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Fermion self-energy and damping rate in a hot magnetized plasma
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We derive a general expression for the fermion self-energy in a hot magnetized plasma by using the
Landau-level representation. In the one-loop approximation, the Dirac structure of the self-energy is
characterized by five different functions that depend on the Landau-level index n and the longitudinal
momentum p,. We derive general expressions for all five functions and obtain closed-form expressions for
their imaginary parts. The latter receive contributions from three types of on shell processes, which are
interpreted in terms of Landau-level transitions, accompanied by a single photon (gluon) emission or
absorption. By making use of the imaginary parts of the self-energy functions, we also derive the Landau-
level dependent fermion damping rates I',(p.) and study them numerically in a wide range of model
parameters. We also demonstrate that the two-spin degeneracy of the Landau levels is lifted by the one-loop
self-energy corrections. While the spin splitting of the damping rates is small, it may be important for some
spin and chiral effects. We argue that the general method and the numerical results for the rates can have
interesting applications in heavy-ion physics, astrophysics, and cosmology, where strongly magnetized

QED or QCD plasmas are ubiquitous.
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I. INTRODUCTION

The influence of magnetic fields on relativistic matter
has been a topic of continued investigations and interest
for decades. Strong magnetic fields appear and play an
important role in cosmology [1,2], astrophysics [3,4],
and heavy-ion collisions [5-8]. They can affect phys-
ics of magnetars [9], supernovae [10], and gamma ray
bursts [11]. Theoretical estimates show that extremely
strong magnetic fields up to |eB| ~ m?2 are produced in
high-energy noncentral heavy-ion collisions [12-16]. Of
course, the strength and temporal evolution of these fields
can be affected by many factors, including the collision
energy, the impact parameter, and the electrical conduc-
tivity of the plasma [17-22]. Even in condensed matter
physics, strong magnetic fields can trigger some relativis-
ticlike phenomena when topological features of the band
structure give rise to low-energy quasiparticles described
by Dirac and Weyl equations [23].

The groundwork for understanding relativistic systems
in the presence of a magnetic field was laid by Heisenberg
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and Euler [24] and later by Schwinger [25]. Many field-
theoretical studies have been done over the years since. The
key developments and foundations can be found in many
books and reviews, e.g., see Refs. [26-28]. Despite broad
theoretical knowledge gained, surprisingly few quantitative
results are known about the Green functions and radiative
corrections for relativistic plasmas in background magnetic
fields beyond the two extremes of the lowest Landau level
approximation and the weak-field limit [29-31]. For some
of the recent developments, see Refs. [32—47].

In a uniform magnetic field, the usual transverse mom-
enta are not good quantum numbers for charged particles.
Instead, their eigenstates are given by the Landau-level
orbitals. This fact has profound implications on the field
theory formalism. The most natural form of the fermion
propagator is given in the Landau-level representation [28].
The inherent complexity of such a representation makes the
evaluation of Feynman diagrams difficult even at the lowest
one-loop order.

The main objective of this study is a rigorous derivation
of the fermion self-energy in a strongly magnetized hot
relativistic plasma. In particular, the emphasis will be
made on the proper treatment of the self-energy in the
Landau-level representation. We will follow the approach
developed previously in the context of the quantum Hall
effect in graphene [48,49]. Similar methodology was also
utilized in the studies of chiral asymmetry in magnetized
QED at nonzero density [50,51]. Here we will focus on the
fermion self-energy in the Landau-level representation
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and investigate in detail its imaginary part. Such an
imaginary part defines the fermion damping rate in the
plasma. It is also a critical input in determining the particle
mean free path and some transport properties. We will
derive explicit expressions for different components of the
self-energy and discuss their interpretation in terms of
underlying physical processes. We will also study the
quantitative dependence of the fermion damping rate on
the Landau level index and the longitudinal momentum.

Several attempts at studying the fermion self-energy in
strongly magnetized vacuum can be found in the literature
[52-56]. Most notably, the authors of Refs. [57-59] had
the most progress in recent years, where they calculated the
Fourier transform of the transitionary invariant part of the
self-energy but stopped short of projecting the results onto
the Landau levels. As we argue here, the latter procedure
is necessary in order to extract observable features of the
self-energy.

The paper is organized as follows. We start from the
definition of the fermion self-energy in coordinate space in
Sec. II. After removing the Schwinger phase and performing
a Fourier transform on the translation invariant part of the
self-energy, we derive a relation that resembles but is not the
usual momentum space representation. To extract physics
information, the corresponding result is mapped onto the
Landau levels in Sec. III A. The numerical results for the
imaginary parts of the functions, defining the Dirac structure
of the self-energy, are presented in Sec. III B. By utilizing the
imaginary part of the self-energy, we derive the fermion
damping rate and study its dependence on the Landau-level
index n and the longitudinal momentum p, in Sec. I'V. Note
that we use two different methods in Secs. IVA and IV B,
but they give the same spin-averaged expression for the
damping rate. However, the use of the poles of the full
propagator in Sec. IV B reveals that the rates for the two spin
states of each Landau level are slightly different. Finally, we
summarize our main results and conclusions in Sec. V.
Several technical derivations and auxiliary results are given
in the Appendixes at the end of the paper.

II. FERMION SELF-ENERGY
IN MAGNETIZED PLASMA

To keep our analysis as simple as possible, we consider a
hot magnetized QED-like plasma with a single fermion
flavor of mass m, and charge ¢g. With minor adjustments,
accounting for a different coupling constant and the number
of gauge bosons, the one-loop expression for the self-
energy will be also valid for the QCD plasma. Without loss
of generality, we will assume that the background magnetic
field B points in the +z direction.

At the leading order in coupling, the coordinate space
representation of the fermion self-energy is given by

Z(u,u') = —dizay*S(u,u')y* D, (u—u'), (1)

where a = ¢*/(4r) in the coupling constant, S(u, u') is the
free fermion propagator, and D, (u —u') is the photon
(gauge-field) propagator. Note that, by definition,
E(u,u') = i[SWu, ') — G~ (u, )], where G~ (u,u’) is
the inverse of the full fermion propagator (at the leading
one-loop order). In the case of the QCD plasma, one would
need to replace the coupling constant @ with a;Cr, where
a; = g;/(4n) and Cp = (N = 1)/(2N.).

Because of the broken translation symmetry, the free
fermion propagator S(u,u’) and, in turn, the self-energy
(u,u’) depend on spacetime coordinates u = (¢, x, y, z)
and u' = (¢,x',y,7) as follows [25]:

S(u,ul) = W) (0 — ul), @)

X(u,u') = P )T (u—u'), (3)

where ®(u,,u') is the famous Schwinger phase.
Note that the translation-invariant parts S(u —u') and
Y(u—u') depend on the difference u —u' only. Assu-
ming the Landau gauge for the background field, i.e.,
A = (0, Bx, 0), the explicit form of the Schwinger phase is
given by ®(u,, 1) =% (x +x')(y — '), where ¢ is the
fermion charge.

For reference, we derive an explicit form of the fermion
propagator in a background magnetic field in Appendix A.
We make sure to emphasize its coordinate space depend-
ence and the Landau-level structure. Using the same
approach, we also obtain the inverse fermion propagator
in Appendix B. Note that both the propagator and its
inverse (and, by extension, the self-energy) have exactly the
same Schwinger phase. It is consistent with the structure of
Eq. (1) and the spacetime dependence in Eqgs. (2) and (3).

After removing the Schwinger phase and performing the
Fourier transform on both sides of Eq. (1), we arrive at the
following expression for the self-energy function:

Pk,
H747ﬂs(k\\’kl)yyl)yu(p - k)’

2(p).p1) = —4ina )
(4)

where p"" = (po. p.) and p/| = (p,. p,). Interestingly, this
expression coincides with the usual definition of the self-
energy in a theory without a background magnetic field.
Clearly, however, the vectorlike variable p, cannot be
interpreted as a conserved transverse momentum in a
magnetized plasma. (In contrast, the two components of
p|» i.e., the energy p, and the longitudinal momentum p_,
are conserved quantities in a uniform magnetic field.)
Despite the appearance, the functions § (kj.k,) and

i(pH, p.) are not the momentum-space representations
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FIG. 1. The leading order Feynman diagram for the fermion
self-energy in the Landau-level representation.

of the fermion propagator and the self-energy, respectively.
Yet, they encode all information about the propagator and
self-energy.

The main advantage of the representation in Eq. (4) is its
simplicity. To extract its observable effects, however, we
will need to render it in the Landau-level basis. The
corresponding projection will be discussed and imple-
mented in Sec. [II. While technically nontrivial, its outcome
is obvious in the diagrammatic form shown in Fig. 1.

At this point, we will proceed with the calculation of
the self-energy in Eq. (4). In the derivation, we will use
the following Feynman gauge for the free gauge-field
propagator:

d2k”d kL

4171'052 /

—kj,q.=p, —k,, and

(P|| PL)

Here ¢ = p)

DY (ky ) = 2[(ky - 7)) + o] [Py Ly (2K £2)

where P, = (1 &5, iy

. g/w
To-a o

where g, = diag(1,-1,—1,—1) is the Minkowski metric.
We note that a more refined analysis of a hot magnetized
plasma may require using the hard-thermal [60] and hard-
magnetic loop [28] resummations. The corresponding
refinements are beyond the scope of the present explor-
atory study but should be undertaken in the future.

It is instructive to emphasize that the Feynman gauge
for the gauge-field propagator is convenient but not the
most general. In fact, it is well known that the fermion
self-energy depends on a gauge choice. In this study,
however, we will be concerned primarily with the imagi-
nary (dissipative) part of the self-energy and the fermion
damping rate. For these purposes, the simplest Feynman
gauge should be sufficient [61,62].

By substituting the free fermion propagator, whose
explicit form is given in Appendix A, and the photon
propagator in Eq. (5) into the expression for the self-energy
in Eq. (4), we obtain

D/w(p - k) =

—KRPou (-1)"D, Dy Uy k) Y 1 (6)
kﬁ—m% 2n'|qB| ™ qf - 41
—P_Ly_(2QK5 %)) +4(ky -y, )L, (2K3 £7), (7)

1¥2)/2 are spin projectors, # = 1/+/|qB]| is the magnetic length, s, = sign(¢B), and L%(z) are the

generalized Laguerre polynomials [63]. We assume that, by definition, L%, (z) = 0.
To account for a nonzero temperature 7, we use Matsubara’s formalism. In particular, we replace the fermion energies p,,

and ko with iw, = inT(2n, +1) and iw,,

Matsubara sum, i.e.,

dk,
TOF Po> ko

Then, the self-energy (6) becomes

—>sz

ny=—00

= inT(2n; + 1), respectively, and replace the integral over k, with the

m)n i, (8)

P oy P 0
(=1)" e D (i, k. k)

dk, d2k
E(iw,,, pop1) —471'0{TZ Z / L

n'=0 np=—oo

where we used the shorthand notations for the Landau-level energies E,/ ;. = \/ 2n'|gB| +
\/¢% + ¢? and introduced the following new function:

energy £, =

9’ (9)
wn,\ + E” &, )[(wn,, a)nk> + Etzz]

m3 + k2 and the gauge boson

~(0)/. 0)/. _
DY (i, kool ) = 7D (i, ko k1 )y, = 40| Ly (2K3 €7) = Ly (2K3.£7)]

- 4(l'60,1k}/0 - kzy

After performing the Matsubara sum, we obtain

P_Ly(2k122)

— P Ly (2K )] =8k, -y )LL_ (2K 7). (10)
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dk,d’k; o S182[1 —np(s1Ewy, ) + np(s2E,)]
pi-PL) = 4na L ekt = -
2py-ps) ,;)SZ; Szz: (27)? Ey . Ey(po—$1Ey i, — $2E, + i€)
X {($1Ew sy’ = ke )[P_Ly (2K3 %) = Py Lyy_y (2k7 £%)]
— [y (23 6%) = Ly 1 (2K31.6%)] + 2(ky - 71 )Ly, (23 27)}, (11)

where we used the standard Fermi-Dirac and Bose-Einstein distribution functions, nz(E) = (/7 + 1)~ and
ng(E) = (/T — 1)7!, respectively. In the derivation, we used the following result for the Matsubara sum:

i iw, A+ B 1 (s1E,A+ B)[1 — ng(sE,) + ng(s,Ep)) . (12)

a)nk + Ez)[( n - wnk)z + Ei] B 4s1.s2:i S1s2EaEb(lwnp - SlEa - SZEb)

To separate the real and imaginary parts of the self-energy, we perform the analytical continuation i@, — po + ie and use
the Sokhotski formula,

1 1
— =P :
po—S1Eyi. —52E, + i€ po—s1Eyi. — 2B, + i€

- lﬂ'(s(po - len/,k: - S2Eq). (13)

In the rest, we will concentrate on the imaginary (absorptive) part. The corresponding expression can be simplified by
taking into account that

Ey i E,8(k, — k) 2E, 4 E5(k, — kS)
— p)SiEy g+ ki s:E, | = V1d - (q)Ald - (@)

(14)

3(po = S1Ew k. — $2E,) Z S

where g1 = |\/2n'|gB| + m} £+ \/p? — p?| and the explicit expressions for the two solutions k¥ to the energy-
conservation condition read as

P 2n'|gB| + rh% - (]2l Do ~
ki———z<1+ + 4t - (q1)4dh - (1) ). 15
z D) p(z) P% PZ(P(% P%) \/[ 1 ( J_) H 1 ( L) ] ( )

Note that, for the fermions on the mass shell, we should set pj — p? = 2n|gB| + i}, and the two thresholds will
become g1 = |\/2n'|gB| + m} & \/2n|qB| + m}).

By substituting the solutions of the energy-conservation condition (k, = kF), we derive the following two expressions for
the particle energies:

$1P0 2n’|qB|+mo 7 p- -
Eyy i ——(1 " 2 — (@@ - @), (16)
ok T o= P po(p%—pﬁ)\/ S
$2Po 2n'|gB| + m — ¢3
s =22 (1 - 2R e fat - Pl - 1)), (17)
4

Without loss of generality, below we will concentrate onthe ~ pg > 0, we identify the following three kinematic
case of Landau-level states with positive energies, p, > 0. cases:

On the mass shell, they will be given by the Landau-level

energies, py = \/2n|gB| + m% + p?. If needed, the self- 51>0,5>0:0<q, <q7. (18)
energy results for the Landau-level states with negative
energies could be obtained by using the charge-conjugation

S1>O,S2<0:O<ql<q1, (19)
symmetry.
By analyzing the solutions for energy-conservation
relation  po = sEy .+ s,E, with the assumption 51 <0,5 >0: g <q, <oo. (20)
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FIG. 2. Feynman diagrams for the three processes contributing to the fermion damping in the nth Landau-level state: (a) quantum
transition to a lower Landau level with emission of a photon y,, — v,y + y (n > n’), (b) quantum transition to a higher Landau level with
absorption of a photon v, +y = w,» (n < n’), (c) particle-antiparticle annihilation y, + ,; — 7.

The first one describes a transition to a lower energy
particle state with emission of a photon (y, — v, + 7
with n > n'); see Fig. 2(a). The second one describes a
transition to a higher energy particle state with absorption
of a photon (y, +y — w,, with n < n’); see Fig. 2(b).
Finally, the third one describes a transition to an anti-
particle state with emission of a photon (i.e., annihilation
process v, + W, — y for any n and n’); see Fig. 2(c).
It is instructive to emphasize that the three processes in
Fig. 2 contribute to the fermion damping rate only when the

The final expression for the imaginary part reads as

background magnetic field is nonzero. Without magnetic
field, these processes of order a are forbidden by the
energy-momentum conservation. Instead, the fermion
damping is dominated by diagrams of order @ such as
two-to-two scattering and annihilation processes (i.e., y; +
y > yp +yand y, + W — y + 7). Turning the argument
around, this also implies that contributions from higher-
order processes will compete with those in Fig. 2 when the
magnetic field is sufficiently weak.

ne(sE ,k«) + np(s2E,)

- d’ky _ep -
m(S(p).p.)) = -4mzz / o
192

n'=0 {s}

*llat - (¢1)%]

x{ (51E, 41" = KP)PL, <2kif2>—P+Ln/_1<2kif2>]

— oL,y (2K2.¢2)

where the shorthand notation  _, represents the sum over
three signs, i.e., s;,5,,s = 1. This expression for the
Fourier transform of the translation invariant part of the
self-energy, as defined in Eq. (3), does not reveal explicitly
the Landau-level structure. Indeed, as we show in
Appendix B 1, its Landau-level representation (B7) should
be given as an expansion in Laguerre polynomials
L%(2p%£?%), where p, is the Fourier variable for the
external line. In the next section, we will use the properties

0

= Ly (2K1%)] + 2(ky -y 1)L,

(K3, (1)

of the Laguerre polynomials to render the self-energy in
such a Landau-level form.

III. FERMION SELF-ENERGY IN LANDAU-LEVEL
REPRESENTATION

A. Analytical expressions for the self-energy functions

By making use of explicit wave functions for the
Landau-level orbitals in Appendix B 1, we find that the
self-energy must take the following general form:

S(py.py) = —2e7" Z(‘U"[‘SUH.”(PH y) iy (py v 0 = 8my, — iy'y?im, [P L, (2p1 €%) = P_L,_(2p1¢?)]

n=0

o]

—4e” ”ZKZZ( 1)"6v) ,(y1 -p1)L,

n=0

As is easy to verify, it contains all the same Dirac matrices
as the main expression for the one-loop self-energy
2(pj.p1) in Eq. (11), or its imaginary part in Eq. (21).
Of course, it is not accidental since we made an educated
choice for a general form of the full propagator in

L (2pic?).

(22)

Appendixes A and B. In this connection, we should
mention that, if higher-order calculations would reveal
the need for additional Dirac structures (allowed by
symmetries), they could be easily incorporated into a
general ansatz for the full propagator.
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The physical meaning of v ,, 6v, ,, and ém, is clear.
They represent the one-loop corrections to the maximum
spin-averaged particle speed (in the directions parallel and
perpendicular to the magnetic field) and the corrections to
the particle mass in the nth Landau level. As for the other
two functions, i.e., ¥, and 71,,, they determine the splitting
of the parallel velocities and masses of the two spin states.

The functional form of the self-energy dependence on
p.., obtained in the previous section, does not seem to
match the Landau-level representation in Eq. (22), which is
an expansion in the Laguerre polynomials L%(2p3£?).
However, by making use of the orthogonality property of
the Laguerre polynomials, i.e., |

'n+a+1)

n! - (23)

/ " e XLy (X)L (x)dx = 8,y
0

it is straightforward to render the result in the form of such
an expansion.

In particular, after separating different Dirac structures,
we can match the self-energy functions év ,, v, ,, 6m,,
?,, and m, in the Landau-level representation to the
projection of function i(pH, p1) onto the Landau-level
orbitals. The corresponding relations read as

_ -1 an
v, = 0v), + 5.0, = - ( zﬂ)pz /dzme“’i"”ztr[(m I PE(py.pL)IL,(2p2 ). (24)
[
ovj, =0, =510, = 2ﬂp /sze P ](py - 7)) P-E(p.p )Lt (202 62). (25)
[

+ ~ (_1)nf2 2 —p2 2 2 p2
5mn = 5mn +symy, = dple b1 tr[,Psz(pvaL)]Ln(sz_bﬂ )’ (26)

- — e 7 __(_1)nf2 2 —p2 2 2.2
5mn = 5mn Spmy, = 7 dpJ_e PL tr[P—Z(pvaJ_ﬂLn—l(szf )’ (27)
50, = TV oy e z 2p% ¢ 28
Vin =g pre Pty -p)Z(pypL)IL, (2p167). (28)

Note that the self-energy component functions 51)@ and

dmiF have a simple meaning. They describe corrections to
the velocity and mass parameters for the two spin states in
the nth Landau level. Only two of such functions, namely
Egs. (24) and (26), are defined for all the Landau levels,
n > 0. The other three are defined only for the higher
Landau levels with n > 1. This is related to the unique
property of the lowest Landau level, which has only one
spin polarization (i.e., pointing along the field direction if
the fermions carry a positive charge, or opposite to the field
if they carry a negative charge). As a result, the self-energy

|

in the lowest Landau level (n = 0) is fully characterized by
the longitudinal velocity (or the wave-function renormal-
ization) vﬁrﬂ =06v), + 5.0, and the mass renormaliza-
tion ém;, = ém,, + s in,.

By substituting the expression for the one-loop result
(11) into the above definitions (24) through (28), we will
have all Dirac components of the self-energy in the Landau-
level representation. Here we will concentrate on the
imaginary parts of the self-energy functions by using the
result in Eq. (21). The corresponding results read as

. 2\ (1E
= /QLdQLI 1<q3 )
pH n'=0 {s}

00 2 02
_ a n—1.' q f (
Imfdvp, ] =—> }/‘udﬂ%l (3 )

+ _ > n,n’' qil’ﬂz n,n'—1 qifz
Im[6m;f| = am Z Z q.dq, | Ty 5 +1 5 oI
— 192 1=

/ks’pO - ki/pz)[l - nF(SlEn' kf/) + nB(SZEq)]
: e , 29
s152V/ 47 = (q0)la? - (¢7)7] 2

/ks’pO ki,/pz)[l _nF(Sl n ks ) +nB(S2E )]
, 30
sis2v/[63 — (q1)[¢2 — (1) (0
1-— np(len,,ké/) + ng(s,E,) G

%)lgt - (q1)7]
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© 2 2 2 2 1 —np(siE, ,0)+ng(sE,)
- = n—1,n' qJ_f n—1,n"—1 CIJ_?/ﬂ F\S 15y ks B\»2%=q
Im[6m; | = am /qj_dqj_ [Io ! < ) +Zy < ﬂ 3 . (32)
Zo; 2 2 Jsiso/ldh = (a1))lq = (a1)]
o = et (@ E2 1- nF(S]En',k.;’) + np(s2E,)
o) = 553> [ qudg. i (5 s LA A (33)
e Sy} SISZ\/[‘]L - (q7)°llq1 - (q1)?]

Here we introduced two unitless kernel functions that
depend on ¢3¢?/2. They are defined in Appendix C.
There we also prove that the kernels reduce to functions
Ig’”/(é) and Zg’"/(\f) introduced previously in Ref. [44].
The explicit expressions for these functions are given in
Egs. (C7) and (C8) of our Appendix C.

As expected, all parameters are Landau-level dependent
functions of the longitudinal momentum p_. We can further
simplify the integrand in Egs. (29) and (30) by taking into
account the following relation:

! 1 -
$1E, 4 Po = k2 po = 5 (P +20[gB| + 5 = 7 ) s

2
- (n+n/)|qB|+mg—%. (34)

In the last expression, we used the mass-shell condition to
express the parallel components of the fermion momentum
in terms of the Landau-level index: pﬁ = 2n|qB| + 3. For

numerical calculations later, it will help that the result is
independent of the signs s; and s'.

We should note that, despite the appearance, the combi-
nation of the Fermi-Dirac and Bose-Einstein distribution
functions, 1 —np(sE, ,v) + np(s:E,), is also indepen-
dent of the signs s; and s,. Indeed, it is obvious after taking
into account the energy expressions in Eqs. (16) and (17),
which contain the overall factors of s; and s,, respectively.

The only dependence of the integrands in Eqs. (29)
through (33) on the signs s; and s, comes from the overall
factor s;s,. It is instructive to recall that different sign
choices determine the process types contributing to the
imaginary part; see Eqs. (18)—(20). Therefore, up to overall
sign s;s,, the integrands are formally the same for all
processes. The contributions of quantum transitions of
fermions to lower Landau-level states (accompanied by
photon emission) come with a plus sign. The contributions
of transitions to higher Landau-level states (accompanied by
photon absorption) and the annihilation processes (accom-
panied by photon emission) come with a minus sign. While
the integrands are formally the same for all three processes
(up to a sign), the range of integration over ¢, differs.
Namely, it is 0 < g, < g7 for transitions to lower/higher
Landau-level states and ¢| < ¢, < oo for the annihilation
processes.

By using the five functions in Egs. (29) through (32), we
can obtain the spin-average Landau-level dependent values
of the parallel velocity and mass, i.e.,

1
Im[5v),] = 5 Im{av], + duf, . (35)

1
Im[6m,,] = Elm[ém,ﬁ’ + ém;,], (36)
as well as the corresponding spin-splitting functions, i.e.,

(37)

Im([7,] = %Im[évﬁfﬂ = ovy L.

Im[i,] = %Im[am; — om3). (38)

As expected, all of these parameters, as well as Im[6v, ],
are Landau-level dependent functions of the longitudinal
momentum p,.

B. Self-energy in QCD plasma

To demonstrate the proof of concept, here we study
numerically the imaginary part of the self-energy functions
in a hot magnetized QCD plasma. Keeping in mind their
potential applications to heavy-ion physics, we will
assume that the plasma temperature 7 is of the order of
200 MeV to 400 MeV and the magnetic field is of the order
of |gB| ~ m2, where m, = 135 MeV.

Because of different electric charges of the up and down
quarks (g, = +2¢/3 and g, = —e/3), the effect of a
background magnetic field on their self-energies differs.
Nevertheless, their dependence on |¢B| will remain essen-
tially the same. (Strictly speaking, the roles of spin-up and
spin-down states in the lowest Landau level will be
interchanged because their charges have opposite signs.)
Instead of considering the cases of up- and down-quarks
separately, we will consider several fixed values of |gB|.
This will suffice to demonstrate the qualitative effects of the
magnetic field on the quark self-energy in the QCD plasma.
We will also assume that the quark mass is the same for
both flavors, i.e., my =5 MeV.

In the case of QCD plasma, the expressions for the self-
energy functions have the same form as in Egs. (29)—(33),
but the coupling constant a should be replaced with a,Cr,
where a, = ¢*/(4n) and Cp= (N2-1)/(2N,) = 4/3.
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FIG. 3. The dependence of the self-energy functions Im[v ,], Im[6v, ,], and Im[6m,,] /i on the Landau-level index n for two fixed
values of the longitudinal momentum: p, = O (top panels) and p, = 1000 MeV (bottom panels). Each panel contains results for three
different temperatures: 7 = 200 MeV (blue), T = 300 MeV (green), and 7 = 400 MeV (red); and two magnetic fields: |¢B| =

(75 MeV)? (open circles) and |¢gB| = (200 MeV)? (filled squares).

To get an order of magnitude estimate, we will assume that
the strong coupling is a; ~ 1/2. In this case, a,Cr = 2/3.
This choice is sufficient to get order of magnitude esti-
mates. One could try to improve the approximation, for
example, by incorporating the running of the coupling
constant at the scale of temperature or the momentum
transfer. For the purposes of the current proof-of-concept
study, however, it is unnecessary. In any case, the overall
benefit from this and other improvements is likely very
limited. Because of the strong coupling in QCD, the
quantitative validity of the one-loop correction will remain
questionable. Thus, our numerical result should be inter-
preted with great caution and, at best, viewed as reasonable
estimates rather than true quantitative results.

When calculating the self-energy functions defined in
Egs. (29) through (33), one needs to add up contributions
from all three processes, sum over Landau level index n’,
and integrate over the transverse momentum ¢, in the
appropriate kinematic range; see Eqs. (18)—(20). We will
limit the analysis to the first 50 Landau levels (i.e.,
n < npa = S0). In this case, to achieve a good numerical
precision in calculations, we include all transitions to
Landau levels with the indices up to n,,, = 100.

The representative results for the imaginary parts of the
velocity and the mass as functions of the Landau-level
index n are shown in Fig. 3. Each panel displays numerical
data for three different temperatures, i.e., 7 = 200 MeV
(blue lines), T =300 MeV (green lines), T = 400 MeV
(red lines), and two different magnetic fields, i.e., |gB| =
(75 MeV)? (open circles), |gB| = (200 MeV)? (filled
squares). The top three panels show the results for

p, =0, while the bottom three panels show the results
for p, = 1000 MeV.

The multipanel Fig. 3 provides only a limited view of the
numerical data for two fixed values of the longitudinal
momentum. A large set of additional data for a wide range
of p, values is included as the Supplemental Material [64].
Overall, we find that the imaginary parts of the velocity and
mass functions tend to increase with the temperature and
decrease with the magnetic field. Beyond these general
tendencies, one finds that their dependence on the Landau-
level index is nonmonotonous in general and differs at
small and large values of p,.

Since the imaginary parts of the Landau-level dependent
velocity and mass functions have no clear physical meaning
by themselves, we will not be discussing them in more
detail. We note, however, that they are needed as an input to
calculate the fermion damping rate. The latter will be
discussed in the next section.

IV. DAMPING RATE

In quantum field theory without a background magnetic
field, the fermion damping rate is related to the imaginary
part of self-energy [65]. In some recent studies, e.g., see
Refs. [66-68], a similar formula was used rather heuris-
tically in the case of magnetized plasmas. It should be
noted, however, that no formal justification was given to
utilize the Fourier transform of the translation invariant part
of the self-energy in such calculations. Since the transverse
momenta are not good quantum numbers in the field theory
in a magnetic field, the underlying foundation of Weldon’s
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arguments in Ref. [65] cannot be transferred to an unphys-
ical representation. Below we provide a more rigorous
derivation of the damping rate in terms of the self-energy in
the Landau-level representation.

A. Damping rate from the imaginary part of self-energy

Following the general approach of Ref. [65], we define
the damping rate using the wave functions in coordinate
space as follows:

1 2nt?
:/d4u’/d4uTr[ "
2pg Vi

<[ ApY B YIS ), 00| (59

Note that 1/(27£?) is the number of degenerate states per
unit transverse area (excluding the spin degeneracy) and
V| is the volume (area) of the transverse plane. Thus,
V| /(2z£?) is the total number of such degenerate states.

By making use of the fermion wave functions in a
constant magnetic field, discussed in Appendix D, we then
derive

algB -
Fo(p) = 22 5 [ ez
n'=0 {s}

where we used the identity £Z, g'"/_l 3
reads as

r(p.) = 21483~ dE[TI" (&)

4po

:\

E

N

Po

Here, we introduced shorthand notations & = ¢2 #%/2 and & =

— (0 + m*)I5" (&)

+ ()]

1 (6,0
E(pe) = { 28 o+ 5,5,)

- mOIm(émn + sLmn)] + (1 - 5n,0)[pﬁlm(6v\\,n)

- mgtm(om,) = 2lgBlin(GuL)] . (40)

where we used the result in Eq. (D10). In the final
expression, one should assume that the fermion is on the

mass shell, i.e., py = \/2n|gB| + m3 + p?2.

By definition, the Landau-level dependent fermion
damping rate in Eq. (40) is a spin-averaged quantity.
Indeed, in the derivation, we summed up contributions
of the spin states indiscriminately. In the presence of a
nonzero magnetic field, however, the spin-degeneracy of
each Landau level is likely to be lifted. Thus, the damping
rates of the corresponding states are expected to be
different. As we show in the next subsection, it is indeed
the case. Moreover, we will be able to calculate the spin-
dependent damping rates from the imaginary part of the
one-loop self-energy.

By substituting the results in Egs. (29) through (33) into
the general expression for the rate (40), we derive the
following damping rate in the zeroth Landau level:

[1 - ”F(len',ki’) + nB(SZEq)]
s150\/(E=E7)(E=¢&Y)

, (41)

=n'T 8'"/ (&). The expression for the damping rate in the higher Landau levels (n > 1)

(l’l + n/) [1 - nF(le,l/’kg’) + nB(SZEq)]
5152/ (§=¢7)(E=¢&7)
(n+n+ rh(z)fz) [l —np(s E ,kx/) + nB(squ)]

s15oV/ (E=&7)(E-¢&T)

(gT)*¢*/2, and used Eq. (34) to simplify the integrands.

Y (

»y

iZ/dé’m’”l(f)+13_1’”/_1(§)} . (42)
=0 {s}

Also, to express I’;'l’”/'l (£) in terms of IG’"/(‘f), we used Eq. (C9) from Appendix C.
We can rewrite the above expressions for the damping rates in a form valid for all n > 0 as follows:

a|qB| / ”F(SlEngk;’) +np(s2E,)] 43
ZO{E}: sis37/(§=E)(E - &) ’ )

where we introduced the following function:
My (&) = =(n + 0’ + i) [T5" (&) + Tg™ 1@ + (n + ) [T5" () + Tp™ (9)]. (44)

As one can verify, the damping rate in Eq. (43) is a positive definite quantity. This is expected since Weldon’s method [65]
should produce a result proportionate to the squared amplitudes of the three underlying processes. As we show below, the
same expression (43) for the rate (after spin averaging) is also obtained from the poles of the propagator in Sec. IV B below.
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FIG. 4. The fermion damping rate as a function of the longitudinal momentum p, and the Landau-level index n. The damping rate is
measured in units of the pion mass. Four separate panels display results for two different temperatures, 7 = 200 MeV (left panels) and
T = 400 MeV (right panels), and two magnetic fields, |gB| = (75 MeV)? (top panels) and |¢gB| = (200 MeV)? (bottom panels).

To further scrutinize the result in Eq. (43), we note that
photon emission in a strongly magnetized plasma must be
determined by the same squared amplitudes at the leading
order in coupling. By making use of the analytical expres-
sion in Ref. [44], we verified that the photon emission rate is
indeed determined by the same function M,, (&).

The numerical results for the fermion damping rate (43)
as a function of the Landau-level index n and the
longitudinal momentum are shown in Fig. 4. Note that
the values of the rate and the longitudinal momentum p,
are given in units of the pion mass m, = 135 MeV. We use
the same value of the QCD coupling as in Sec. III B. Four
different panels display results for two different temper-
atures, i.e., T = 200 MeV (left panels) and T = 400 MeV
(right panels), and two different magnetic fields, i.e.,
|gB| = (75 MeV)? (top panels) and |gB| = (200 MeV)?
(bottom panels).

By comparing the compilation of numerical data in the
four panels of Fig. 4, representing different temperatures
and magnetic fields, we see that both temperature and
magnetic field have a tendency to increase the damping
rates. Such an enhancement is not surprising since both
have the tendency to increase the phase space for tran-
sitions to other Landau levels. In connection to the
magnetic field, in particular, its presence is critical to
trigger the three processes responsible for the damping rate
at the leading order in coupling. In the absence of the field,
the only processes contributing to the fermion damping
rate are of the subleading order in coupling. The findings

are further reinforced by the numerical data for intermedi-
ate values of temperature, 7 = 300 MeV, and magnetic
field, |¢B| = (125 MeV)?, which are not shown in the
figures but included in the Supplemental Material [64].

A careful analysis shows that the enhancement factors,
resulting from increasing the temperatures and magnetic
field, are nonuniform functions of the Landau-level index n
and longitudinal momentum p_. For example, the increase
of temperature from 7" = 200 MeV to T = 400 MeV leads
to enhancement factors of the order of 2 to 4 in the
whole region of n and p, investigated. The largest increase
is seen in the low-lying Landau levels at small longitudinal
momenta.

The effect of the magnetic field is also nonuniform across
the whole range of n and p, values. Quantitatively, the
increase of the magnetic field from |gB| = (75 MeV)? to
|gB| = (200 MeV)? gives the largest enhancement factors
of the order of 5 to 6, which occurs at large values of p, and
small n. While, in absolute terms, the damping rates are the
highest at small values of p,, the increase due to the
magnetic field is moderate (of the order of 2 or less). In fact,
when both n and p, are small, we find that the rate can even
decrease by a factor of about 2 or less. We should note,
however, that this part of the parameter space must be
treated with great caution because of a limited validity of the
one-loop approximation.

Before proceeding further, it is instructive to investigate
the ratio of the damping rate and the real part of the fermion
energy, [',(p;)/E, .. Note that the knowledge of the real
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part of particle energy at the zeroth order is sufficient for
calculating first-order corrections to I',(p.)/E, ,.. The
corresponding results are presented in Fig. 5. The four
panels correspond to the same choices of two temperatures
and two magnetic fields. In essence, this is the ratio of the
imaginary and real parts of the fermion energy that shows
whether the quantum state (with given n and p,) is a well-
defined quasiparticle. When the ratio value is comparable
to 1 or larger, the quasiparticle description is inapplicable.
Indeed, this is the case when the particle’s lifetime 7, =
1/T", is comparable to or shorter than the time needed to
measure its energy Ar < 1/E, , according to the uncer-
tainty principle. Alternatively, the uncertainty in particle’s
energy I, is larger than the energy E, ,_itself.

As we see from Fig. 5, the ratio I',(p.)/E, ,. remains
small almost in the whole range of n and p, values.
However, the damping rate becomes very large in the
lowest few Landau levels (n < 1) when the longitudinal
momentum p, is sufficiently small (p, < m,). Formally,
these results indicate that the concept of well-defined
quasiparticles breaks down for the corresponding lowest
Landau level states. We believe this might be a premature
conclusion, however. It seems more likely that the validity
of the perturbative one-loop calculation breaks down in this
case. Because of the high degeneracy of the Landau levels,
it is plausible that the one-loop calculation breaks down,
especially in the region of small fermion energies.

As in the absence of a magnetic field, hard thermal loop
resummations might be very important in the strongly

0.4
Lo(p2)/Enp., 02

0.4
Lh(p2)/Enp,
70.2

FIG. 5.

magnetized QCD plasma [60]. Additionally, somewhat
similar hard magnetic loop resummation [28] may be
needed when there is a strong magnetic field. Both are very
likely to affect the self-energy at small energies. Therefore,
we reiterate that the large damping rates at small n and p,
should be accepted with great caution. Most likely, the
corresponding results are outside of the range of validity of
the approximations used. Qualitatively, however, it is
intriguing to think that the damping rates can be indeed
large in the low-lying Landau levels. They could dramati-
cally affect some observables in heavy-ion collisions, e.g.,
the electrical conductivity of plasma [66,69] and the
heavy-quark energy loss and dissipation rate [67,68].

B. Damping rates from the poles of the propagator

In the previous subsection, we used the definition of the
damping rate in terms of the imaginary part of the self-
energy by generalizing the general approach of Ref. [65] to
the case of quantum field theory in a quantizing magnetic
field. Here we consider an alternative definition that follows
from the structure of the full propagator, calculated in the
one-loop approximation.

When the full propagator is known, the fermion damping
rate can be also determined from the location of its poles in
the complex energy plane. At the leading order in coupling,
the explicit structure of the fermion propagator is derived in
Appendix A. As expected, the self-energy functions v,
My, V) ,, ¥,, and 71, modify the fermion propagator; see
Egs. (A9), (Al5), and (A16). Most importantly for our

,M”

..,,”‘"il'
|

l[l’lllll,,,l’l’l’l:l”l:':l”""llllﬂll”

Cn(p2)/En,p. -

0.4
To(p)/Enp.
702

0.0 L.

The ratio of the fermion damping rate to its energy as a function of the longitudinal momentum p, and the Landau-level index

n. Four separate panels display results for two different temperatures, 7 = 200 MeV (left panels) and 7 = 400 MeV (right panels), and
two magnetic fields, |¢gB| = (75 MeV)? (top panels) and |gB| = (200 MeV)? (bottom panels).
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purposes here, one can extract the quasiparticle energies from the location of the poles in the propagator; see Eq. (A17).
Assuming that the self-energy corrections are small, the approximate expressions for the (positive) energies can be written as

follows:

myém, — (2n|gB| + m%)év”ﬂ + 2n|gB|év, , £

Py = \/2n(gB| + i} + p? (1 +

Note that there are two different branches of solutions that
correspond to two spin states. Recall that the corresponding
two states were degenerate in the free propagator. However,
already at the leading order in coupling, the degeneracy is
lifted by the self-energy corrections #,, and 7,,. Since we did
not calculate explicitly the real parts of the self-energy
functions v ,, m,, v, ,, U, and m,, we cannot quantify the

~

) (2n|gB| + rh%)lm[évu,n] — molm[6m,,| — 2n|gB|Im[év, ,| F

2n|gB| + m§ + p?

corresponding corrections to the real parts of particle
energies.

Nevertheless, using the imaginary parts of self-energy
functions [see Egs. (29) through (33)], we can determine
leading-order corrections to the imaginary parts of particle
energies, i.e., Im[5péi) ]. Since the latter should coincide
with the damping rate up to an overall sign, we derive

2n|gB| + m}(moIm[@,] — Im[i,,))

n

As expected, this result demonstrates that the two spin-split
Landau-level states have different damping rates. At the

same time, it is rewarding to see that the spin-averaged
(ave)

damping rate, T, = (Fff) +1¢) )/2, agrees perfectly
with the result obtained by a very different method in the
previous subsection; see Eq. (40).

It is natural to ask how large the spin splitting effects on
the quasiparticle damping rate are. As we see from
Eq. (46), they are determined by the self-energy functions
Im[?,] and Im[,]. The representative results for both, as
functions of the Landau-level index n, are shown in Fig. 6.
Each panel displays numerical data for three different
temperatures, i.e., 7 =200 MeV (blue lines), 7 =
300 MeV (green lines), T =400 MeV (red lines), and
two different magnetic fields, i.e., |gB| = (75 MeV)?
(open circles), |gB| = (200 MeV)? (filled squares). The
top panels show the results for p, = 0, while the bottom
panels show the results for p, = 1000 MeV. Since the
imaginary parts of ¥, and /m, themselves have no direct
physical meaning, there is no need to display more data
here. However, an interested reader could find a large set
of additional data for a wide range of p, values in the
Supplemental Material [64].

Let us now turn to the spin-splitting effects on the
damping rates. Two sets of representative results are shown
in Fig. 7. We display the difference between the rates of the
spin up and down states as functions of the Landau-level
index n. The two panels display the results for the same
(smallest) value of the magnetic field, |gB| = (75 MeV)?
but two different longitudinal momenta, p, = 0 (left panel)

\/2n|qB| + md + p?

(46)

and p, = 1000 MeV (right panel). The data for three
different temperatures are represented by different colors.
By comparing the magnitude of spin splitting with the
average damping rates in Fig. 4, we see that the effect of
spin splitting is really small. The same is true for other
values of the magnetic field. Quantitatively, a typical
difference between the rates of the spin up and down
states is of the order of a few percentages of the average rate
or less. However, it may reach up to about 10% in low-lying
Landau levels at small longitudinal momenta. In general,
we find that the relative spin splitting decreases with
increasing of the magnetic field. Therefore, one can argue
that, for most purposes, it is sufficient to use the spin-

averaged damping rate, riave = (T ) 4 F,([)) /2, which
was investigated in detail in the previous subsection. This
argument can be further reinforced by the observation that
systematic uncertainties of the one-loop approximation
used in the study are probably larger than the effects of
spin splitting.

In conclusion of this section, let us emphasize that the
spin splitting is a qualitatively new feature that can play an
important role in strongly magnetized plasmas. While the
differences between the damping rates for spin-split states
in each Landau level remain quantitatively small, they may
affect some spin physics phenomena, chiral magnetic or
chiral separation effects. In this connection, it should be
emphasized that not only the imaginary parts of the
Landau-level energies but also their real parts will be spin
split. While we did not calculate the latter, such a
conclusion is supported by the general expression for the
self-energy derived.
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FIG. 6. The dependence of the self-energy functions Im[#, ] and Im[, ]/, on the Landau-level index n for two fixed values of the
longitudinal momentum: p, = 0 (top panels) and p, = 1000 MeV (bottom panels). Each panel contains results for three different
temperatures: 7 = 200 MeV (blue), T = 300 MeV (green), and T = 400 MeV (red); and two magnetic fields: |gB| = (75 MeV)?

(open circles) and |gB| = (200 MeV)? (filled squares).

V. DISCUSSION AND SUMMARY

In this paper we derived a general expression for the
fermion self-energy in a hot and strongly magnetized plasma
by using the Landau-level representation. As we show, the
leading-order one-loop expression for the self-energy is

T
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W 7=200 MeV
W 7=300 MeV

W 7=400 MeV

0.03|F

L -1 my,

0.01F

0.00

characterized by three velocity and two mass functions. The
velocity functions include a pair of spin-split parallel
components and a perpendicular component of the velocity.
The other two functions are the masses of the spin-split pair
of states in each Landau level. As we demonstrated, all of

T T T
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FIG. 7. The spin-splitting of damping rates as functions of Landau-level index n for two fixed values of the longitudinal momentum:
p. = 0 (left panel) and p, = 1000 MeV (right panel). The magnetic field is |gB| = (75 MeV)2. Each panel contains results for three
different temperatures: 7 = 200 MeV (blue), T = 300 MeV (green), and 7 = 400 MeV (red).
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these five functions have a nontrivial dependence on the
Landau-level index n and the longitudinal momentum p,.

Here we focused primarily on the imaginary (dissipative)
part of the fermion self-energy. We derived closed-form
expressions for the imaginary parts of all five functions that
define the Dirac structure of the self-energy. At the leading
order in coupling, the contributions to the imaginary parts
of the velocity and mass functions in the nth Landau level
come from the following three types of on shell processes:
(1) transitions to other Landau levels with lower indices n’
(y, = w, +ywith n > n’), (ii) transitions to other Landau
levels with higher indices n’ (y, +y — w,, with n < n’),
and (iii) transitions to Landau-level states with negative
energies (i.e., the annihilation process vy, + ,, — y for
any n and n').

We used the imaginary parts of the self-energy functions
to derive the Landau-level dependent fermion damping
rates [, (p.). We employed two different methods to get the
corresponding results. On one hand, we obtain the damping
rate by utilizing the general approach of Weldon [65]. To
apply it to the case of hot plasma in a quantizing magnetic
field, first we had to modify the method to account for the
correct set of quantum numbers characterizing the Landau-
level states. As expected, the final result is expressed in
terms of the imaginary parts of the spin-averaged velocity
and mass functions; see Eq. (40).

The second method for extracting the damping rates used
the location of the poles in the full propagator. This
approach revealed that the two-spin degeneracy of the
Landau level states was lifted by radiative corrections.
Furthermore, by using the imaginary parts of particle
energies, we were able to extract the damping rates for

(+)

the spin-split states ', (p,). It is important to note that the

spin-averaged rate, rave — (F,(f) + FE,_)) /2, agrees per-
fectly with the result obtained by Weldon’s method. Since
the effect of spin splitting on the rate is not large, one may
argue that the use of Weldon’s method might be sufficient
in most applications.

The analytical expression for the damping rate in
Eq. (43) is remarkable in many ways. It defines a positive
definite damping rate as a function of the Landau-level n
and the longitudinal momentum p,. We also showed that it
is determined by the same amplitudes that appear in photon
emission from a magnetized plasma.

To demonstrate the Landau-level dependent description
of the self-energy effects, we studied numerically the
fermion damping rates in a wide range of model parameters,
considering three different temperatures and three different
magnetic fields. The choice of model parameters, with
temperatures between 200 MeV and 400 MeV and magnetic
fields of the order of m2, were motivated by potential
applications in heavy-ion physics. The main results are
summarized in Figs. 4 and 5. In absolute terms, the largest
values of the rates are found for the low-lying Landau levels
and small values of the longitudinal momentum. In fact, in

some cases (at small » and p,), the damping rates appear to
be formally much larger than the real parts of the particle
energies. This suggests that the quasiparticle picture may
fail for such quantum states. These extreme cases should be
treated with great caution, however, since the one-loop
approximation may become particularly bad in those
regions of the parameter space.

Generally, we find that the rates have an overall
tendency to grow with increasing both temperature and
magnetic field. However, the enhancement is nonuniform
in the range of Landau-level indices n and longitudinal
momenta p, explored. The thermal effects are pronounced
the most in the region of small values of n. The magnetic
field enhancement, in contrast, is most prominent at large
values of p.. The latter may not be as surprising after one
recalls that the magnetic field is essential for allowing the
leading-order, one-photon processes (i.e., ¥, = ¥,y + 7,
v,+y—=wy, and y,+y, =>y) to occur in the
first place.

We hope that the results for the fermion damping rates,
as well as the general method for calculating the self-energy
in the Landau-level representation, can be useful in a wide
range of studies of strongly magnetized relativistic plasma.
They can be useful in the calculation of transport properties
such as the electrical conductivity [66,69] and the particle
loss or dissipation rate [67,68]. In addition to heavy-ion
physics, our self-energy results can be useful in studies of
QED plasmas in astrophysics and cosmology.

While this study provides a clear proof of concept for
utilizing the Landau-level representation to describe self-
energy effects in strongly magnetized relativistic plasmas,
there are many theoretical issues left outstanding. The most
obvious of them is the calculation of the real part of the self-
energy. Unlike the imaginary part, the expression for the real
part contains ultraviolet divergences. Therefore, its evalu-
ation requires a careful renormalization procedure, which is
complicated by the Landau-level structure of the self-
energy. Despite these difficulties, we believe the problem
can be solved by using the general expression for the self-
energy derived here as the starting point. We plan to
consider this problem in the follow-up studies.
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APPENDIX A: FERMION PROPAGATOR
IN THE LANDAU-LEVEL REPRESENTATION

In this appendix, we derive an explicit form of the
fermion propagator in a magnetic field in the Landau-level
representation by using the method developed in Ref. [28].
By definition, the corresponding propagator in coordinate
space is given by the following matrix element:
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G(u,u') = iu|[(i0y° = 2*p*) = (- y1) —img — Z]7|u')
= i(u [v”(ia 70— ”373) —vi (@ -7y)
+ iy 0(i0y° — 2°7%) — m — iy'y?m] '),

(A1)

where £, = —i(V —igA) and the vector potential in the
Landau gauge is used, i.e., A = (0, Bx,0). Here we took
into account all possible Dirac structures of the full
propagator at the leading order in coupling. In particular,
functions m, v and v, include radiative corrections to the
mass, the parallel and perpendicular components of the
velocity, respectively. The two additional functions ? and 7
capture the effects of spin splitting corrections to the

G(p|,uy,uy) =

(u | [UH(PH : VH) —vy(m-yy) - iJ’l}’ZTJ(PH '}’H) +m—

X [(Uﬁ - Ez)pﬁ —vix? —m? +m? + 2iy'y?

parallel velocity and the mass. A self-consistency check
shows that there is no spin splitting correction to » | . Note
that, strictly speaking, all five are operator-valued func-
tions. When acting on the Landau-level orbitals (see
below), they will become functions of the Landau-level
index n and the longitudinal momentum p.. For example,
m,, will be the mass function in the nth Landau level. (Note
that we use notation 7 for the tree-level mass to distin-
guish it from the mass in the lowest Landau level m.)
Considering that translation symmetry remains intact in
the time and the z direction, it is convenient to switch
to the corresponding momentum subspace represented by
the longitudinal momentum p = (py, p.). The resulting
propagator in a mixed representation reads as

i}/lyzm]

(m® —mv))(p| 7)) — (A2)

'y Uqu] 1‘“/¢>'

Here we took into account that —(| -7, )? = @2 — ¢Biy'y*. The eigenvalues of the operator 77 are (2n + 1)|¢B|, where

n=0,1,2,...,
I//np(ul) <ul|np>

where s, = sign(¢B),

\/27r \/2"n'

£ =1/+/|qB| is the magnetic length, and H,(x) are the Hermite polynomials. It is useful to

and the corresponding normalized eigenfunctions are given by the Landau orbitals, i.e.,

( —|—pl/ﬂ)e 252(x+Pf> e isLpy, (A3)

note that

ﬂxl//n.p(ul) laxl//np Mi (\/ n+ 1 l//nJrl D ML \ an//n—l,p(uL))7 (A4)
”yl//n,p(ul) ( la - qu)Wn p(uJ_ <\/ n+1 Wn+1 p MJ_ +V 2111//,, lp(uj_)) (AS)
(LY Wap(uy) = 25 V2(n A+ Dy p (1)) (r' +isir?) - 27V 2”Wn—1.p(lu)(71 —isi7?), (A6)

where we took into account that H),(x) = 2nH,_;(x) and H,(x) = 2xH,,(x) — 2nH,_{(x).

These wave functions satisfy the condition of completeness,
S 7 dpp i (o) = 8 = ), (A7)
=0 —00

which can be written in a compact form as ), ,(u, [np)(pn|u’) =

(uplu').

By inserting the unit operator ), , [np)(pn| in front of [/, ) on the right-hand side of Eq. (A2) and making use of the
properties in Eqgs. (A4)—-(A6), we derive the propagator in the following form:

G(py.uy.u)) = e®IG(py uy —u'),

(A8)

where @ (u ) = % (x+x")(y — ') is the Schwinger phase, and
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o1/ (4)

) _ ) _ M2 2
Ny Z{ ey 7)) = V' P ou(py - 7)) + my — iy'yimy,) [Ln (2—;2> P+ Ly ( )7’_]

u
G(py, = 1
(PH up) =i - 272

. UJ_,H (u )Ll ui 1 (Ag)
_ iV, 1 ,
2 T\ 027 ) (M, = 2ne? | gB]

where L%(z) are the Laguerre polynomials [by definition, L%, (z) = 0], P+ = (1 & s,iy'y?)/2 are spin projectors, and

M, = (v}, = B3) P} — my + fig + 2iy'y* (m,, B, = i, v),) (p) - 7))- (A10)

In derivation, we used the following relations:

s e—C/2+i‘1)(uL,u'L) (u —u )2
/—oo dpl/@lp(”l)Wftp(”l) = 22l> n( lzle )7 (All)
o e~ C/24i®(uu) iSJ_(y _ y/) (u - )2
dpw,t ,(u wi (u)) = L},( L L > Al2
[ apeatewiy i) = e = (A12)

e=¢/2H0MuL)) ¥ x —is | (y =)

Y] _ )2
* / — Ll (uJ- ML) Al
/—oo dpl//n—lp(ul_)l//np(uj_) 277/2\/% £ n—1 < 2{2 ’ ( 3)

where ¢ = (u; —u/,)?/(2¢?). To obtain Eq. (A13), we used the following table integral 7.377 [63]:

/ e~ H,,(x + y)H,(x + 2)dx = 2"\/zm!z" " L™ (=2yz), (A14)

[Se]

which assumes m < n.
Note that the last factor in Eq. (A9) is a matrix. It can be rendered in the following more convenient form:

1 g
Mn - 2nvi,n|qB| Un

(Uﬁ - TJ%)Pﬁ =200}, |qB| — mj + i} = 2iy'y*(m, 0, — i, ) (py - vy)]. (A15)

n

where

Urz = [(UQ - f),Zl)pﬁ - 2nvi,n|qB| - m%l + m%]Z - 4pﬁ(mnl~)n - mnv\\,n)z' (A16)

[l.n

The poles of the full propagator are determined by setting U,, = 0. Its solutions determine the modified energies of the
Landau-level states, i.e.,

(,U‘Z - T]%l)(znvin|qB| + m% - ﬁ,l%l) + 2(mnl~}n - milv|\,lz)2 + 2(n/lrzi}n - ﬁln”“,n) \% Vn

2 2 |.n
po = p:+ ~ , (A17)
e CREAE
where
V.= (Uﬁ,n - 5%)(21’111%_,”“]3‘ + m%z - ﬁl%) + (mnijn - ﬁlnvll,n)z' (Alg)

1. Fourier transform of the translation invariant part of the propagator

By performing the Fourier transform of the translation invariant part of the propagator in Eq. (A9), we derive

1
M, —=2nv% ,|gB|’

G(py.py) = ie" "y (=1)"D,(p).p1) (A19)
n=0

096018-16



FERMION SELF-ENERGY AND DAMPING RATE IN A HOT ... PHYS. REV. D 109, 096018 (2024)

where the nth Landau level contribution is determined by

D,(py-p1) =2[va(py 7)) — ir'V*ou(py - 7)) + my — iy'Pm, | [P L,(2p1 €2) = P_L,_1(2p3£?)]
+4v, 1y )L_ (2p1C?). (A20)

In derivation, we used the following table integrals:

/ ” e~ krr)dp = 2y (ku,), (A21)
0
2z X A
[T e teiap = 2inty. ko). (A22)
o g2 k¥ p—a\" _& ak?
1 ,—preqguv 2 — vl
A e P Ly (ar?)J, (rk)dr = o < 5 ) e LY (4ﬂ(a—ﬁ)>' (A23)

2. Free fermion propagator

The free fermion propagator is obtained from the full propagator by replacing v ,, v, , = 1, m,, — m,, and setting zero
values to spin-splitting functions #,, and 7,. Then, the Fourier transform of the translation invariant part of the free
propagator takes the form

o 0
. DY (py.p.)

S(pp.pyL) = ie P -1 _ , A24
(p-p1) ;( ) »7 = — 2nlqB] (A24)

where
DY (pp1) =2[(py 7)) + o) [Py La(2p36%) = P_L,1(2p3 7)) +4(py - 7. )LL_, (2% 22). (A25)

APPENDIX B: INVERSE FERMION PROPAGATOR IN THE LANDAU-LEVEL REPRESENTATION

By definition, the inverse of the full propagator is given by the following matrix element:

G (ppouy. i) =—iu|[o)(py 7)) —vi(me-y) +ir'V(py - v)) — m—iy'y?im])|u,). (B1)

As in the derivation of the propagator in Appendix A, we insert the unit operator ), , [np)(pn/| in front of [/, ) to derive the
following representation for the inverse propagator:

Gl (pjoup. ) = e IG (pouy — ), (B2)

where the translation invariant part of the propagator is given by a sum over Landau levels

A1 e/ & 1,2 ~ 1,25 uy uj
G (pju) = —i 2nl? ; [y 7)) +ir'y*(py -y o — my, —iy'y*m,] | P L, 27 +P_L,—y 27
1 u?
+ﬁ1u,n(lﬂ 7L, (2—;2) } (B3)

Recall that, by definition, L%, = 0.
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The corresponding Fourier transform reads as

G (p|.pL) = —2ie"i” Z( D oy -7y) + ' (py - ) Bn = my — iy i) [Py L, (2p167) = P_L,_ (2p7 £7)]

[Se]

—4ie™1” (=)', (re - pr)LL (291 67). (B4)
n=0

1. Self-energy in the Landau-level representation

By making use of the inverse full and free propagators, we derive

Z(pyouy) = i8S (pjur) —iG™ (p.uy). (BS)
By using the Landau-level representation for the inverse propagator, we obtain

o1/ (46%)

_WZ{[&J,AP 7)) + i (py - v) B — Smy = iy'y?in,) [P+L < 2 ) TP ]<”2l>]

X(py.us) = 22 242

+51;2 (wi71)L,, (;—;ﬂ)} (B6)

where v, = v, — 1, 6v,, = v, — 1, and ém, = m, — mgy. The corresponding Fourier transform reads as

S(pp.po) = =271 (=1)" [svyulpy - vy) + ir V2 (p) - 7)) B — Omy — iy'yPi, | [Py L, (2p3 %) = P_L,_ (2p3.6%)]
n=0
- 46_111# Z( 1) 5UJ_ n (YJ_ pJ_) (2pj_f2) (B7)
n=0

APPENDIX C: CALCULATION OF THE KERNELS

In the derivation of the Landau-level representation for the five component functions of the self-energy [see Egs. (24)
through (28)], one encounters the two different types of kernel functions defined by the following expressions:

fz
Ky = (=11 25 /fhﬂV 0P L L )L, 20k, — g, ) F). (c1)
: T

_ 844
A ) /fhﬂf@ﬂﬂthh»wmwmmmrhW% (C2)

To calculate the first kernel, it is convenient to start by noting the following Fourier transform:

l/dQuLe_“i/(Mz)L ﬁ e~ — 1 /oo MLduLe_”ZL/(MZ)L ui /2” dg[)e_i’””icos'/)
4rf? "\ 2¢2 4rne? ), "\ 4n?

1 [oo 2
=J#mwmgﬁmm (—1)e L 2R, (C3)
0

where we introduced the following dimensionless variable 7 = u | /Z and used table integral 7.419 1 in Ref. [63]. Similarly,
in the calculation of the second kernel, it is useful to utilize another Fourier transform,
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I 42 ( . ) _”L/<4f2)L1 2 —ip u; — M ® 72d7 —72/4L1 ﬁ J f‘)
Y u (u, -aje Zfz e = Ta redre n\ 5 1(pLfF
= (=1)"pL-@)e Ly (2p3 ), (C4)

where a is an arbitrary transverse 2D vector. In the derivation, we used table integral 7.419 4 in Ref. [63].
By making use of the first result, we derive

dsz —u fz le —ik ‘u —(u )2/ (427 (u/l)z —i(k,—q,)u
Kn,n' _/8”352/612” e L/4 2{ L L/dzule (L) /(4 )Ln 2f2 e (ky qi)ul

_ / PuL zom), ﬁ 1 (L g
27L? "\272 )"\ 222

1 [ u? ui o (G
ZN dee‘“i/@"’”Ln(z_;z)L (2%)]0(6““) o (Lz ) (©3)

By making use of the second result, we derive

&2k, e 2\ : W2\
== [ [ ey () emwons [ outu,wpyerrooin) (U)o

dqu_ —i? 2 2 Mi —ig, -
:/27[{4 ”ie 1/@r )Ll <2£2>L1 (2f2>e quy

— l/oo u3 dule_“i/(zfz)Ll 2 Ll 2 JO(‘IJ_”L) In—l.n’—l qil/ﬂz i (C6)
o 2 2 g 2
where Z1" (£) and Z%" (&) are the same function that were introduced in Ref. [44], i.e.,
nn' (n/)‘ ~Egn—n' (1 n—n’ 2 n! —Egn'—n(yn'-n 2
Iy (§) = - em= & (L (8))” = e & T (L ()" (C7)
n! (n')!
Vlﬂ (}’l + 1) —& gn—n’ n— n n-= n (I’l+ 1)‘ —Egn'—nyn'—n n'—n

Note that Z%" (£) can also be expressed in terms of Z/" (£) [44], i..,

n+n' +2
2

¢

SO+ ) (C9)

T3 (8) = [Z6" (&) + T3 (9)] -

By definition, Ig'”/(f) and IZ’”I(S) vanish when either of their upper indices becomes negative.

APPENDIX D: WAVE FUNCTIONS FOR FERMIONS IN A MAGNETIC FIELD

Let us consider the spinor wave function in a given Landau (labeled by index n) level with a positive energy:

an,p(u) = e_ipH'uH [Wn,p(uL)P+ =+ il/’n—l,p(”J_>P—]U' (Dl)

Substituting it into the Dirac equation gives

(ir*D,, — o)W, ,(u) = [(py 7)) — (L - 71) = ing| ¥, ,(u)
= e_ipH.uH [W}z,p(ul)P+ + iWn—l,p(ul)P—] [(pH : 7H) + 7/1 V 21’1|qu - mO] v, (DZ)

where we used the property in Eq. (A6). The spinor v must satisfy the equation
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[(p - 7)) + r'\/2n|qB| = firglv = 0. (D3)
It has a nonzero solution when

Det[(p - v)) + r'/2nlgB| — ing]

= [p} —2nlqB| - m]* = 0. (D4)

Using the following representation of Dirac matrices,

]12 0 . 0 O;
0 _ , i t , D5
! (0 —112) ! (—o-i 0) (03

where o; are the Pauli matrices, we derive explicit solutions
for spinor v, i.e.,

a

aj

v=/my+E,, | Pa-y2l4Bla
v mO+E11.pZ

\/2nlgBla;+p.a;

my+E, .

(Do)

—_ . _/
e Pl () ”H)

Z\Pn,p.s(u>‘iltl,p.s(u/) = f [

s

These spinor are similar but different from those in
Ref. [70]. However, here we use a slightly different ansatz
for the wave function (D1) and a different normalization
convention for the spinors, i.e.,

v = 2imy(a? + a3). (D7)

Therefore, the final spinor wave function reads as

vV ﬁlO + En.pzl//n.p(ul)al
i\/ rhO =+ En,pzl//n—l,p(ul)a2
p:a1—/2n|gBla

I/—ﬁ10+E,1_]7z ZWn,p(uJ_) ’
\/2n|gBla,+p.a;
Mot+Ep,

(D8)

‘Pn,p(u) — e~ip|H

Wn—l,p(uL)

where we set s | = 1 for simplicity. Note that y,, ,(u, ) and
i,y ,(u;) switch places when s, = —1. Two indepen-
dent states ¥, , (u) are obtained by setting either
1) a; =1,a,=0or (ii) a; =0, a, = 1. Then, we check
that the sum over both spin states gives

(l//n,p(ui)wz.p(”l) + V/n—l,p(ui>W:—1,p(”l))(En.pzyo - p273 + 'hO)

+ iyl}/z(l//n,p(ul)l//:;,p(”ﬁ) - l/’n—l,p(”l)l//:—l.p(”ﬁ_))(Etl,pzyo - pz73 =+ mO)

+ v/2n|gB|(iy" + V)W p(u )y, (W) +

2n|gB|(=iy" + 7 W, )y, (u))].  (D9)

Finally, when also integrated over the quantum number p, we obtain

e—(uL—u’J_)2/(2f2)+i<l>(ul,u:_)

/dpijml’vf(”)@n.p,s(u') — o iPr (=)

2rf?

Lﬁ2

x [(E,,,pzyo P+ ) [PrLa(©) + PoLua ()] + ML}H(@)] . (DI0)

where we used the shorthand notation ¢ = (u, — u/,)?/(2£?). By making use of this result, the expression for the fermion

damping rate (39) becomes

u e’ u, -
rp) =5 [ @Tr{ [Kp” )+ )P La(C) + P-Lyy ()] +%L;_1<¢>]

N 2—[70 2>

n'=0
Im&l}lyn/

2 (. '}'L)L;/_I(C)] }

fZ

X Z |:[Im5v,n’ (py-7y) +ir'y*(py - y)ImB,, —Imém,, — iy'y* I, |[P, Ly (§) + P_L,y_i({)]

(D11)

After integrating over {, this reduces to the final expression for the spin-averaged damping rate, which is given in Eq. (40) in

the main text.
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