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A constant “classical” magnetic eld background has been studied since
the seminal work of Schwinger (Phys. Rev. 82, 664 (1951))

In most theoretical studies, the background magnetic eld s idealized
as static and uniform

In HIC scenarios, specially for non-central collisions, strong magnetic
elds emerge in comparatively small regions of space, with spatial
anisotropies and uctuations

We here propose a statistical model to study the physical effects of
such uctuations
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The Schwinger propagator

J. Schwinger, Physical Review 82, 664 (1951)

The propagator for the BG magnetic eld B = r
z 4
Se(x;x9) = e At (‘;7')‘4e K x5, (k)

ABg

. Ryo 1
The Schwinger phase A, (x;x9= [ d A +3F (X9
Za d (cB )
k - . i (kk2 k% tanegB m2+i )
Se(k) ! o COsEeB )e

k
1 2gj 2
cosEeB )+ sineB ) (m+ k) + c0sEB )
The metric tensor splits into two subspacesg = g, + g, , such that
g, = diag(1;0;0; 1)andg, = diag(0; 1; 1;0)

k= Kk, + Kk
kK2 = k2 K
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An alternative representation physical Review D 107, 096014 (2023)

The propagator in terms of a single "master” integral and its derivatives

Se(k)= i m+k Ar+ 12 m+k Ar+ Aszk,
z 1 2
A(k;B) = d e (k& m’+i) ig5tan(eB )
0
Lo @\ ., @A,
As(k;B) = ieB———; As3k;B)= A;+(ieB
2(kiB) = ieBgoyi AclkiB)= A+ (ieB)’ G
Landau levels (x = k3 =eB)
: 1 A" L@x) LY 4(2x)
Ai(k;B) = ie X + n 1
1(kiB) k2 m2 k? m? 2neB
n=1
The inverse propagator
i
§.1(k) = 5ig ™ ke Ax 12 m Kk A A sk,
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Inhomogeneus magnetic elds: Statistical model

J. Castafio, M. Loewe, E. Mufioz and J. Rojas, Phys. Rev. D 107, 096014 (2023)

Assumption : At initial stages prior to thermalization, classical ionic currents
exhibit stochastic uctuations J,(x) + J(X), acting as sources for classical
background "BG” gauge elds Ag;(x) (in contrast with photons A (x)).

Agt Agg = Jg(x)+ Jy(x)

Statistical properties

ALL() AKX = sk @Qx X9
ABG(X) = 0

Rd3x [ ABG(X)]2
dP Ag; = Ne Zs D Ags(x)

The ensemble-average of over such uctuations is de ned by
7

4

O(x;Agc) =  dP[ AgglO(X;Agc + Agg)
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The Lagrangian

Physical Review D 107, 096014 (2023)

The Lagrangian for this model is a superposition of two terms

L= i@ e(Agc+ Agg) €A m —F F L mset Lnes

Fermions immersed in the average BG

. 1
LFBG: |@ eRBG eA m ZF F

Fermions interacting with the classical background noise (NBG),
represented by the spatial uctuations Ag;(X)

Lneg = e Agg
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Connected 2k-point correlations and the Replica Method

The ensemble-average over the magnetic background uctuations
with respect to its mean value Ag; + Agg

G(X1;:::; Xk Agg) = i SR InZ[J;J; A
(x1 2k Asg) 30) 300) [ BGJ om0

Clearly InZ[J;J;Agc] 6 In Z[J;J; Arcl

The Replica Method [Mezard and Parisi, (1991); Kardar, Parisi
and Zhang, (1986)]

Z"Ags] 1

InZ[A = li
nZ[Agcl lim .

In our scenario, n-replicas of the original fermion elds are de ned

x)! 4x) 1 a n
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The ensemble-averaged action

Physical Review D 107, 096014 (2023)

The statistical average
Z

P Y1 H a a.
Z'Assl= D[ % Sl el
a=1
leads to an effective fermion-fermion interaction |
Z .
X
S % %Age = d¥ i@ eAgg eA m ? %F F
a
g2 BZ z . X X . b b 3
= d’x d% ) Ax) Py) 5 C(y) C(x oY)

ab j=1
I {z }
Effective Fermion Fermion interaction

In what follows, we shall rst focus on the fermions in the classical BG
magnetic eld B = 3B

B
Agc = 5(0; x% x1;0)
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Perturbation Theory physical Review D 107, 096014 (2023)

Dyson equation for the dressed propagator |8 (k)= . (k) " (k)

The self-energy diagram at rst-orderin = e? g

n . R j i(i :
@=(1) 28 18e(praipo=0) ;= 225 [3( Ca0 m)Ru(a0) i eB)(m do °)Ra(c0)]

@)

Dressed propagator

tr T

S (@)= iz ‘T mra Aarzs ' 2 mig AzQ)tAs(0)E,

The momentag =(q%z q), with an effective refractive index
vl = z 1(q) due to magnetic uctuations.
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Renormalization factors

Physical Review D 107, 096014 (2023)

Wavefunction renormalization factor and refractive index

3i  A1(qo) vo_
@)V A oW T

Charge renormalization factor

2(q)= 1+

i (1)(_eB) £x(q0)
1 =2y Ay P

3 A(qo)
1+ 5y Ay P(@)

z3(q) =

Dressed propagator

h
S (= iz Ma)g(m m+& Auatzs b2 mea Ag(a)+ As(a)d,
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a 0]
Refractive Index Vg = Z 1 physical Review D 107, 096014 (2023)

In the very weak eld limit eB=m? 1,z;z3! 1,andhencev®=c! 1

Ultra-intense eld eB=m? 1 (LLL)

2 _
3 ( eB)e 97 7B
z = 1+7( )7 z3 =

4 qg m2

lim zz3 = 1=
eB=m211
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The photon polarization tensor for > 0

J. Castafio and E. Mufioz Phys. Rev. D 109, 056007 (2024)

. ZZ n 0]
('qu) (‘;4‘)(4% iS (k) iS (k p) +cc.

(p) =
Fermion propagator ( rst-order in noise)

iS(p) = iSo(p)+  iSy(p)+ O( ?)
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Fermion propagator

J. Castafio and E. Mufioz Physical Review D 110, 056003 (2024)

Noiseless propagator in LLL (jg;Bj=m? 1)

_ e P3EiarBj “
iSo(p) = Zlm(pk + m)O

Noise contribution

jqBj M '

iSi(p) =i = 1P, + MO 5(p) 2000+ 5(p)i * (g, + m)

Spin projectors O = 1 1 sign(qgeB)i ! 2

2 i i . .
3(p2 + m2)e 2% =iaBi 3pse 2P7 =IarBi
o 3 €

1(p) = G g
(P2 m?)2 pZ m? (P2 m?) p3 m2

e 205 =iqBj
o

3(p) = € :
(p2 m2) p3 m?
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The photon polarization tensor for > 0

J. Castafio and E. Mufioz Phys. Rev. D 109, 056007 (2024)

At rst order in noise

LTI

[ = i, 2 T,
i=1
!
_iaiarBi 2 2ig,Bj Py Py
0o = —4z € HMIpRo(d) g ra
Z,
X(1 Xx)
lo(p2) = X
o(Pic o x(1 x)pZ m?
"
2 21+ . 4szS
AL 0 i v
= S31+¥ 2Iog f =
Pk 1 4m2 1 1 A




The photon polarization tensor for > 0

J. Castafio and E. Mufioz Phys. Rev. D 109, 056007 (2024)

z

aK kZ =eB
T, = 16 d’k e 7

2) Kz m?
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Noise-induced photon mass for > 07?

J. Castafio and E. Mufioz Phys. Rev. D 109, 056007 (2024)

Dyson equation for the noise-dressed photon propagator

D (p ‘=D, ' i (p)
ig

D, (p) = W

The noise contribution

im i = 9L T Gy 1
po! O 4 ._ . Po! O
p! 0 i=17pl o
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4ijqujZ dydx  (x*+y? 1o,

lim T, = p—
Pol' (g) m R2 (2 )2 (X2+ y2+ 1)3 y2+ 1
p!
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Photon propagator with > 0

J. Castafio and E. Mufioz Physical Review D 109, 056007 (2024)

Thus we obtain

. . _ em(qu)2 59 1 .
Al T m o6 T3% Toss o
p! O
Photon propagator with noise
5 _ ig, . ig, . 3imM2
(P)= p2+ MZ+ i p2+ M2 + i P2+ MZ+i p2+ MZ MZ +i
Noise-induced masses (complex)
M2 - |59 em (qf B)2 M2 — | em (Qf B)Z
k 96 m 7703 m
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Conclusions

We studied the effects of white noise spatial uctuations in an otherwise uniform
background magnetic eld, over the QED fermion propagator

At rstorderin , the propagator retains its free form, thus representing renormalized
quasi-particles with the same mass m®= m, but propagating in a "dispersive medium” with
an index of refraction v0=c = z 1, and effective charge e®= zze, where z and z3 depend
on the average eld and its noise

Low energy components in the propagator (long-wavelength) are more sensitive to the
spatial distribution of the magnetic uctuations, and hence experience a higher degree of
decoherence, thus reducing v®=c = z 1. In contrast, the high-energy Fourier modes are
less sensitive to magnetic uctuations.

The photon propagator develops a complex mass that leads to damping in the dispersion
relation across the effective magnetized medium
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Anisotropic photon yield under magnetic uctuations

J. Castafio and E. Mufioz Phys. Rev. D 111, 076028 (2025)

Direct photons are commonly estimated as the sum of prompt photons
produced in the hard process at the collision instant, plus thermal
photons emitted from the soft, thermalized portion of the medium.

Nuclear matter undergoes several stages after the collision, from initial
color glass condensate to glasma, then a hydrodynamic QCD regime,
and nally hadronic gas.

The common picture is that of QGP as a nearly perfect hydrodynamic
uid, but asymmetries in photon production rates have been
experimentally detected by the PHENIX Collaboration at the RHIC
(Phys. Rev. Lett. 109, 122302 (2012), Phys. Rev. C 94, 064901 (2016))
and by the ALICE Collaboration at the LHC (Phys. Lett. B 789, 308
(2019)).
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Anisotropic ow coef cients

X. Wang, I. Shovkovy, L. Yu, and M. Huang, Phys. Rev. D 102, 076010 (2020)

X. Wang and I. Shovkovy, Phys. Rev. D 109, 056008 (2024).

Angular distribution for the emission rate
n #

1 X
Z—Ro 1+2 wvycosh ) :
n=1

00 dR d3R
dpxdpydp,  prdprd dy

Anisotropic ow coef cients
z 2

Vp = 1 d cosh )d37R:
Rozo prdprd dy

172 d®R
2

Ro = d ———M—:
° 0 prdprd dy
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Anisotropic photon yield
X. Wang and I. Shovkovy, Phys. Rev. D 109, 056008 (2024)

J. Castafio and E. Mufioz Phys. Rev. D 111, 076028 (2025)

Coordinates system py = prcos; p; = prsin; y= 3In Eg+ Ei

d3R - ne(t)

pbrddy - 2™ 9 r(P)

Photon emission rate
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The photon polarization tensoratT > 0Oand > 0

J. Castafio and E. Mufioz Phys. Rev. D 111, 076028 (2025)

. 2 X Z n (o}
('gf) (23;(3Tr iS (k) iS (k p) +coc

I'n

(p) =

The retarded polarization tensor is obtained by analytic continuation

0

rP=5p)= (in! L+i;p)
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The Emission Rate with magnetic noise

J. Castafio and E. Mufioz Phys. Rev. D 111, 076028 (2025)
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= + :
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The Emission Rate with magnetic noise

J. Castafio and E. Mufioz Phys. Rev.D 111, 076028 (2025)
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