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FSl Magnetized plasma

» Magnetized relativistic plasmas ”“WWL*E
— Cosmology

— Astrophysics
— Heavy-ion collisions

— Topological semimetals

* Photon & dilepton emission from magnetized QGP

— Ha gh anisotropy [Wang, Shovkovy, Yu, Huang, Phys. Rev. D 102, 076010 (2020), arXiv:2006.16254]
[Wang, Shovkovy, Phys. Rev. D 104, 056017 (2021), arXiv:2103.01967]

gL Rate enhancement [Wang, ShOVkOVy, PhyS Rev. D 106, 036014 (2022), aer\'22050027()]
]

[Wang, Shovkovy, arXiv:2307.07557

* Production of neutral scalar bosons as theoretical exercise
— offers insights into spin effects
— may describe to sigma-boson production

— can be useful in cosmology (inflation) and astrophysics (dark matter)
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FSi Model

* The model Lagrangian density
i 1 1 i
L=y (" Dy —m) ¢+ 50"¢9,¢ — §M2¢2 — 9oy
* The scalar bosons (¢) are neutral

* The fermions (1) carry an electric charge g

* The covariant derivative 1s
DH = 0" + igA*(x)
and the background gauge field 1s

At (x) = —yB(Sf
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el | Scalar boson production rate

* The differential production rate is
dSR Yy ng (Q)
>k B (26)°9Q

where 2% (€, K) is the self-energy of the scalar field

Im [Z7(Q, k)]

ng(Q) = [eﬂ/ L 1]_1 1s the Bose-Einstein distribution

» Note that Im[2®(Q, K)] determines the boson decay rate
Im[ZR(Q, k)]
Q)

where the mass-shell condition for the bosons is Q = VM?2 + k2

[ =
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ESU Fermion propagator

* Fermion propagator has the structure

S(x,y) = exp (—iq /; Au(az)dg:”> S(z —y)

* The translation invariant part 1s

2
P / (Z:)'gg(p||;r¢)€_ip"f”“

* We use a mixed representation:
) ~¢/2. & D (pyry)
€ P|s YL
S(py; = g
(P TL) 2702 S pﬁ — m?2 — 2n|¢B|

Sl

D (pysr1) = (B +m) [P+Ln () +P-Lu1 (O] — 75 Ln 1 (€)

where
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£Si Scalar self-energy

* The self-energy of the scalar field at leading order 1n
coupling
S(x —y) =ig’Tr [S(z — y)S(y — 2)]

e Thus, 1In momentum space

(k) = ig (QW)Q rje Ir (p||711)5(p|| k||,—1‘¢)}

* Diagrammatic representation:

: k 4 k
 Imaginary part: 00 o—--eaed T P --mm-

October 11, 2023 Seminar of Latin American network on electromagnetic effects in strongly interacting matter



£Si Imaginary part of self-energy

« Three types of processes contributing:

- - (n’pz)
k »~ k -~
(n,p,) _-” (n,p,) -7 __k___
> <
(::E%N (”'>kf)\
(a) (b) (c)

* The energy conservation: Eyp ¢ —AEp, ¢ +1nQ =0

rpZ
e Constraints:

Y=Y+ V2 —k2<k_ and n >,
V= Y+ V2 —k2<k_ and n<n/,
Y+ — b AT T e

where ki = \/m2 + 2nlgB| £ /m2 + 2n/|¢B|
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FSi Imaginary part of self-energy

« Three types of processes contributing:

n<n’ Wﬁ a
N\ | —

S = =
=\

* The energy conservation: Eyp ¢ —AEp, ¢ +1nQ =0
 Constraints:

Y=Y+ V2 —k2<k_ and n >,
V= Y+ V2 —k2<k_ and n <7/,
v+P = V2 -k > ky,

where k+ = |vVm? + 2n|qB| + v/m?2 + 20/ |¢B]
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EBSU  Analytical result for Im[Z%(Q, K)]

Flnal eXprGSSIOH [Jorge Jaber-Urquiza and I. S., arXiv:2310.00050]
K2 k2) -0 (K2 4 K2 — Q2

B e
. [ ((n +)lgBl - 3 (02— ) + 2m2 ) (B © + 1) - 5B 0|

— k2 — 4m? — 8n|¢B|)
ho (n
47r€2 Z 2) (22 — k2 — 4m?2 — 8n|qB]|) o)

Im [ZF(Q, k)] )h (n,n’)

x| (2n|qB| -5 @ =) o) (GO + H0) - 5B
where h(n,n") and hy(n) are built from Fermi-Dirac distribution
functions

» The result resembles but is different from the imaginary part of the

photon polarization function

Uu [Wang, Shovkovy, Yu, Huang, arXiv:2006.16254]
Im [H (‘Q k) [Wang, Shovkovy, arXiv:2103.01967]
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Y Special limit: k;, = 0

» The scalar boson’s momentum parallel to the B-field

2 (92— Jew kz2 4m? — 8n|qB

Im [SR(2,0, k)] = —=—— ( Z 250 ho (n)
8Tz /Q2 \/Q2 — 4m? — 8n|qB|

Whel'e C(n — 2 T 661 [Bandyopadhyay, Farias, Ramos, arXiv:1807.06515]

e This expression 1s much simpler than the general result

* Kinematics at K; = 0 1s extremely restrictive

— The boson production is allowed only when ) > 2m

— Annihilation is the only process contributing v/ > . o

-
7~
-~

— Particle splitting processes are forbidden X ~
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ESU Zero field limit (B=0)

We reproduce the B=0 limit from the expressionat k; = 0

e B — 0: the sum over n sum becomes an integral over v = 2n|qB]|,

m [2R 4 _E(QQ_ k[ — 4m?) X M 42 © dv - k[v/vo —v
I [E (Qak)] E 8 \/m Q(Q |k‘ 4 )/0 \/m { Z ( W)]
where we replaced |k,| = |K| (Lorentz symmetry is restored at B=0!)

After the integration, one derives

2

Im [27(Q, k)] = —g—ﬂ (Q2 — k|2 — 4m?)

V2 —k[Z—4m2 2T 1+ Z+/T

Sk K 1t e BT

which 1s the correct result at =0 !

0 (Q* — |k|* — 4m?)

[Jorge Jaber-Urquiza and I. S., arXiv:2310.00050]
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FSl Physics regimes

* Two very different physics regimes exist
— Suprathreshold scalar boson mass M > 2m (nonzero rate at B=0)
— Subthreshold scalar boson mass M < 2m (zero rate at B=0)

* Two temperatures

- T = Sm (relativistic plasma)

- T ={15m(ultra-relativistic plasma)

e RS9
L S
S=ao
e ———
———
——

» Two magnetic field strengfhg ™" ‘
- |gB| = (2m)? (moderately strong field) * 3 lmax{ 72 Q2 }]
- |gB| = (5m)?(very strong field) - w 21B|"2]4BIJ]

.........................................................................................

* Range of energies

o
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ESU  Angular dependence (M > 2m)

» Typical data in the suprathreshold scalar boson mass

: " |qBl=4m?, T=5m, M=3m | —— o-cem
— ()=11.5m
0.0015 — (=17 5m E
- — (=23 5m | ]
[ — (=29 5m | ]
1074}
- g
E L
% 10—55 “‘.
o C
Sl 8 w
10—6;
107} h.
00 LA NG T FwRg 0 W oaE

| Angle 6 is measured

from the magnetic
field direction, 1.e.,

k, =kcosf
k, =ksin®

Nonzero rates at 6=0

i The rates grow with
] increasing 6

1 The rates decrease

with increasing ()

[Jorge Jaber-Urquiza and I. S., arXiv:2310.00050]
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ESU  Angular dependence (M < 2m)

Typical data in the subthreshold scalar boson mass

-~

A ———— .
_ loft=dnr’, Trdm) Mer'3 ] The rates grow with
0.001; increasing 6
- 1 The rates decrease

A ,’ 1 with increasing ()
—_ / : .
% I,Q 0-5 | The rates vanish at
£, 16=0
| g j

| 10 | . M pntpun— W,

| Pl Particle spl%ttmg

\ Maglainiiiis | DIOCESSES Zive

\ )

\10-7 — o-225m {4 nonzero rate when
b _ | e——0=295m | ]
\oo 10 15 M<Q<2m
R ,/ -

[Jorge Jaber-Urquiza and 1. S., arXiv:2310.00050]

October 11, 2023 Seminar of Latin American network on electromagnetic effects in strongly interacting matter 17



FSU  Scalar boson production profiles

lqB|=4m?, T=15m M=3m, Q=5.5m |qB|=4m?, T=15m Bﬂ M=3m, Q=11.5m |qBl=4m?, T=15m M=3m, Q=29.5m
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Red: annihilation processes Green: particle-splitting processes Blue: total
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S Integrated rates

 Integrated rate
dR . kn B(Q) R )
v MV I
o /0 PE m [X7(Q, k)] sin 6d6
* Notice the phase factor k in the numerator
* The shape of production profile can be characterized by its

ellipticity
[ (&°R/d*k) cos(20)db

o= [T (B R/d3k) b

B
; M
.

e The sign convention forv,: (1)  vo = (i1)
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ESil Integrated rates, [gB| = ( 2m)?

|9B|= 4mz M=3m

o eesme] The rate grows with temperature
ol = *—— ~~~~~~~ , The peak rate is reached at some
,, B intermediate energy:

i 0.001F f/:\*? i, * 4
| I by
i O~17T
] Jl T=5m

1070 i 4 BTN -THN N s , .

* Mk T3 TE AR (stmilar to black-body spectrum)
s o' W T M > 2m: The rate is larger than

e At e 2 2 v e e eas g 80832 L2 D
el e therate at B = 0

g 7 M < 2m: The rate is nonzero at
oot | subthreshold energies:
% T=15m
o | M<Q<2m
aml [Jorge Jaber-Urquiza and 1. S., arXiv:2310.00050]
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FSU _ Integrated rates, |gB| = (2m)*

Generally, ellipticity is positive at
large enough enrgies

vy, ~0.2 to 0.3
M >2m
* v, 1s small at small energies
* v, decreases with temperature
M <2m
* v, 1s large at small energies

* v, decreases with temperature

[Jorge Jaber-Urquiza and I. S., arXiv:2310.00050]
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laB{=25m”, M=3m
| il
SR L L T T
D—sﬂ-cs-g&c
S I A
e
£
€ o
g 107 |
hel
1076+ h 7
T=15m ‘\‘\%‘
'y \_\ e
1 B=0 "~._
10-8 L ’ ( ‘ o
; . - o 80
Q[m]
|qB|=25m2, M=m/3
| 4
e R S e
0.100¢
N
£ o0.010F
(&
kel
X
kel
0.001¢
107
10-5 L : ' | I |

10 20 30 40 50
Q [m]

0.25

0.00

|gB|=25m?, M=3m

20

40
Q[m)

80

0.6

0.4r

V2

0.3F

0.1r

0.0

|gB|=25m?, M=m/3

[Jorge Jaber-Urquiza and 1. S., arXiv:2310.00050]
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FSl Summary (scalar bosons)

HY-o>v+e¢, () Pp-oPp+ae, (i) p+P-e i

It is different from B = 0 (only annihilation contributes)

e AtB # 0, scalar bosons are produced via ] @ k

Scalar boson emission profile 1s anisotropic (v,=0.2) =

Particle-splitting does not contribute in the direction of
the field (k;, = 0)

Production 1s allowed even for subthreshold energies
M < Q< 2mwhen B # 0 (via particle-splitting)

Magnetic field increases scalar boson production rate
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