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Abstract: We investigate thermal photon production in the quark-gluon plasma (QGP) under strong magnetic
fields using a magnetohydrodynamic (MHD) framework. We employ relativistic ideal fluid dynamics under the non-
resistive approximation by adopting the Bjorken flow model with power-law decaying magnetic fields
B(7) = By(1¢/7)%, span> a controls the decay rate, By = \/(T'Tg, and o characterizes the initial field strength. The res-
ulting QGP temperature evolution exhibits distinct a- and o-dependent behaviors. Thermal photon production rates
are calculated for three dominant processes: Compton scattering with ¢g annihilation (C+A), bremsstrahlung
(Brems), and ¢g annihilation with additional scattering (A+S). These rates are integrated over the space-time volume
to obtain the photon transverse momentum (pr) spectrum. Our results demonstrate that increasing a enhances
photon yields across all pr, with a — oo (super-fast decay) providing an upper bound. For a =2/3, a larger ¢ sup-
presses yields through accelerated cooling, whereas for a — oo, a larger o enhances yields via prolonged thermal
emission. Low-pr photons receive significant contributions from all QGP evolution stages, while high-pr photons
originate predominantly from early times. The central rapidity region (y = 0) dominates the total yield. This work ex-
tends the photon yield studies to the MHD regime under strong magnetic fields, clarifying the magnetic field effects
on QGP electromagnetic signatures and establishing foundations for future investigations of magnetization and dis-
sipative phenomena.
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I. INTRODUCTION

Heavy-ion collisions at the relativistic heavy ion col-
lider (RHIC) and large hadron collider (LHC) provide a
unique platform to study quark-gluon plasma (QGP),
which is a deconfined state of nuclear matter created un-
der extreme temperature and pressure conditions [1, 2]. A
striking feature of these collisions is the generation of ex-
tremely strong magnetic fields, with magnitudes ranging
from 10" to 10% Gauss, induced by the rapid motion of
charged spectator nucleons [3—5]. These strong magnetic
fields are expected to modulate QGP dynamics through
various mechanisms [6—12], including quantum anomaly-
induced phenomena such as the chiral magnetic effect,
chiral separation effect, and chiral magnetic wave
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[13—25]. Despite significant experimental efforts to de-
tect these effects at RHIC and LHC [26—32], extracting
their signatures from collective flow backgrounds re-
mains a critical challenge.

Relativistic hydrodynamics has emerged as a power-
ful tool to describe QGP evolution, successfully interpret-
ing experimental observables such as harmonic flows and
global polarization in non-central collisions [33—44]. The
dynamic interplay between electromagnetic fields and
QGP requires solving full (3+1)-dimensional relativistic
magnetohydrodynamic (MHD) equations [45—47]. Lat-
tice quantum chronodynamics (QCD) calculations con-
firm that the QGP exhibits a temperature-dependent elec-
trical conductivity o, [48, 49]. However, the interaction
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between initial magnetic fields and the QGP medium
[50—53], along with the subsequent evolution of the field,
remains incompletely understood. Recent advances have
explored electromagnetic effects within hydrodynamic
frameworks [54], including 1+1 dimensional Bjorken
flow in ideal MHD, where energy density evolves via the
"frozen-flux theorem" [55—58], and extensions incorpor-
ating magnetization [56], longitudinal expansion [59, 60],
and rotating solutions [61]. Concurrently, efforts to ad-
dress causality and stability in relativistic dissipative
MHD through the Israel-Stewart formalism have help
gain advanced understanding of non-resistive magneto-
hydrodynamic behaviors [62—66].

Thermal photons (and dileptons) serve as one of the
cleanest probes of QGP properties [67—75]. They are
emitted throughout all stages of heavy-ion collisions and
escape the medium without significant reabsorption. Ori-
ginating from initial hard scatterings, medium-induced
thermal radiation, and late-stage hadronic decays, they
carry useful information about the thermodynamic and
dynamical history of the QGP [73, 76—80]. Recent stud-
ies highlight their utility in probing the initial states of the
fireball [81], measuring transport coefficients such as
shear/bulk viscosity, and extending the knowledge of the
differential emission rates from a strongly magnetized
plasma [75]. Thermal photon spectra depend on QGP
temperature evolution, which is governed by relativistic
hydrodynamics with appropriate initial conditions. Key
production mechanisms include quark-antiquark annihila-
tion (¢ — gy), Compton scattering (q(g)g — q(9)y),
bremsstrahlung processes, and soft processes calculated
within hard thermal loop perturbation theory [67, 73, 77,
78, 82, 83]. Their contributions vary across momentum
ranges, and they encode the details of the electromagnet-
ic response of the medium.

Against this backdrop, this study investigates thermal
photon production in the QGP stage under external mag-
netic fields within an ideal magnetohydrodynamic frame-
work. Building on the Victor-Bjorken flow assumptions
[55, 56, 84], we analyze how magnetic field dynamics
characterized by a power-law decay B(7)= Bo(7o/7)"
with decay parameter a and initial strength parameter o
modulate the QGP temperature evolution and subsequent
photon emission. We calculate photon production rates
for three dominant processes: Compton scattering with ¢g
annihilation (C+A), bremsstrahlung (Bre), and ¢g anni-
hilation with additional scattering (A+S), integrating
these rates over the spacetime history of the QGP to ob-
tain observable spectra. We systematically vary a and ¢
and quantify how magnetic field decay kinetics and ini-
tial strength influence photon yields across transverse
momentum ranges, rapidity intervals, and temporal stages
of QGP evolution. This study not only extends previous
analyses of photon production in viscous and accelerated
fluids to the magnetohydrodynamic [85] regime but also

establishes a foundational framework for future investiga-
tions into magnetization, dissipative effects [67] and spin-
dependent phenomena [79, 86] in relativistic heavy-ion
collisions.

The remainder of this paper is organized as follows:
In Sec. II, we introduce the MHD framework and photon
rate formalisms. In Sec. III, we present the results for
photon production. Finally, we provide a summary in
Sec. 1V. Throughout this work, ¥ =y (1,_")) is the four-
velocity field that satisfies #*u, = 1, and the spatial pro-
jection operator A* =gt —utu” is defined with the
Minkowski metric gt =diag(1,—1,-1,-1). It is worth
noting that the orthogonality relationship A*"u, =0 is sat-
isfied.

II. FORMALISM

A. Magnetohydrodynamic framework

The total energy-momentum tensor of relativistic flu-
ids in the presence of magnetic fields is described by the
causal second-order Israel-Stewart (IS) theory. This the-
ory is a key framework for capturing dissipative effects in
relativistic systems while ensuring causality and stability
[62, 87].

1 1
T =(g+p+1+E*+ B )u'u’ — (p+H+ §E2+§Bz) "

—E'E" - BB’ —u'€"PE,Byug — 0 """ E, Boug + ",

(1

where ¢ and p represent the energy density and pressure,
u* 1is the fluid four-velocity, 7*” represents the shear vis-
cous tensor, and IT is the bulk viscous pressure. The mag-
netic (B*) and electric (E*) field four-vectors are defined
as

1
B' = Eeﬂmﬁuvﬂ,ﬁ, E* = F"u,, (2)

with F* = A" — 9”A* (Faraday tensor, encoding electro-
magnetic field dynamics) and % (Levi-Civita tensor,
with €% =+1 for orientation). These fields satisfy
wE, =u'B, =0, confirming their spacelike nature, and
B'B,=-B?, E'E, = —E?*, span> B and E are field mag-
nitudes.

In the non-resistive limit (infinite electrical conduct-
ivity o), the electric field E# — 0 to ensure finite charge
current j*=o0,E*, which is a key constraint for ideal
MHD ([55]. Here, magnetic field evolution is governed by
0,(B*w” — B'uw*) = 0, reflecting the "frozen-flux theorem"
where field lines are advected with the fluid. For ideal
fluids (neglecting viscosity, IT= 7" = 0), the energy-mo-
mentum tensor simplifies to [55, 62]

044105-2



Thermal photon emission from quark-gluon plasma: 1+1D magnetohydrodynamics results

Chin. Phys. C 50, 044105 (2026)

1
T = (e+p+ BHu'u’ — <p+ 5BZ) g¢"-B'B. (3)

The system evolves via energy-momentum conserva-
tion to

8,T" =0. ()

To close the equations, we adopt a conformal equation of
state (EoS) for high-temperature QGP: & =3p (implying
sound speed ¢? = 1/3). This approximation is valid for the
deconfined phase where quark-gluon degrees of freedom
dominate. However, we note that lattice QCD calcula-
tions predict a temperature-dependent ¢,(7T)) for a more
realistic description. In addition, we neglect QGP mag-
netization [56], assuming isotropic pressure and no mag-
netic-field-induced modifications to the EoS.

Under longitudinal boost invariance-appropriate for
high-energy heavy-ion collisions where the fireball ex-
pands along the beam axis, we use Milne coordinates
t = tcoshn, and z = rsinhz,. Here, T = V> — 72 represents
the proper time (invariant under longitudinal boosts) and
ny,=0.5In[(t+7)/(t—2z)] is the space-time rapidity. The
fluid four-velocity takes the form

u" = (coshrn,,0,0,sinhn) =y(1,0,0,z/1), 5)

with y = coshn, as the Lorentz factor, capturing relativist-
ic effects in the longitudinal direction.

Following Refs. [55, 56, 59, 62], the magnetic field is
assumed to decay via a power law in proper time as

To

B =B, (?) (6)

where a > 0 is the decay constant (controlling decay rate),
7o represents the initial proper time, and B, = B(ty) is the
initial field strength.

Projecting 9,7*" =0 onto the fluid four-velocity u,
(Landau-Lifshitz frame, where energy flow is measured
in the fluid rest frame) gives the energy conservation
equation

1
0 (£+ fBz)
B2
2 N e+p+ 0, )
or T

with u-0=49/dr (time derivative in the fluid frame),

o, = 1/t (expansion factor, reflecting longitudinal dilu-

tion), and V¥ = A*9, (spatial gradient operator) [88, 89].
Projecting orthogonally to u* via

AuvaaT[w = 0’ (8)

yields the momentum conservation equation

B 2
v <p+7)—(s+p+32)%=0. 9)

For the space-time rapidity component y = n,, this simpli-
fies to

9 <p+ %B2> =0, (10)

This implies that thermodynamic variables are uniform in
n, (spatially homogeneous) and depend solely on 7 [55,
89]. Transverse velocities (in x,y directions) remain zero
because of initial symmetry as no net forces are gener-
ated to induce motion.

For simplicity, we use the following thermodynamic
relationships [55, 56, 89].

2

p=aT*, p=cle=¢/3, Bi=o0T}, (11)

where T, represents the initial temperature at 7, and

21 )772
=1 = — 12
a; ( 6+ 2Nf 90 ( )

is a constant determined by the number of quark flavors
N; and gluon colors. The dimensionless parameter o
characterizes initial magnetic field strength. For RHIC
energies (T, =0.31 GeV) with B, €[10'®,10"] Gauss
(generated by rapid motion of charged spectator nucle-
ons), results in ¢ ranges from 0.04 to 40. Notably,
Bj =0Ty is an effective estimation of the initial magnet-
ic field strength based on vacuum calculations for relativ-
istic heavy-ion collisions [55, 56] valid for central-to-
moderately non-central collisions in the ideal MHD limit.
This relationship fails for finite QGP conductivity, mag-
netized QGP, or ultra-peripheral collisions, where the ini-
tial field depends strongly on the impact parameter » and
requires spatial-resolved calculations.

B. Analytical solution for the MHD flow

We begin by analyzing the 1+1 dimensional ideal
MHD flow-known as the Victor-Bjorken flow [55]. This
is a model for describing longitudinal expansion in high-
energy heavy-ion collisions. This model simplifies the
problem by assuming boost invariance along the beam
axis, making it tractable for exploring magnetic field ef-
fects on QGP evolution. Starting from the energy conser-
vation equation (Eq. (7)), we incorporate contributions
from the external magnetic field and utilize the thermody-
namic relationships from Eq. (11) (e.g, p=a,T* and
B} =0Ty) to derive a temperature-dependent form of the
conservation law. This reduces to
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T (- T} 21 T
87 %(E) + 0. (13)

+ -
or 12a,T3 T T 3t
Here, the first, second, and third terms represent the local
rate of temperature change, influence of the magnetic
field (via o and decay parameter a), and longitudinal ex-
pansion (consistent with Bjorken scaling). The analytical

solution to this equation is

1
1 4 1
_ o (T0)3 ola-1) _(To\*73
T‘TO(T) {1+2a1(3a—2)(1 (T) )} )

This solution combines two key components: the stand-
ard Bjorken-like decay o« (ro/7)'® and a magnetic field
correction term, which modifies the temperature based on
oand a.

The upper panel of Fig. 1 illustrates temperature 7 as
a function of proper time 7 for o =2, with varying mag-
netic field decay parameters a = 0.5, 1, 2, 5 (initial condi-
tions: 79=0.5 fm/c, Ty =0.6 GeV). For a>0, a clear
trend emerges: the normalized temperature decays more
slowly with increasing a . This behavior can be attributed
to the faster magnetic field decay (larger a) transferring
energy from the field to the QGP more efficiently, which
is a process referred to as the "reheating" of the energy

0.7f a=05 ]
[ a=1
0.6F —-a=2 ]
a=5
= 0.5
@ I
= 04f
R B s St i e
0.2F .
1 2 3 4 5
T (fm/c)
0.7F — 5200
[ c=10 1
0.6F —- 0=10 ]
: A\S 7=30
= o0sph \\.\ 1
Sl :
= 0'4? \\\\ 7;
03f a=20 e
0.2F .
1 2 3 4 5
T (fm/c)
Fig. 1. (color online) Evolution of temperature 7 (Eq. (14))

for a magnetic field with functions of proper time 7 for differ-
ent initial magnetic field (upper panel) and different magnetic
field decay parameter a (lower panel).

density [55]. For example, a=35 (rapid decay) retains
higher temperatures than a=0.5 (slow decay) at late
times becuase the energy of the field is deposited into the
medium before being cooled by the significant expansion.

The lower panel of Fig. 1 plots T'(7) for a fixed decay
parameter a=2 and varying initial magnetic field
strengths o =0.01, 1, 10, 30. A larger o (stronger initial
field) slows the decay of T, with the most pronounced ef-
fect for o = 30. The magnetic correction term in Eq. (14)
is non-monotonic in z, which leads to an initial "reheat-
ing" spike for sufficiently large o (e.g., o =30). This
spike occurs because the strong initial field releases en-
ergy into the QGP faster than the expansion can cool it,
temporarily reversing the temperature decay.

Consistent with prior studies [55, 56, 84], we exam-
ine the divergent behavior of Eq. (14) under specific lim-
its of @, which govern the decay rate of the magnetic field
and its coupling to the QGP.

Case A For a=1 (ideal MHD limit with infinite con-
ductivity, corresponding to maximal magnetic induction),
the magnetic field is "frozen" into the fluid, and the cor-
rection term in Eq. (14) vanishes. This reduces the solu-
tion to the standard Victor-Bjorken flow [55].

1
_ T0)3
T=T, ( - ) . (15)
Here, the magnetic field does not modify the temperature
decay because energy transfer between the field and fluid
is balanced by the expansion.

2
Case B In the limit a — 3 the correction term in Eq.
(14) simplifies via L'Hospital's rule, yielding a logar-
ithmic dependence

. o(a-1) To 2-3 T To
11:%1 2a,(3a—2) (1_(7) )‘%ln(r>' (16)

a

Collecting the terms, the temperature evolution becomes

T:TO(TO)é {1+“1n(70)r‘. (17)

T 9a, T

For 7>71y, the logarithmic term is negative (since
In(ty/7) < 0), reducing 7T and accelerating its decay. This
reflects a regime where magnetic field decay drains en-
ergy from the QGP faster than only expansion, enhan-
cing cooling.

Case C For a — o (super-fast magnetic field decay),
the field dissipates almost instantaneously, depositing its
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energy into the QGP early in the evolution. In this limit,

. ola—1) To 2“*% o
i‘l?ozal(s'a—z) (1_(7) )=6a1' (18)

The temperature evolution simplifies to

T:TO(T:);(H;) . (19)

Here, the super-fast field decay slows temperature decay
by adding a constant offset to the Bjorken term, establish-
ing an upper bound on 7 for a given o¢. This behavior
aligns partially with current magnetic field evolution
models, particularly for a > 1, where the field decay effi-
ciently reheats the QGP.

In the upper panel of Fig. 2, we present temperature 7
as a function of proper time for the specified limit
a—2/3 (Eq. (17)) with various ¢ = 0, 1, 10, and 20. As
already analyzed in the previous section, for 7> 7, the
log term reduces the value of Ty, leading to a faster de-
crease in temperature when compared with the ideal-
MHD limit (o = 0.0). This is presented with a solid-blue
line. Furthermore, it is clear that larger values of o will
lead to a faster decrease in T (note that for =20, T ~0
at 7 =3.2 fm).

FNT

07F — =00
: c=10
06 N —- 6=10 ]
osk N o= 20
% 0.4F
2
= 03fF
0.2f =
0.1F a=273 E
0.05 T 2 3 3 5
1 (fm/c)
| — 0=00 |
ok N 0=10 |
' S —-0=10
I N
| oS og=20
< 3 .
% 0.4} \\'\\.\ 1
S | [t T ]
0.2 i
I a = o0
0.0 T ) 3 3 5
T (fm/c)
Fig. 2.  (color online) Evolution of temperature 7 as func-

tions of proper time 7 for different values of the initial magnet-
ic field decay parameter a and strength o.

In the lower panel of Fig. 2, we plot the evolution of
temperature 7 in the case a — o (Eq. (19)). Further, in
this case, different lines refer to different levels of the ini-
tial magnetization strength o¢. The second term
(1+0/6a;) in Eq. (19) is always positive for the positive
o; therefore, the evolution of the temperature is expected
to be slower than that in the standard ideal-MHD limit.

In Fig. 3, we show the evolution of temperature T in
the different limit cases (Egs. (14), (17), and (19));
however, we fix the initial magnetization to o =2. We
show the evolution for a=2/3, a=1, a=5 and a = co.
Clearly, T decreases more rapidly for a =2/3 when com-
pared to that for case a=1, whereas for a=5 it de-
creases more slowly and almost decays asymptotically at
the same rate as that for the a = o case.

0.6f —-- Eq.(17) (@=2/3) |
] — Eq.(14) (a=1)
--- Eq.(14) (a=5)
osf 0N Eq. (19) (a=o)
= 1
Q I
S |
& 04f
0_3; =2  T=T==eo
1 2 3 4 5
T (fm/c)
Fig. 3. (color online) Evolution of temperature 7 as a func-

tion of proper time 7 for different limits of magnetic field de-
cay parameter a with o =2.

C. Thermal photons

Thermal photons emitted during the QGP phase serve
as critical probes of the thermodynamic and dynamical
properties of the medium because they escape the QGP
without significant reabsorption, carrying unaltered in-
formation about their production environment. These
photons originate from several key QCD processes. The
primary mechanisms include Compton scattering
(9(@)g = q(@)y), where a quark (or antiquark) scatters off
a gluon and emits a photon, and quark-antiquark annihila-
tion (gqg — gy), where a quark-antiquark pair annihilates
into a gluon and a photon [73, 82].

Higher-order processes play a non-negligible role:
Aurenche et al  demonstrated that two-loop
bremsstrahlung (radiation from charged particles acceler-
ating in strong fields) contributes to photon production at
a magnitude comparable to that of one-loop Compton
scattering or annihilation [67, 73]: one channel for hard
photon emission involving the annihilation of off-shell
quarks and antiquarks, accompanied by interactions with
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additional quarks or gluons-processes that become signi-
ficant in the dense, high-temperature QGP environment.
Although early studies of photon production in heavy-ion
collisions focused predominantly on Compton scattering
and ¢g annihilation, many studies emphasized the need to
incorporate these higher-order contributions to accur-
ately describe experimental observations [67, 73, 82].

We adopt one-loop perturbative QCD calculations
supplemented with a hard thermal loop (HTL) resumma-
tion to quantify thermal photon production. This tech-
nique accounts for medium effects (e.g., screening of col-
or charges) in the QGP [82]. This framework yields the
following production rates for the dominant processes.

Compton scattering + qq annihilation (C+A): This
channel combines contributions from quark-gluon
Compton scattering and quark-antiquark annihilation de-
scribed by

d]VC+A
d3pd*x

_ﬁ aa, (Zef> T2 -E/Tln< ) (20)

where o =1/137 is the electromagnetic fine-structure
constant, a, represents the strong coupling constant, and
e, denotes the electric charge of quark flavor f'(in units of
the electron charge e). For this study, we consider light
quarks (u# and d) with e, =2/3 and e, =—-1/3. The con-
stant ¢ ~ 0.23 arises from HTL resummation, and the ex-
ponential factor e #/7 reflects the Boltzmann distribution
of thermal particles in the QGP. The strong coupling is
parametrized as a function of temperature [90].

6

@) = 53 29N, InBT/T,)’ @1

where N;=2 (number of active quark flavors), T, =
0.14 GeV (QGP-hadron phase transition temperature),
and the logarithmic dependence captures the running of
a, with the energy scale.

Bremsstrahlung (Bre) processes: Bremsstrahlung de-
scribes photon emission from quarks accelerated by inter-
actions with other partons (quarks or gluons) in the QGP.
Its rate is given by

dNBre 1 2 T4 _E/T
Epax = 3 (Z%«) ¢ Ur = IDIE.T),
f

(22)

where Jr ~ 1.11 and J; ~ —1.06 are transverse and longit-
udinal flow parameters, respectively, determined from
two loop calculations for two quark flavors and three
gluon colors [73, 91]. The function I(E,T) encapsulates
kinematic effects via polylogarithmic terms

2 2

LE
c 7 7zIn2+4Lis(-e TIEVTY

2
+27EL12(—6"E'/T)— (%) In(1+e™7), (23)

I(E,T)=3{(3)+ —

Wiﬂ’olo £(3)~ 1.202 (Riemann zeta function) and Li,(z) =

_,Z'/n" (polylogarithm), which describe the phase
space integrals of thermal partons. The 1/E* dependence
reflects the soft nature of bremsstrahlung, making it dom-
inant at low photon energies.

qq-annihilation with additional scattering (A+S):
This process involves quark-antiquark annihilation ac-
companied by a secondary scattering event in the medi-
um, enhancing photon production at intermediate ener-
gies. Its rate is given by

dNas 8
Fpdix = 35 (Z ef> ETe (=T, (24)

Unlike bremsstrahlung, this channel scales linearly with
photon energy £, making it more significant at a higher £
than that at the Bremsstrahlung process.

In Fig. 4, we illustrate these three contributions at
fixed temperatures T =0.25 GeV and T =0.45 GeV. We
find that Bremsstrahlung dominates the low-energy re-
gime, contributing up to £ ~ 1 GeV for T = 0.25 GeV and
E ~ 1.8 GeV for T =0.45 GeV. Beyond these energies,
the C+A and A+S processes become dominant because
Bremsstrahlung is suppressed at the high £ by the 1/E?
factor, while C+A and A+S processes gain strength from
their logarithmic or linear dependence on E. In addition,
all three rates increase with temperature, a consequence
of the higher thermal occupation numbers and more fre-
quent parton interactions in hotter QGP. This trend is
consistent with previous theoretical studies [67, 73].

107
T
-4
§ 10
|
> ~
g 10 ==
£ —— C+A (T=0.25 GeV) T
Z g8 — C+A (T=045Gev)
) —=: Bre (T=0.25 GeV)
Z _lo| —— Bre (T=045Gev)
M 10 | —-- A+S (T=0.25 GeV) .
— - A+S (T=0.45 GeV) S
—12
10 i 3 3 7 3
E (GeV)
Fig. 4. (color online) Hard thermal photon rates as a func-

tion of energy E for fixed temperatures 7 =0.25 GeV and
T =0.45 GeV, showing contributions from Compton scatter-
ing + ¢gg annihilation (C+A), bremsstrahlung (Bre), and anni-
hilation with scattering (A+S).
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The total thermal photon rate is the sum of these indi-
vidual contributions.

dNtal dNc.a dNge dNass
=E +E +E . 25
d3pd*x dBpdtx dBpdix dBpdix 25)

In Fig. 5, we plot this total rate for 7 =0.25 GeV,
T =0.45 GeV, and T = 0.65 GeV, emphasizing the strong
temperature dependence of photon production: at E ~
3 GeV, the rate for T =0.65 GeV is approximately 10*
times larger than that for 7 =0.25 GeV. This enhance-
ment underscores the sensitivity of thermal photon spec-
tra to the temperature evolution of the QGP as a key mo-
tivation for using photons to probe the thermal history of
the medium.

To connect these differential rates to observable spec-
tra, we integrate the total rate over the QGP's spacetime
evolution, following the approach in Refs. [67, 73, 82].

d ) Tf Ynue < dNtotaI )
%) -0/ d an, (E . (26
(dszdy ¥, PT Q /TU TT[,Vnuc )7 d3pd4x ( )

where 7 = 0.5 fm/c (initial proper time) and 7, is freeze-
out proper time, when the QGP cools to 7. =140 MeV.
The integral over 7 accounts for photon production
throughout the lifetime of the QGP, and it is weighted by
the expansion factor 7 (a consequence of longitudinal
boost invariance) while the integral over 5, (space-time
rapidity)spansthenuclearrapidityrange y,,.. Thefactor Q. ~
180 fm? is the nuclear cross-section for Au+Au colli-
sions [67, 73, 82, 91].

Within the Victor-Bjorken flow framework (neglect-
ing transverse expansion), the fluid four-velocity is
w" = (coshn,,0,0,sinhn,), and the photon energy in the
QGP rest frame is E = prcosh(y—n,), where pr and y
represent the transverse momentum and photon rapidity,
respectively. This relationship links the observed mo-
mentum of the photon to its energy in the medium, en-

-1
0 1
Ea SoT—.
[ S~ T~
£ T . i
[ s e P L
> Nl Te=al Tree—
I T S .
A
kel —
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> —— Total (T=0.25 GeV)
3 10°k --- Total (T=0.45 Gev)
— = Total (T=0.65 GeV)
—11
10 g T 2 3 7 5
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Fig. 5. (color online) Total hard thermal photon rates (Eq.

(25)) as a function of energy E for T=025 GeV, T =045
GeV, and T =0.65 GeV, where "Total=(C+A)+Bre+(A+S)".

abling the transformation from theoretical rates to experi-
mental observables.

It is important to note the limitations of the current
framework: (1) We focus on ideal MHD evolution and
neglect dissipative corrections to the distribution func-
tion from viscosity or electromagnetic fields [67, 92],
which could modify photon rates at late times. (2) The
thermal photon production in the hot hadron gas phase,
which contributes to low-p; spectra after QGP freeze-out
[73, 76, 80]. This approach focuses on the macroscopic
thermodynamic modulation of the QGP by magnetic
fields, which is complementary to quantum field theory
based treatments that capture microscopic quantum cor-
rections (e.g., vertex/propagator modifications) to emis-
sion rates [86, 92, 93]. The magnetic field-induced modi-
fications to parton interactions along with these comple-
mentary effects will be explored in future work to provide
a more comprehensive description of thermal photon pro-
duction in heavy-ion collisions.

III. RESULTS AND DISCUSSION

In this section, we investigate the effect of the extern-
al magnetic field on MHD evolution and subsequent
thermal photon rate spectra. We can calculate the photon
production rates after we generate the temperature pro-
file from the MHD. The total thermal photon spectrum is
obtained by adding different rates using Eqs. (20), (22),
and (24) and convoluting with the space time evolution of
the heavy-ion collision with Eq. (26). The final proper
time 7, is the time where the QGP temperature evolves to
the freeze-out temperature 7. For simplicity, we follow
the Refs. [67, 73, 82] and consider photon production in
the mid-rapidity region (y =0) in all calculations. In the
following calculation, we use the values for the RHIC ex-
periment given as T, =0.31 GeV (initial temperature),
T;=0.14 GeV, 79 =0.5 fm, and y,, = 5.3, which can be
obtained from Refs. [67, 73].

In Fig. 6, we present the photon rate calculated from a
different source. The temperature profiles are obtained
from the MHD solution given by Eq. (14) using the ex-
ternal magnetic field decay parameter a =2 and strength
parameter o = 2. We find that Bremsstrahlung (Bre) con-
tributes to the photon rate up to pr ~0.6 GeV, and the
Compton scattering with gg—annihilation (C+A) and an-
nihilation with scattering processes (A+S) play the dom-
inant role. Further, we plot the total photon production
rate and find the rate close to the A+S distribution in the
high p; region.

In Fig. 7, we plot the photon rate for initial magnetic
field strengths o-=0,1,10,30 with the magnetic field de-
cay parameter a =2, where the temperature profiles are
obtained from the MHD solution given by Eq. (14). A
strong initial magnetic field (o-=30) leads to a notice-
able enhancement in the photon rate across the entire pr
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Fig. 6. (color online) Hard thermal photon spectrum from

the QGP in the presence of an external magnetic field (with
decay parameter a =2 and initial strength parameter o =2).
This shows contributions from Compton scattering + ¢gg anni-
hilation (C+A), bremsstrahlung (Bre), annihilation with scat-
tering (A+S), and the total yield.

range. This behavior can be attributed to the external
magnetic field exerting a slowing effect on the temperat-
ure evolution of the QGP, as clearly shown in Fig. 1. This
prolongs the effective time window for thermal photon
emission. In contrast, for weak magnetic fields (e.g.,
o =1), the effect on the photon rate is negligible. The
resulting spectrum is nearly identical to that of the field-
free case (o0-=0) because the magnetic forces are too
weak to significantly perturb the thermal dynamics of the
QGP. This observation underscores that the strength of
the initial magnetic field plays an important role in shap-
ing the electromagnetic signatures of the QGP.

In Fig. 8, we present the photon spectrum with the
magnetic field strength parameter - = 10 and varying de-
cay parameters a=0.5, 1,2, 5. The more pronounced
splitting in the large pr region for a=1, 2, 5 can be at-
tributed to the distinct temporal evolution of the magnet-
ic field. Larger decay parameters (e.g., a = 5) correspond

10
N o= 0.0 (=5.4 fm)
0k = 6=10(=55fm) |
& —+ =10 (5=6.6 fm)
> [ o o = 30 (;=8.8 fm)
L -3
S 10°F .
<
S s
S 10°f 4
=
=
= 07k Eq.(14), a=2, total
-9
10 i p) 3 ) 5
pr (GeV)
Fig. 7.  (color online) Hard thermal photon spectrum from

the QGP in the presence of an external magnetic field. This
spectrum shows the total yield for different initial magnetic
field strength parameters o =0.0, 1.0, 10, 30 with a fixed de-
cay parameter a =2 as a function of transverse momentum pr.

to faster magnetic field decay, which indicates that the
magnetic field exerts a more intense influence in the early
stages of QGP evolution, when temperatures are higher
and hard scattering processes (responsible for large pr
photons) are more active. In contrast, a smaller a (slower
decay) leads to a more prolonged but weaker magnetic ef-
fect. For large pr photons predominantly produced via
high-momentum transfer processes sensitive to the early,
high-temperature phase of QGP, the differing timing and
intensity of magnetic field effects caused by varying a
values result in more significant discrepancies in their
production rates. This amplifies the splitting observed in
the large pr region fora=1, 2, 5.

In the upper panel of Fig. 9, we present the photon
spectrum for varying initial magnetic field strength para-
meters o = 0.0, 1.0, 10, 20 with the magnetic field decay
parameter fixed at a =2/3. The temperature profiles are
derived from the corresponding MHD solutions (e.g., Eq.
(17) as applicable). A clear trend emerges: as ¢ increases,
the photon yield across the pr spectrum decreases. For
the magnetic field decay parameter a =2/3, the thermal-
photon spectrum variations are governed by initial mag-
netic field 2‘strength o. Physically, a=2/3 lies within

S

0<ax (where ¢? represents the speed of sound),

wherein the fluid expends additional energy density to
expel the magnetic field [55, 56]. A larger o requires
more energy compensation, accelerating the drop in tem-
perature. Thus, the photon yield for a=2/3 decreases
with increasing o, contrasting with the previous a # 2/3.
This temperature-driven spectrum modulation is a univer-
sal feature in Victor-Bjorken-type ideal fluids [55, 56],
accelerated MHD [59], and viscous MHD systems [84].
This feature confirms the robustness of the physical
mechanism.

In the lower panel of Fig. 9, we show the photon
spectrum under the same set of initial magnetic field

a =05 (=20 fm)

wo'b S —— a=1(;=54fm)
o Wy —- a=2 (=66 fm)
S Suy, e a=5 (=69 fm)
© -3
S 10°f
g
S s
S 10 8
S
S

107k Eq.(14), 6=10, total

pr (GeV)

Fig. 8.  (color online) Hard thermal photon spectrum from
the QGP in the presence of an external magnetic field. This
shows the total yield for different initial magnetic field decay
parameter a=0.5,1,2,5 with a fixed strength parameter
o = 10 as a function of transverse momentum pr.
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Fig. 9.
QGP in the presence of an external magnetic field. Upper pan-

(color online) Hard thermal photon spectra from the

el: Total yield for different initial magnetic field strength para-
meters o = 0.0, 1.0, 10, 20 with magnetic field decay paramet-
er a=2/3 (Eq. (17)). Lower panel: Total yield for the same o
values with magnetic field decay parameter a =  (Eq. (19)).

strength parameters o = 0.0, 1.0, 10, 20 but with the mag-
netic field decay parameter a = o (Eq. (19)). In contrast
to the a =2/3 case, a reverse trend is observed: larger ¢
values lead to higher photon yields across the pr spec-
trum. This can be attributed to the decay nature of the
magnetic field (as a = co implies super fast decay) exert-
ing an enhancing effect on the thermal and dynamical
processes of the QGP, promoting photon production. The
contrasting dependencies of the photon yield on o
between the two figures highlight the critical role of the
magnetic field decay parameter a in mediating the influ-
ence of the initial magnetic field strength on the QGP
photon emission.

In Fig. 10, we present the thermal photon spectra for
varying magnetic field decay parameters a =2/3, 2, oo
with fixed initial magnetic field strength parameter
o =10, alongside the spectrum for a =2 and o =0 (ideal
MHD case). The temperature profiles are derived from
the corresponding MHD solutions (Egs. (14), (17), and
(19), as applicable). A clear trend is observed: as the
magnetic field decay parameter a increases, the photon
yield across the pr spectrum rises. This behavior is attrib-
uted to the larger a corresponding to the faster magnetic
field decay, which intensifies the influence of the field in
the early, high-temperature phase of QGP evolution when

hard scattering processes (critical for photon production)
are the most active. For a = 0o with o =10, the photon
yield is enhanced compared to that for the ideal MHD
case (a=2, 0=0). This serves as an upper bound for
photon production under magnetic field decay effects. In
contrast, for a =2/3 with o =10, the decay behavior of
the magnetic field suppresses the photon yield relative to
the o =0 case. This suppression stems from the slower
decay rate of a = 2/3 perturbing the thermal dynamics of
the QGP and diminishes emission processes.

In Fig. 11, we present the thermal photon spectra
for different proper time intervals [(0.5, 1.5) fm/c, (1.5,
2.5) fm/c, (2.5, 3.5) fm/c, (3.5, 5.5) fm/c] under the con-
dition of magnetic field decay parameter a =2 and initial
strength parameter o = 10. The temperature profiles are
derived from the corresponding MHD solution (Egs.
(14)). A key observation is that low pr photons receive
contributions from all stages of QGP evolution. This is
because low-momentum photons are predominantly pro-
duced via relatively low-energy scattering processes,

10
. —— Eq.(14), a=2, 6=0 (5/=5.4 fm)
O — = Eq.(14), a=2, 0=10 (5=6.6 fm)
-~ 10 - — . Eq17), a=2/3, =10 (=32 fm) |
L | £q.(19), a=o0, 6=10 (=7.0 fm)
o 3 :
O 10 |
<
£ s
T 101
S
3 :
10 | Total Yield for Different Temperature Profiles “\
~
-9
10 i 2 3 7 3
pr (GeV)
Fig. 10. (color online) Hard thermal photon spectrum from

the QGP in the presence of an external magnetic field. This
shows the total yield for different magnetic field decay para-
meters: a=2/3 (Eq. (17), 0 =10), a=2 (Eq. (14), o =10 and
0 =0), and a =~ (Eq. (19), o =10).

dN/prdprdy (GeV~2)
I

107k Total, 6=10,a=2 I~
5 € (0.5, 1.5) fm/c NN
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-13
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Fig. 11.  (color online) Hard thermal photon spectrum from
the QGP in the presence of an external magnetic field. This
shows the total yield and contributions from different proper
time (7) intervals.
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which remain active across the entire lifetime of the QGP
as long as the system maintains sufficient temperature. In
contrast, high pr photons are primarily generated in the
early stages of QGP evolution (specifically the (0.5, 1.5)
fm/c interval). This behavior is cuased by high pr
photons requiring high-momentum transfer processes,
which are the most efficient during the early, high-tem-
perature phase of the QGP where the collision rate and
thermal energy are the highest.

Finally, in Fig. 12, we plot the thermal photon spec-
tra for different rapidity intervals [n,€(0.0, 1.0), n, €
(1.0, 2.0), 1, € (2.0, 3.0)] under the conditions of magnet-
ic field decay parameter a =2 and initial strength para-
meter o =10. A distinct feature is observed for the
photons at y =0: the yield is predominantly contributed
by the central rapidity interval n, €(0.0, 1.0). This can be
attributed to particle production in heavy-ion collisions
being typically most intense around mid-rapidity, where
the density of interacting particles and the corresponding
thermal emission processes are the most active. Further-
more, a clear decreasing trend is evident with increasing
rapidity: the contribution to the photon yield diminishes
as the rapidity interval moves away from the center (e.g.,
from (0.0, 1.0) to (2.0, 3.0)). This behavior aligns with
the expected momentum distribution of particles in the
QGP, where the number of particles with large rapidities
is smallerbecuase of the kinematic constraints of the col-
lision system. These results highlight the sensitivity of
thermal photon production to the rapidity distribution,
with central rapidity regions playing a dominant role in
shaping the overall yield at y = 0.

10
102k %\ i
—6 \’\ sssss
G S §
> N~ Tee—l_ ]
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S 102 — 70010 S .
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Fig. 12.  (color online) Hard thermal photon spectrum from

the QGP in the presence of an external magnetic field. This
shows the total yield and contributions from different space-
time rapidity (7,) intervals.

IV. CONCLUSIONS

In this work, we investigated the effect of external
magnetic fields on thermal photon production in the QGP

within an MHD framework. We adopted the relativistic
fluid theory to describe the energy-momentum tensor of
the QGP in the presence of magnetic fields, simplifying it
to the ideal fluid limit under the non-resistance approxim-
ation (Victor-Bjorken type). The magnetic field is as-
sumed to decay via a power-law in proper time,
B(7) = Bo(t0/7)", where a represents the decay paramet-
er and o characterizes the initial field strength. Using the
Victor-Bjorken flow assumption [55, 56, 84], we revisit
the analytical solutions for the QGP temperature evolu-
tion (Eq. (14)). These solutions show distinct behaviors
depending on a and ¢. For example, a larger a or ¢ slows
temperature decay, while a =2/3 accelerates it for in-
creasing o [55].

Thermal photon production rates are calculated by
considering three dominant processes [67, 73, 82]:
Compton scattering with ¢g annihilation (C+A),
bremsstrahlung (Bre), and ¢g annihilation with addition-
al scattering (A+S). The total photon spectrum is ob-
tained by integrating these rates over the spacetime evol-
ution of the QGP (Eq. (26)), accounting for the temperat-
ure profiles from MHD simulations. This approach cap-
tures the contributions of different processes across mo-
mentum ranges, with Bremsstrahlung dominating low pr
and C+A/A+S dominating high pr.

Our results reveal that the external magnetic field af-
fects the photon spectrum: (i) Increasing the decay para-
meter a enhances the photon yield across all py, with
a=oo (super-fast decay) providing an upper bound be-
cause of the intensified early-stage QGP heating. (ii) For
a=2/3, a larger o suppresses yields by accelerating tem-
perature decay, while for a=co, a larger o enhances
yields via prolonged thermal emission. (iii) Low pr
photons receive contributions from all QGP stages,
whereas high pr photons are dominated by early-time
production. (iv) Central rapidity intervals (0.0, 1.0) dom-
inate the yield at y = 0, with contributions diminishing for
larger rapidities. These findings highlight the critical role
of magnetic field dynamics in QGP electromagnetic sig-
natures, offering insights for heavy-ion collision experi-
ments.

This study is simple and easily reproducible and ex-
tends the studies of photon yields from viscous fluids [67,
73], Gubser flow [74], and longitudinally accelerated flu-
ids [85] to the MHD regime. It holds many theoretical po-
tential for further exploration, including photon yields in
MHD with magnetic susceptibility [56], viscous MHD
[84], longitudinally accelerated MHD [59], spin-hydro-
dynamics [94], and non-extensive MHD [95]. Such in-
vestigations are expected to help deepen our understand-
ing of how strong magnetic fields and spin effects influ-
ence photon (or dilepton) yields in a relativistic hydro-
dynamic framework while providing a testbed for thermal
photons (or dilepton [79, 96]) from numerical MHD sim-
ulations.
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