetic wave formation

Charge separation is very sensitive to sphaleron rate for both

axial and vector charges

Suggests we might be able to

constrain sphaleron rate

experimentally with charge separation measurements
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Iransport coetfficients

nv//tA/’tV
GVB=C(/4A et P )
NAHAMY 4 0
oyp = C (ﬂv— P ) + (eqy) o g(f1a)
ny by o
gy = 2C (ﬂAﬂV P ) + (eq;) ™ 8(f1y)

nq//iq//i‘zf 0 0
ol —1- N G(jiy)
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DIffusion on a 2-dim lattice

We solve the diffusion equation on a 2D spatial lattice (2562)
neglecting bulk expansion for a single-flavor system

We choose the following initial conditions:

Initial charge width 6 =0.4Rp, Rp=11m

System scaled with T =4T,, T,= 155 MeV

-1X B In the y-direction

Length of sides scaled to be 10 fm, as=10/256
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Summary of results

For initial vector charge, vector charge diffuses and axial charge

separates (and vice versa for initial axial charge)

System with initial axial charge more sensitive to change in Fsph

Charge separation for both depends on sphaleron rate: as sphaleron
rate increases, the magnitude and distance of separation decreases

For physically realistic magnetic field strength, charge

diffusion and

charge separation are not as pronounced as they are for the larger

magnetic field

Quantitying relationship between sphaleron rate and ¢

narge separation

opens experimental chiral frontier to possibly constrair

1—‘sph
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