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Magnetized plasmas

* Early Universe

1020 to 1024 G ~ (1 GeV)? to (100 GeV)?

* Heavy-ion collisions

10'8 to 10'° G ~ (100 MeV)?

* Super-dense matter in magnetars

10 to 10'6 G ~ (1 MeV)? to (10 MeV)?

* Electrons in Dirac/Weyl (semi-)metals

< 105G ~ (100 meV)?
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Heavy Ion collisions
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Heavy Ion collisions

spectators

participants

before collision after collision
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Heavy-1on collisions

* QGP produced at RHIC/LHC is magnetized

* Using Lienard-Wiechert potential, one finds
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[Rafelski & Miiller, PRL, 36, 517 (1976)]
[Kharzeev et al., arXiv:0711.0950]
[Skokov et al., arXiv:0907.1396]

[ Voronyuk et al., arXiv:1103.4239]
[Bzdak &. Skokov, arXiv:1111.1949]
[Deng & Huang, arXiv:1201.5108]
[Bloczynski et al, arXiv:1209.6594]



Magnetic ﬁeld in HIC [Huang, Rept.Prog.Phys. 79.7,076302(2016)]

«  Magnetic field
— strong in magnitude ~ m2

Reaction plane

— depends strongly on b

[Deng & Hua 1gx, Phys. Rev. C 85, 044907 (2012)]

— nonuniform 7.0 -
— fluctuates from event to event 6
- NS
— not always L to reaction plane g 4l
AN
. = :
— short-lived (K 1 fm/c) S 3
. . z .
— conductivity may help a little o 2
1
[McLerran, Skokov, Nucl. Phys. A929, 184 (2014)] 0
v s | . b(fm) L
5 |\01‘0Ill) uk etlal, Pll)S.lRe\'.(, 8?. 0549“. (2011)] [Skokov, Illarionov, Toneev, Int. J. Mod. Phys. A24, 5925 (2009)]
[Kharzeev & Liao, Nigcl. Phys. News 29, 1 (2019)] b=10fm —— L s 2 _200 GeV _
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Anomalous effects in Heavy-Ion Collisions

[Miransky & Shovkovy, Phys. Rep. 576, 1 (2015)]
[Kharzeev, Liao, Voloshin, Wang, Prog. Part. Nucl. Phys. 88, 1 (2016)]

Chiral magnetic/separation effects, chiral magnetic waves

()= zms & (jg)=7 =n e

Experiment difficulties:
Large background!
=>[sobar Experiment  (star collaboration, 2014]

96 96 96 96
4OZr + 4OZr VS. 44Ru + 44Ru

130 130 130 130
5 1e + o le vs. "Ba + ..“Ba
[Kharzeev&Liao, Nature Rev.Phys. 3 (2021) 1, 55-63]
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Photons 1n heavy-1on collisions

* Photons 1s a Thermometer of QGP

Review: [Gabor David, Rept. Prog. Phys. 83, 046301 (2020)]
* Photons are emitted at all stages of evolution

Jjet in-medium

+ nhot bremsstrahlung  jet-plasma .
prompt pho on; Jphgfons decay photons
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https://u.osu.edu/vishnu/category/visualization/ made by Gim Shen
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Photon sources in HIC

Turbide, Gale, Frodermann & Heinz, Phys. Rev. C77, 024909 (2008); arXiv:0712.0732
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e pr < 2 GeV: thermal emission dominates

e 2GeV < pr < 4 GeV: the jet-plasma contribution dominates
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Thermal photons

* The rate of the thermal emission of photons (the energy loss rate) 1s
PR 1 Im [II4(k)

dkodkydk. — (27) exp (%) — 1

* In the case of hot QCD plasma,

J\f\/\/‘{ : r\f\f\/\,+ \/\f\f\q %T\/\M + ‘nnr\d %)’\nnn
* Processes:
q Y q Y
+ _
gm—m[VVM: d [-;;

[Kapusta, Lichard, Seibert, Phys. Rev. D 44, 2774 (1991)]
[Baier, Nakkagawa, Niegawa, Redlich, Z. Physik C 53 (1992) 433]

kO
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* The approximate result 1s given by

dR _ bawc,, o _pip, [2.912F
E-d—3i; —= 527!‘2T € In 92 T

* There are important corrections from bremsstrahlung and inelastic pair
annihilation

A IS I

Corrections are ~ 100%

[Arnold, Moore,Yaffe, JHEP 12 (2001) 009]
[Ghiglieri et al., JHEP 05 (2013) 010]
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Photon v, puzzle

d3N 1 d2N -~
FE— — 142 . ./
d3p 27 prdprdy ( " Z Un cosin(¢ RP)]>

n=1

* Most photons are produced early (before flow develops)
* Thus, v, for photons should be very small

0.2} 0.2}
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0.05 | 0.05 |

0 i
|[Adare et al., Phys. Rev. C 94, 064901 (2016)]
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Photons from magnetized plasma

* At B # 0, the leading-order polarization tensor

(n,p,)

/
k ” :
//
(n,p,-k,)
leads to a nonzero result!
* All three processes 1.¢.,

n>n'

q
(n,p,

Y

are allowed by the energy conservation.
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Photon polarization tensor

Fermion propagator in a mixed coordinate-momentum space
representation under a magnetic field:

Gt —t:r,v) =Pt IGE -t r— 1)

S dwdpz —twt+ipLz M
G(t;r) :/ (27)2 e TG (wipas )

o3 /(a?)

Dy (w, pa;
Glw,p.;r1) =1 (P27 L)

2742 w? — p?2 — m? — 2n|qB|

n=0

Dn(w,pziri) = (@i = poy” +m) | Py L L) et ()] - ezt (5
nlW,pzr1 ) = (WY D2y m +Lin 262 —Lin—-1 262 62 r, -1, n—1 262
Py = L+isiy'y?)  ¢=1/\[qB] S.L = sign(¢B)

[Phys. Rep. 576, 1 (2015)]]
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The polarization tensor by using Fermion propagator in a
mixed coordinate-momentum space representation :

dp.
" (i k) = 4N, Z afT Z / p /dzr e L kLtr[ PGt (iwk, po; T )Y G (iwg — iQm, ps — ke ,—rJ_)]

f=u,d k=
4
R D ) L L T YT
| f:Ud nn =0 = 2)\En Pz, fEn pz_k f [(Enapz7f o AEnlapz_kzaf)2 +Q%n] 1=1 Z’f
En,pz,f: \/m2+p§+2n\efB] ’LQm —>Q—|—’L€
v N dpz nF n,p.,f _nF(AEn —k, f) . v
Im [IT4 (Q; k)] = O‘f / Pz Pz 18 (Epp..f — ABrs p. —k..f +15)
, ’fﬁ” ’fﬁ KLkY ’fﬁ"fﬁ
% (Q; k) H+< +k2>n+kzn
kuku Mku kuku + ku ku kuku + ku kv k2
I H H H I L7 I L] v
( e (o)
P k“k” k’ik” KIEY — kMR
( L) g, 4 0 7 7.
g” = diag(1,0,0, — kﬁ = g” Yk, = kool + k.04, kﬁb = —eM2k, = k68 + koo,
¢" = diag(0, —1,—1 0) K= g"k, = koot + ky(52, = 03k, = k68 — ki, oh.
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Photon thermal rate

* The expression for the rate is

dhdbydk.  (27)° exp (5) — 1

At B # 0, the imaginary part 1s

Im [HM (Q k)] _ E : f / Pz Pz—k=, a2
R’u/ f: d ’I’LTLZ 0 A 21 2nAEnapzafEn/ap2_kz7f Z
X 5 (En,pz,f AEn "spz—kz,f + ”I’]Q) ’

where the Landau level energies are

En,pz,f = \/mQ —|—p§ -+ 2n|efB|
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Photon thermal rate

 After integrating over p,, the final expression reads

e L) By ) P
I [HR,H] N fzu,d 2mly ~ \/[(kiy—ki][(kip—ki] (]:1 +]:4)

Noay & 90()O (Jkeo| = k)
P

fmwa TS0 K2R - (K2

(J—”{Jr]-“{)

where g(n,n’) and gy(n) are combinations of the Fermi-Dirac
distribution functions.

The momentum thresholds are determined by

ki — ‘\/7722 + 2nlesB| £ \/7722 I 272’|€fB]'

[Phys.Rev.D 102 (2020) 7, 076010]
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Angular dependence: small k

* Non-smooth dependence on ¢ (due to many thresholds)
Parametrization: k, = 0, k,, = ky cos¢ and k, = krsin¢

* Average rate 1s maximal at ¢ = % (1.e., L to the reaction

plane)
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Angular dependence: large kr

* Rate quickly decreases with kp

* Average rate is maximal at ¢ = 0 (i.e., || to the
reaction plane)
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Nonzero elliptic “tlow” (v,

T T T T T

8 T T T T T T T T T T T T T T |
r |eB|=n12,,0 WMV v/ R
L ) p
[ T-0.35 Gev Vs ]
o : / :
L '/. |
- '/
£ 00 /’
=01 : / -
L 'l
i
=
_02 i 1 | 1 | 1 | 1 1 1 | 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
k7 [GeV]
0.2 T T T T T T T T T
- |eBl=5mZ, J
| T=0.35 GeV M«N el
0.1 o ]
_ A /r’
l‘\
[ N
S 00 ",
i
4
o1k /7 ]
01} R 'A'
I ¥ i
]
_02 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

AUST

kT [GeV]

20



dR/(krdkrdy) [GeV-2fm™)

—

Thermal rate at B # 0

* The photon production rate
* decreases with energy (k1) at large k¢
* iIncreases with temperature
* goes to zero when k — 0 (quantization effects)
* and, thus, has a peak at small nonzero k

» The thermal rate at B # 0 is relatively large
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Finite Chemical potential
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Photon v, and v,
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[Phys.Rev.D 109 (2024) 5, 056008]
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Thank youl!
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