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NUCLEAR MATTER IS CHIRAL

Energy of
Hot nuclear matter/quark-gluon plasma: gluon field

Sphaleron transitions generate domains with chiral

(OGNS - &g D
imbalance = Chiral magnetic effect DA\ S
0 W
instanton N W
If the domain size is a few fm = charge separation in HIC sphaleron 2

Cold nuclear matter:

Long-range topological order from the lattice calculations.

Low-dimensional long-range topological charge structure in the QCD vacuum

I. Horvath,' S. J. Dong,'! T. Draper,! F. X. Lee,>® K. F. Liu,! N. Mathur,' H. B. Thacker,* and J. B. Zhang®
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Emergent chiral domains in Weyl semimetals:

nergy [eV]
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FRAMEWORK: AXION ELECTRODYNAMICS

Sikivie (84), Wilczek (87), Carroll et al (90)

Laics = Lorp + cab(z)E - B

V.B=0,
V-E=p—cV0-B, Anomalous Hall Effect (not in this talk)

VxE=-0,B, /
VXB:((?tE+J‘fC(atQB—|—V9XE),

\‘ Chiral magnetic effect: J=o0 XB\

P-é'd, P-even,

Kharzeev, Zhitnitsky (2007), B T-odd T-odd
Kharzeev, McLerran, Warringa (2008)
+ & + =DBreaks Parity!
Charge separation:
Critical assumption: N .

existence of chiral domains.
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nis talk Is about how the new current affects
noton and gluon radiation.

1. Classical Fermi Model
2. QED

3. QCD
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FERMI'S MODEL OF ENERGY LOSS

PHYSICAL REVIEW VOLUME 57

The Ionization Loss of Energy in Gases and in Condensed Materials*

Exrico FErRMI
Pupin Physics Laboratories, Columbia University, New York, New York

(Received January 22, 1940)

The energy loss rate = flux of the Poynting vector out of cylinder of radius a
coaxial with the particle path:

./\/s‘h<

d > >
_d_g — 27'(0,/ (E¢Bz — EZB¢)CZ75 — 2a Re / (E¢wB:w — EZWB:;w)dw
Z oo 0
Maxwell equations V x B, = —iwwD, + j, etc.
2
W
=1-— v
(w) w? — wi + iwl
e de q° 2 v
Energy loss: a — 0 UR limit: wIn —

dz 4mv? P aw,

(small) Cherenkov radiation contribution emerges at a — 0o if v > 1/4/¢(0)
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EM FIELDS OF POINT CHARGE IN CHIRAL MEDIUM 1

Hansen, KT, 2012.06089

EM field of a point charge with large enough constant velocity v

V xB=0D+0,B+quzd(z —vt)i(b),
V D = gé(z — vt)d(b), \impact parameter
V X E — _atBy

V- -B=0,

/d kldw zkr zwtz € qz°€§\k)\k
k4 +w?(1/v2 —€) — Aoyk

d? kidw e it 1QWZ - €xp, L q
’L 1w k
/ z)\: Ek k4 + w?(1/v2 — €) — Aoy k i ivke |’



https://arxiv.org/abs/2012.06089

EM FIELDS OF POINT CHARGE IN CHIRAL MEDIUM 2

w-Fourier components can be computed analytically e.g.:

zwz/v

Balr) =gy Sl 8 )

: 2 _ 2 & v 2. Ox o of 1
with &, = s —7+(—1) ox\|wie+ and s =w e(w)

Radiation if %7, <0

e Cherenkov radiation: 0y,=0 and k2=s2<0 — small contribution to the total energy loss

e Chiral Cherenkov radiation: 0,20 and k2<0, (even when s2>0)



FERMI'S MODEL WITH CHIRAL MAGNETIC CURRENT

Hansen, KT, 2012.06089

@) o0 Y
- oma / (E,B. — E.By)dt = 2aRe / (BpwB, — FaB, ) £
Z — 0 0
S )7
. . S
UR Iimit 7> 1 ata—0 gives energy loss )
¥

de q2 9 v L 5 5 :
= 5 Y In —— -+ 17 %% Increases as E2
p

Chiral Cherenkov radiation emerges at a—w even ife = 1

dW de ¢ |1 1 o (1 +v?)o?

- = — _ — — 1 - _X X o ’ < 9

dw dzwdw la—oo 47 {2 ( fu2> T 200 T Sv2w,2 + W < Ox7
: o 2 022

Power of chiral Cherenkov radiation P = y X4

In the UR limit, energy loss is due to the chiral Cherenkov radiation.


https://arxiv.org/abs/2012.06089

CHIRAL CHERENKOV IN QFT

KT, 1702.07329

In radiation gauge:  V*A =0;A -0,V x A

The dispersion relation k* = —\o,|k| — photon becomes space- or timelike
A =helicity
A P
j{ K.
p —>=——
7@/

k2= (pEp)?=2m(m+e) forbidden in vacuum, but allowed in chiral medium

Pair production: k2 > 0 = Aoy, <0

Photon radiation: k? <0 = Ao, >0


https://arxiv.org/abs/1702.07329

CHIRAL CHERENKOV RADIATION IN QED

KT, 1702.07329
M = —eQu(p" )y u(p)e;, x 4mex(1l — 2)0(q ] + k)

T = — kx(2) = 2*m? — (1 — x)rAoye can become negative!
Chiral Cherenkov effect: photon radiation at ¢ ~ \/|oy|/w

1 c Wt = )\b0€2
1+ m?/(Aoye) = Wsw = Aboe + m2

Kappa is negative if Ao, >0 and = < zg =

e Photon 2 2
L dW. o x
radiation rate: * = & oyl ——x+1)— mx 0(zo — ) Vanishes as h—0
dx 2ex 2
Quantum anomaly!
dw_ 0
de

Classical limit: x—0 (no recaoail)

de 1 dW_|_ 1
—— :/0 o redxr = §04Q20X5

¢ [otal rate of energy loss:

Thus the recoil reduces the energy loss 72 — ~
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https://arxiv.org/abs/1702.07329

CHIRAL CHERENKOV RADIATION IN A WEYL SEMIMETAL

conventional

dl
— (W cm)
dw

10 ——=

SOurces

[
........

Magnetic Weyl semimetals as a source of circularly polarized THz radiation
Jeremy Hansen, Kazuki Ikeda, Dmitri E. Kharzeev, Qiang Li, Kirill Tuchin (May 17, 2024)
e-Print: 2405.11076 [cond-mat.mtrl-sci]
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CHIRAL CHERENKOV IN QCD

Hansen KT, 2405.0897

Non-Abelian 6-term: Sy =ca / 0,,0e"P° (%AﬁapAg — g% o vApAg

34
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https://inspirehep.net/literature/2786540
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ERGY LOSS DUE TO CHIRAL CHERENKOV

Hansen KT, 2405.0897
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Fig. 3. The rate of energy loss due to the Color Chiral Cherenkov radiation for ¢ — qg (blue),
gr — g9 (orange), and g;, — gg (green). Parameters: g = 2, T' = 300 MeV, by = 50 MeV.
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https://inspirehep.net/literature/2786540

What about bremsstrahlung
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RADIATIVE ENERGY LOSS

Hansen, KT, 2203.13134

Photon propagator (static limit):

Doo(q) = — ,
(q) 7
Doi(q) = Doi(q) =0,
105 ; €ing" €ijkq"
D;i(q i J 4 G
=" 8 @5 b
resonance!

e D couples only to the magnetic moment of the target J(z) =V x (ué(x))
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MAGNETIC MOMENT CONTRIBUTION TO PHOTON

BREMSSTRAHLUNG
do ng
dw 8 Bethe-Heitler (Coulomb, no anomaly, no screening)
109. ~~~~~~~~~~ /
oo T / Thl’eShO|d (U)p:O)
105\\ ~~~~~§~~~~
oo T Hansen, KT (anomaly)
oo :

107 0.001/ 0.01 0.1 051 €

Gluckstern-Hull (magnetic, no anomaly)
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ELECTRIC MONOPOLE CONTRIBUTION TO PHOTON
BREMSSTRAHLUNG

o Hansen, KT, 2307.05761

® Fermion propagator: ! = L with o = Abo £
. o2p -k — k2 +iE/T m? w—w* i - A\E 2
b0>\>0 b T /T WE(EWE—W* +92+E) )\O +m

* The resonance emerges when w<w" due to the anomaly in the photon dispersion relation.

1w?E? [ m?(w — w* ’
* The photon propagator has similar behavior: Dnin = ZME& [fEEE —Z*)) i 92]
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WEAK SCREENING # <M

u-Debye mass

— Bethe-Heitler

Enhancement —7

Gluckstern-Hull

e Only one photon polarization (boA>0) is enhanced!

e At higher energy - must take LPM into account.
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STRONG SCREENING # > m

Bethe-Heitler

100 -

1077 107° / 0.001 0.100

Gluckstern-Hull

¢ The effect of anomaly is reduced by screening.

Hansen, KT
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SUMMARY

e Chiral anomaly induces Chiral Cherenkov radiation which
enhances energy loss

e Chiral Cherenkov is local effect (unlike chiral separation)
e[t certainly affects jets in QGP, and maybe at EIC.

e |nterdisciplinary applications: Weyl semimetals, dark matter
(axions).
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