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'n(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.

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 physics of magnetars [9], supernovae [10], and gamma ray bursts [11]. Theoretical
estimates show that extremely strong magnetic fields up to |eB| ~ m2 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 conductivity of the plasma [17-22]. Even
in condensed matter physics, strong magnetic fields can trigger some relativisticlike 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
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 momenta 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 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.
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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. IIT A. The numerical results
for the imaginary parts of the functions, defining the Dirac structure of the self-energy, are presented in Sec. I1IB.
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. IV. 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 mg and charge q. 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

B(u,u") = —diray" S(u,u' )y Dy (u - u'), (1)

where o = ¢?/(47) 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, ¥(u,v’) =i [S™"(u,u’) - G™*(u,u’)], where G™*(u,v’) 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 ay = g2/(47) and Cp = (N2 -1)/(2N.).

Because of the broken translation symmetry, the free fermion propagator S(u,u’) and, in turn, the self-energy
Y (u,u’) depend on spacetime coordinates u = (¢,z,y, z) and v’ = (¢',2',y', 2") as follows [25]:

S(u,u') = ) 5y —u'), (2)
S(u,u) = eI Ty — o), (3)

where ®(u,,u’) is the famous Schwinger phase. Note that the translation-invariant parts S(u - ') and X(u - u’)
depend on the difference v — u’ only. Assuming the Landau gauge for the background field, i.e., A = (0, Bz,0), the
explicit form of the Schwinger phase is given by ®(u,,u') = %(x +2")(y - 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 dependence 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 Eqs. (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:

_ . A2k d%k _
X(p,pL) = ~dita #’Y“S(kuvkl)vl'l)w(p—k), (4)

where pﬁ‘ = (po,p-) and p!' = (pz, py). Interestingly, this expression coincides with the usual definition of the self-energy
in a theory with unbroken translation symmetry. Clearly, however, and vectorlike variable p, cannot be interpreted
as a conserved transverse momentum in a magnetized plasma. (In contrast, the two components of Dy, Le., the energy
po and the longitudinal momentum p,, are conserved quantities in a uniform magnetic field.) Despite the appearance,
the functions S (ky,k.) and i(p”, p.) are not the momentum-space representations of the fermion propagator and the
self-energy, respectively. Yet, they encode all information about the propagator and self-energy.
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FIG. 1. The leading order Feynman diagram for the fermion self-energy in the Landau-level representation.

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 implemented in
Sec. III. 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:

Do (=) = =i (5)

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 exploratory 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 imaginary (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*kyd’k, k’l K212 (‘UnlD(O)(kHvkl) 1
S(py,pL) = ~dira f T A - .
o %] e K —mg —20lgB " gf - a2

(6)

n’=0

Here ¢ =pj =k, q. = p. — k., and
D (ky k) = 2[(ky - vy) + 0] [Po L (2K262) = P-Lyyr1 (2626%)] + 4k, - v0) Ly (2K26), (7)

where P, = (1 + sli’yWQ) /2 are spin projectors, £ = 1/1/|¢B| 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 T, we use Matsubara’s formalism. In particular, we replace the fermion
energies po and ko with iw, =irT(2n, +1) and iw,, =77 (2n, + 1), respectively, and replace the integral over kg
with the Matsubara sum, i.e.,

dko

o —F (po, ko) = iT Z F(zwnp,zwnk) (8)

nj=—00

Then, the self-energy (6) becomes

dk.d’k,  (-1)" e DD (iwn, k2, K
Z(zwnp,pz,pl) draT Z Z f L (Dre ! (1wn, 1) (©)

3 )
n/=0 ng=—o0 (2m) w%k + Efl,h) [(wn, = wn, )%+ E2]

where we used the shorthand notations for the Landau-level energies E,,s ;. =\/2n/|¢B| +m2 + k2 and the gauge boson
energy E, =/q? + ¢2, and introduced the following new function:

Dg’))(lwnk 9 kZa kJ.) = V#D(O)(iwﬂk ) kzv kJ. )’Yﬂ = 47710 [ n’ (2]{"12.62) - L”'_l (2kf€2)]
— 4 (iwn,7® = k) [P-Lus (2k30%) = Py Ly (2k30%)] = 8(key - v1) Ly (263€%). (10)



After performing the Matsubara sum, we obtain

dkzd2kl —kfl?‘ 5159 [1 - nF(lengkz) + nB(SQEq)]

Soppa) = dre 32 3R (1) [ Tt

n/=0s1=+ s2=+

B k. Eq (po = s1En k. — s2Eq + i€)

x{ (81Bn 107" = k27®) [P-Lyy (2k36%) = Py Ly -y (2k30%) ]
=g [ Ly (263€%) = Ly (2K26%) ] + 2(key - ~y0) Loy (2K30%) } (11)

where we used the standard Fermi-Dirac and Bose-Einstein distribution functions, ng(FE) = (eE/ Ty 1)_1 and ng(F) =

(eE/ T_ 1)_1, respectively. In the derivation, we used the following result for the Matsubara sum:
iwn, A+ B 1 (51E,A+ B)[1-np(s1E,) +np(s2Ep)]

Ti :_ZZ

oo (w%k + Eg) [(wnp —wn, )%+ Eg] s1sams $199E.Fp (iwnp -51E, - szEb)

. (12)
To separate the real and imaginary parts of the self-energy, we perform the analytical continuation iw,,, — po +ie and
use the Sokhotski formula,

1 P 1
po—s1Ep 1, — 5ok +ie po — S1En g, — solig + i€

— i (po — 51 B . — 525) (13)

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

5 5 P B i B0 (ks — k) 2B 1. B0 (ks — k)
—S1bnrk, =S = 7 7 = ,
e TR e [0 p)si B < Bl TE - @)A [ (4]

(14)

where ¢* = [\/2n/|gB| + m2 +\/p2 — p2| and the explicit expressions for the two solutions k¥ to the energy-conservation
condition read as

s (. 2n'|aB|+mg - g} Po -
=2 (1 L V=@ TE - @) (15)
* 2 g~ 1?2 pe(p-p2) " 0 T
Note that, for the fermions on the mass shell, we should set p2 — p? = 2n|¢B|+m3, and the two thresholds will become
qt = ‘\/2n’|qB| +m2 £/2n|¢B| + mg‘
By substituting the solutions of the energy-conservation condition (k, = k%), we derive the following two expressions
for the particle energies:

$1P0 2n'|¢B| +m§ - 7 Dz -
B k., = (1 + + Vgt - (a0)?1[e2 - (¢)?]), (16)
k. —k 2 p3 - p? po(PE - p?) 1 1 1 1
2P0 2n'|qB| +m2 - ¢? D. —
E = 1- F _ 2 2 _ +312 . 17
a ko—kE 2 ( pg — p2 po(pg ) \/[QL (¢0)?][q? - (g1)?] (17)

Without loss of generality, below we will concentrate on the case of Landau-level states with positive energies, pg > 0.
On the mass shell, they will be given by the Landau-level energies, pg = \/2n|¢B| + m3 + p2. If needed, the self-energy
results for the Landau-level states with negative energies could be obtained by using the charge-conjugation symmetry.

By analyzing the solutions for energy-conservation relation pg = s1Ey i, + s2f; with the assumption py > 0, we
identify the following three kinematic cases:

$1>0, s2>0: 0<gq, <q], (18)
51>0, s2<0: 0<gq, <q], (19)
51<0, s9>0: ¢ <q < oo. (20)

The first one describes a transition to a lower energy particle state with emission of a photon (¢, - ¥, + 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 (¢, + v = 1,y with n <n'); see Fig. 2(b). Finally, the third one describes a transition to an antiparticle state

with emission of a photon (i.e., annihilation process ¢, + ¢, — v for any n and n'); see Fig. 2(c).



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 1, — ¥, +7 (n >n'), (b) quantum transition to a higher
Landau level with absorption of a photon 1, +v = 1,/ (n <n'), (c) particle-antiparticle annihilation ¥y, + 1,s — 7.

It is instructive to emphasize that the three processes in Fig. 2 contribute to the fermion damping rate only when
the background magnetic field is nonzero. Without magnetic field, these processes of order « are forbidden by the
energy-momentum conservation. Instead, the fermion damping is dominated by diagrams of order o such as two-to-
two scattering and annihilation processes (i.e., ¥y, +7 — g +y and 1y, + g — v +y). 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.

The final expression for the imaginary part reads as

1-np(s1E,, ) +np(s2E
m[S(py.pu)] = ~dra Y, ¥ (-1)" f ‘ klz e L2nr o B ) B( P
n’=0 {5} (2m) s1s2\/[a2 = (41)?] [a2 - (¢1)?]

x{ (len,ykgr’yO - k;'yi’)) [P-Lys (2k30%) = Pi Ly (2kfz2)]

=g [Lns (2k3€6%) = L1 (2636%) ]+ 2(ky - v0) Ly (2K367) } (21)

where the shorthand notation )/, represents the sum over three signs, i.e., sq,s2, 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 162), where p, is the Fourier variable for the external line. In the
next section, we will use the properties 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,pi) = -2e7P S (=1)" [dvya(py ) + Y Y2 By )T — 6 — i Y2 ] [P Ln(20267) = P_ L1 (207 0%)]

n=0

~4e7mt Z;)( 1)"0vy n (e - Pu) Ly 1(2171 %). (22)

As is easy to verify, it contains all the same Dirac matrices as the main expression for the one-loop self-energy
(py,p.) 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 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.

The physical meaning of v ,,, v, ,, and dmy, is clear. They measure 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 m,,, 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 polynormals LY (2p2€2) However,
by making use of the orthogonality property of the Laguerre polynomials, i.e.,

P(n+a+1)
n! ’

[ e 2L (2) LY (2)dz = Sy
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 dvy ,, 0v, 5, 0y,
Un, and M, in the Landau-level representation to the projection of function E(pH ,p.) onto the Landau-level orbitals.
The corresponding relations read as

(23)

. 1)"e?

511+$n =0V + 5.0y = —( ) d*p.e -t tr[(p” ’yH)PJrE(pH,pl)]L (2p2€2) (24)
I 27Tp”

ovp = 0v) ., — 5,0 —ﬂ d*p ePit ) 2p2 (> 2
fin = 0010 = 5100 = 25 e (o) - 9)P-S (o )] Lt (20207), (25)

[

om} = dm, + s, —ﬂ p e Pl [P,y L, (2p2 02 26
n = n 1My = o b.€ tI‘[ + (p||api)] n( Dy )a ( )
- _ e _(_l)né2 2, —p2e? 242

om, =dm, —s,m, =-———— | d°p,e tr [P_E(p”,pl)] L,_1(2p707), (27)

—1)net
5vl,n: ) fd2 % [(ys - pu) S0y, 0) | Ly (20267). (28)

Note that the self-energy component functions 5v‘|’n and omZE 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
Eqgs. (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 renormalization) vﬁ,n = dv| n + 5,0, and the mass renormalization
omyt = dmy, + s, My,

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

. (q2€2) (SlEn',k;’pO - k;lpz) [1 —np(siEy, o) + nB(Squ)]

Im |dv; )n q.dq, I i ) (29)
)=z WZO{Z}f ’ 2 s153v/[ - (@116 - (a1)7]
oo 1 22 SlEn’} 2/po—k;’pz 1—nF(81En,’ §/)+7’LB(52E )
[(Svlln %ZququLf 1 (QL )( k 2[ — k+ : q ]’ (30)
Pjj =0 2 s1so/[a? - (¢0)?] 43 - (af)?]

2 / @02\ L-nr(siE, o) + np(s2E
Im[ = armg Z ZfQLdQL[In7L (qlg )+Igyn1( E )] F( 1 N ) B( 2 q), (31)

n’=0 {s} 5152\/ [¢2 - (a1)?][a? - (a1)?]
e 02 S 2 l_nF(SlEn/,kil)'f’nB(SQEq)
m[om amOZquldql[I 1 (LQ )+1'01 1(12 \/ 2 _ (021102 — (aF)2] (32)
n’=0 {s} s1s2v/[af — (q1)?][4f - (¢)?]
((1152) L-np(si By, ks’)"'nB(sZE )
5152\/ ‘h (q7)? - (q7)? ]

Here we introduced two unitless kernel functions that depend on ¢?¢?/2. They are defined in Appendix C. There we

(33)

5U1n = Z Z[qlquIn L'

n’O{}

also prove that the kernels reduce to functions Z;" o (&) and 73" " (&) 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:

o1 i}
1By b0 = K2 - = 5 (pj + 20'la Bl + G - ¢7) ‘S = (n+n)|gB|+m - %- (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|¢B| + m2. 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 combination of the Fermi-Dirac and Bose-Einstein distribution
functions, 1 - ”F(SlEn',kg’) +np(s2Ey), is also independent of the signs s; and s,. Indeed, it is obvious after taking
into account the energy expressions in Eqgs. (16) and (17), which contain the overall factors of s; and ss, respectively.

The only dependence of the integrands in Eqs. (29) through (33) on the signs s; and sy comes from the overall
factor siss. It is instructive to recall that different sign choices determine the process types contributing to the
imaginary part; see Egs. (18) — (20). Therefore, up to overall sign s1s2, 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 (accompanied 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 < ¢, < ¢] for transitions to lower/higher Landau-level states and ¢f < ¢, < 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 [51)”,”] = §Im [&)ﬁm + 5v‘|’n] ) (35)
1
Im [dm,] = §Im [6m) +dm,]. (36)
as well as the corresponding spin-splitting functions, i.e.,
- 5 _
Im[9,] = ;Im [Jvﬁ:n - 5’UH’n] , (37)

Im [, ] = %Im [6m) —dm,]. (38)
As expected, all of these parameters, as well as Im [dv, ,,], 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 T 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 ¢4 = —¢/3), the effect of a background
magnetic field on their self-energies differs. Nevertheless, their dependence on |¢B| will remain essentially 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 |¢B|. 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., mg = 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 « should be replaced with a;Cr, where o, = g?/(47) and Cp = (N2-1)/(2N..) = 4/3. To get
an order of magnitude estimate, we will assume that the strong coupling is as ~ 1/2. In this case, asCr = 2/3. This
choice is sufficient to get order of magnitude estimates. 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 interpreted 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 Egs. (18) — (20). We will limit the analysis to the first 50 Landau levels (i.e., n < yax = 50). 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.
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FIG. 3. The dependence of the self-energy functions Im[évy ], Im[6v, »], and Im[ém,]/mo 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: |¢B| = (75 MeV)? (open circles) and |¢B| = (200 MeV)? (filled squares).

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., T = 200 MeV (blue
lines), T'= 300 MeV (green lines), T = 400 MeV (red lines), and two different magnetic fields, i.e., |¢B| = (75 MeV)?
(open circles), |¢B| = (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 heuristically
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 arguments
in Ref. [65] cannot be transferred to an unphysical 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:

1 202 _
Lalpo) =5 - [aw [ d4uTr[ @E [ T s (IS 0) W (). (39)
1 S



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,/(2m¢?) 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

On,
Tn(p.) = pl{ 0 [plllm(§v|| n+8.0,) — moIm(dm, + slmn)]
0

+(1=dn0) [pﬁIm(év”’n) —moIm(ém,,) - 2n|qB|Im(5vL,n)] }, (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., pg =+/2n|gB| + mg + p2.

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

L-np(s1B, o) + TLB(SQECJ)]
s1s2\/ (- €7)(E-¢7)

aquI

Lo(p.) =
o(p:) = dpy & 0{}

fdg (o™ () - (n’+m042)zgv”'(g)][ : (41)

where we used the identity EIg ’",71(5 )= n’Ig ’”’(f ). The expression for the damping rate in the higher Landau levels
(n>1) reads as

To(p.) = a|qB| Z fd§ In n 1(£) L T0" 1,0 (5)] (n+n') [1—771F(81En/7k;’) +n3(82Eq)]

4 0 n'/= O{ } 8182 (5_5*)(§_€+)
- i (n+n +m0€2) 1—np(len,’ksr)+nB(52Eq)
-2 Sy [ @ )] [ —— |
PO n7=0 {5} 5152\/(5_5 )(5_5 )
Here, we introduced shorthand notations £ = ql€2/2 and &* = (¢¥)%0?/2, and used Eq. (34) to simplify the integrands.

Also, to express Zy " 4 “1(€) in terms of Iy ul (&), 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:

n,n’(g) [1 - nF(SlEn/’ki’) + nB(SgEq):I

(42)

Lup.) - 422 d¢ , 43
(p:) = 4po n'ZO{Z}f s182\/ (=€) (E-€F) )
where we introduced the following function:

My (€) = = (n+n’ +m3e2) [157 (&) + T 1€ |+ (v n) [T3" 1 ©) + (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 proportion to the squared amplitudes of the three underlying processes. As we show
below, the same expression (43) for the rate (after spin averaging) is obtained also from the poles of the propagator
in Sec. IV B below.

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
expression 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 longitu-
dinal 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 temperatures, i.e., T' =200 MeV (left panels) and T = 400 MeV (right panels),
and two different magnetic fields, i.e., |¢B| = (75 MeV)? (top panels) and |¢B| = (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
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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, |¢B| = (75 MeV)? (top panels) and |¢B| = (200 MeV)?
(bottom panels).

an enhancement is not surprising since both have the tendency to increase the phase space for transitions 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 intermediate 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 7T = 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 |¢B| = (75 MeV)? to |¢B| = (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, I',(p,)/En .. Note that the knowledge of the real part of particle energy at the zeroth order is
sufficient for calculating first-order corrections to I'y,(p;)/Ey .. 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 At $ 1/E, ;. according to the uncertainty 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, p, 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,
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panels), and two magnetic fields, |¢B| = (75 MeV)? (top panels) and |¢B| = (200 MeV)? (bottom panels).

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
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 dramatically
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 vy ,,, My, V1 5, Uy, and m, modify the fermion propagator; see
Egs. (A9), (A15) and (A16). Most importantly for our 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:

(=) o\ [on|qB| + m2 + p2 (1 | Modmy, — (2nlgB|+ )30y + 21lgBl0v,0 £/ 2mlg B+ m (o = in) ) - (45)

Po 2nlgB| + m3 + p?
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FIG. 6. The dependence of the self-energy functions Im[%,] and Im[m,]/mo 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:
|¢B| = (75 MeV)? (open circles) and |¢B]| = (200 MeV)? (filled squares).

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 v,, and m,,. Since we did not calculate explicitly the real parts of the self-energy
functions vy, Mn, V1 n, Un, and Mm,, we cannot quantify the corresponding corrections to the real parts of particle
energies.

Nevertheless, using the imaginary parts of self-energy functions; see Eqgs. (29) through (33), we can determine

leading-order corrections to the imaginary parts of particle energies, i.e., Im[épéiz]. Since the latter should coincide
with the damping rate up an overall sign, we derive

(2n|gB| + m§)Im[bv ] - moIm[dm,,] - 2n|gBIm[dv, ] F \/2n|q¢B| + mZ(moIm[7,] - Im[m,,])

V/2n|gB| + mg + p?

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

) ~ (46)

the same time, it is rewarding to see that the spin-averaged damping rate, TV = (Fgf) + FSL_)) /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[m,,]. 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., T = 200 MeV (blue lines), T = 300 MeV (green lines), T' = 400 MeV (red lines), and two different
magnetic fields, i.e., |[¢B| = (75 MeV)? (open circles), |¢B| = (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 v,, and
my 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].
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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 |¢B| = (75 MeV)?. Each panel contains
results for three different temperatures: 7' = 200 MeV (blue), T' = 300 MeV (green), and T = 400 MeV (red).

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, |¢B| = (75 MeV)?
but two different longitudinal momenta, p, = 0 (left panel) 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 percent 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, I‘Slave) = (F£L+) + I‘%_))/Q, 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.

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
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 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: (i) transitions to other Landau levels with lower indices n’
(¥, = P+ with n > n'), (ii) transitions to other Landau levels with higher indices n’ (¢, + v = ¥,» with n <n'),
and (iii) transitions to Landau-level states with negative energies (i.e., the annihilation process 1, + 1, — ~ for any
n and n').

We used the imaginary parts of the self-energy functions to derive the Landau-level dependent fermion damping
rates 'y (p,). We employed two different methods to get the corresponding results. On one hand, we obtain the
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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. Further-
more, by using the imaginary parts of particle energies, we were able to extract the damping rates for the spin-split

states Fﬁf)(pz). It is important to note that the spin-averaged rate, 1“55”") = (Fgf) +I‘£L_))/2, agrees perfectly 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 n 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., ¥, = ¥, + 7,
Y+ = Yy, and ¥, + 1, — ¥) 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 evaluation 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:

G(u,u') = i(ul [(i07° = 7°4%) = (0, - y1) — o -] u)
= i) [0y (i07° - 7°9%) = v, (0, - 1) + i7" 75107 - 729) = m— i ] ), (A1)

where 7, = —i (V —igA) and the vector potential in the Landau gauge is used, i.e., A = (0, Bz,0). Here we took into
account all possible Dirac structures of the full propagator at the leading order in coupling. In particular, functions
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m, v and v, include radiative corrections to the mass, the parallel and perpendicular components of the velocity,
respectively. The two additional functions © and m capture the effects of spin splitting corrections to the parallel
velocity and the mass. A self-consistency check shows that there is no spin splitting correction to v,. Note that,
strictly speaking, all five are operator-valued functions. When acting on the Landau-level orbitals (see below), they
will become functions of the Landau-level index n and the longitudinal momentum py. For example, m,, will be the
mass function in the nth Landau level. (Note that we use notation mg for the tree-level mass to distinguish it from
the mass in the lowest Landau level my.)

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 py = (po,p.). The resulting
propagator in a mixed representation reads as

G(py,us,vy) = (u] [oy (py =) = vu(mws - v0) =iy Yo (py - yy) +m— iy
-1
x [ (vﬁ - 172)pﬁ —vlw? —m® +m® + 2iy' Y (md - ) (py -y - ivlnyquB] [u'). (A2)

Here we took into account that —(m, -v,)? = w2 — ¢Biy'y2. The eigenvalues of the operator 72 are (2n+1)|¢B|, where
n=0,1,2,..., and the corresponding normalized eigenfunctions are given by the Landau orbitals, i.e.,

RS S z
op2) = o) = o et ()

where s, =sign(¢B), £ =1/,/|¢B| is the magnetic length, and H,, (z) are the Hermite polynomials. It is useful to note
that

__1_ 2y2 .
e 2.2 (z+pl%) [ 15LP1/7 (A3)

men,p(ui) = _iaz'(/)n,p(uL) = é (\/ 2(” + l)wn-*—l,p(uL) - \/%wn—l,p(ui)) ) (A4)
7Ty¢n,p(ui) = (_iay -qBz) wn,p(ui) = _% (\/ 2(n + 1)wn+1,p(uL) + mwn—l,p(ui)) ) (A5)

(7TJ_ "YJ.)'l/}n,p(uJ_) = %2\/ 2(” + 1)wn+1,p(uj_) (’Yl + isl’72) - 2%\/%1%71,;7(%) (’71 - 7;51.’72) ) (AG)

where we took into account that H), (x) = 2nH,_1(x) and Hp1(z) = 22 H,(z) - 2nH,_1(z).
These wave functions satisfy the condition of completeness

> [ by ) () = (. ), (A7)
n=0_"¢

which can be written in a compact form as ¥, ,(u,|np){pnfu’) = (u |u’).
By inserting the unit operator },, , |np){pn| in front of [u]) 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(pyus,uy) = DG (py,u, - u)), (A8)
where ®(u,,u)) = %(m +2")(y —y') is the Schwinger phase, and
_ efuf/(4l2) st

, 12~ ‘ - u? u?
Clorw) == 2, { (010 (1= 1) = 7! 7Py - ) + 1 = 1710 ] [L" (252)7)+ Fh (252)7)]

v

2
L 1 UJ_ 1
. L a0 _ B 9
2 (UJ_ M) n-1 (262)}/\/{71 2TL’Uin|q |7 ( )

where LS (z) are the Laguerre polynomials [by definition, L% (2) = 0], P. = (1 + sliq/l'yZ) /2 are spin projectors, and

-1

M, = (U\2|n - 5i)pﬁ —mi, + 1 + 2y (M, - M) (P 7))- (A10)

In derivation, we used the following relations:

0o . e—C/2+i<I>(ul,u1) w, — ’U,, 2
S vty ) - S (), (A1)
o —¢/2+i®@(uy,u’) r—x' —is (y_y/) (u —u )2
dpab, * Ny _ € L I} L L , Al12
[w Pt p (1) (01) 2m02\/2(n + 1) 14 " 202 (A12)
) —¢/2+i®(uy,u’) f o WAV
vy € Val-x—is (y-y) 1 ((u—ul)
[m Ap Yn-1,p (1) Yy (1) = 2702\/2n ‘ Lna ( 202 ’ (A13)
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where ¢ = (u, —u')?/(2¢?). To obtain Eq. (A13), we used the following table integral 7.377 [63]:
f e H, (2 +y)H, (2 + 2)dz = 2"/7m!2" " L™ (-2y2), (A14)

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 1
My, = 2nv? ,|qB] U,

[(vf . - 02) pj — 2007, |qB| - m3, + w2 - 2i7' v (mpTn — vy ) (py-yy) ], (A1B)

where
- ~ 2 - - 2
Un = [(Uﬁm - U%)pﬁ - 2?”L’Uin|qB| - m?z + mi] - 4pﬁ (mnvn - mnv”,n) . (AIG)

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.,

- ~ ~ ~ 2 ~ ~
9 9 (Uﬁ,n - U»,%) (vaint‘ + my% - mi) +2 (mnvn - anH,n) +2 (mnvn - anH,n) V ‘/n
pO :pz + (U2 _{}2)2 ) (A17)
[n "

where

Vi = (Uﬁn - 17721) (2nvf7n|qB| +m? - ﬁli) + (mnﬁn - ﬁznvum)z . (A18)

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

_ 2,2
G = je Pt -1)" D, (py, :
(pH 7pl) e Z ( ) (p” pi) Mn _ 2nviﬂ|qB|

n=0

(A19)

where the nth Landau level contribution is determined by
D (pyp1) = 2[00 ey 7)) = 7 Y20 (py - ) + M — i Y210 | [Pe L (207 0%) = P-Lpoq (207 0%) ]
+ 40,5 (P v Loy (20167). (A20)

In derivation, we used the following table integrals:

fo i et ke g = o Jo (kyuy ), (A21)
0 Qﬂ-(’h : '&L)@_i(k'm)d(b = 2i77(7i . ’%L)Jl (kLuL)7 (A22)

oo Uil —/37"2 v ) B kY 6—0& " _Zﬁ v Oék'2
/0 r’ e LY (ar ) Ju(rk)dr = RS (7ﬂ ) e B LY (45((1 ) (A23)

2. Free fermion propagator

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

D (p,p.)

_ 2,2 &
S(p D ) :ie_pig (_l)n,—a
1P 2V - 2l

n=0

(A24)

where

DO (py,p1) =2[(p) - vy) + 0| [PeLn (2020%) = P-Lyo1 (2026%)] + 4(py -, )L, (207€7) . (A25)
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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 (py, ) = —ilud| [og(py - v) = vi(mws - y0) + iy > (py - )0 = m— iy yPm] |u'). (B1)

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

G_l(p”,ul,ui) = eiq’(“““l)c_v'_l(p“,ul —ul), (B2)

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

et/

2 2
~-1 _ . 1.2 ~ . 1.2~ u u
G ppyun) = ~i—5 5 nzzo{[vm(m )+ (P ) = = 1y Y ] [P+L”(2512)+P‘L"‘1 (2;2)]

i Ly (u, -~,)L} u (B3)
72 Vet Y1) bm-1 oz | [

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

G ppepr) = ~2ie P 3 (1) [0 (py 1) + 7 92 () - 1) 0 — 10— 720 | [Pa L (202€%) = P_Liy1 (29%2)]
n=0

. _n2p2 > n
— 4je7Pit Z(—l) UL,n('VL 'pl)ng—l(2pE£2)' (B4)
n=0

1. Self-energy in the Landau-level representation

By making use of the inverse full and free propagators, we derive
S(pyuy) =87 (py,u) —iGH(py, uy). (B5)

By using the Landau-level representation for the inverse propagator, we obtain

oul/(467) oo

= . ~ . ~ u2 u2
E(ppyus) = =5 2 { [0 oy - 1) + 87" (0 - 1) B = G = iy 170 ] [RLn (222) +P_Ly1 (222)]
OV, n u?
Zz, (uy .’YJ.)L’}L—I (222) } (B6)

where v, = v|,n — 1, 0V, n =V, 5 — 1, and dm, = m, — M. The corresponding Fourier transform reads as

S(py,pi) = —2e7P S (=1)" [dvpa(py ) + Y Y2 By )T — 6 — i Y21 | [P Ln(203€67) = P-Ly—1 (207 0%)]

n=0

— 4P S (<) 80, (s Py ) LE (20207, (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 Eqgs. (24)
through (28), one encounters the two different types of kernel functions defined by the following expressions:

' 202
Kn,n’ = (_1)n+n T f d2k$eikf£267(kiiql)zezLn’ (2]6362) Ln (Q(kl - qL)2£2) ) (Cl)
™

_ nan! 84 1202 p o N\242
R = ()" = [ @l e e 0ma)™ (o, (k= q0)) Ly (20207 Ly (2062 - 00)%). (C2)
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To calculate the first kernel, it is convenient to start by noting the following Fourier transform:

2 ) 1 oo w2 2 _
2 —u?/(46%) —ipu; _ u?/(46%) —ipu,; cos ¢
i [ e Ln (25 )e P e fy e T £2) ape =

e S EI R I MR O

where we introduced the following dimensionless variable 7 = u, /¢ 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

2 X o 2
u?/(46%) 71 —ip,u, _ (p.-a) =2 5 i far1 (T -
/d u, (u, -a)e™ L (ggz)e Prt — TR /o e dre™" Ln( 5 )J1 (p 0F)

= (-1)"(p. - @)e O LY (2p%02) (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

87r€4

4’k 2. —u?/(4f?) W\ ik 21 —(ul)2)(46) W)\ itkr-quyu
Ky n = S0 [d u e Ly 202 e fd u, e L, - e
d*u, —u2/(20%) u? u?\
= - L Ln L Ln’ L 1qLuy
22 202 207 | ©
1 ) 2 u? 22
_ u?[(26%) non' [ 416
‘ng u du, e Ln (QEQ)L (%Q)Jo(qwl) iae ( 5 ) (C5)
By making use of the second result, we derive
- P’k 2 _u?j(40%) 1 W\ ik 2 N ey 1 (Wl)? ilki—a)
Ky =— Ry fd u e ™ L, 4 22 e R fd u) (u,-u))e ™ L, 4 502 @,
dPu, 2 Ui/ 1 Uf 1 uf —iq,u,
=) ot Lo w) Foeilg )
1 = 3 —u2)(20%) 71 1 T s
= [0 u du e " L,_ 252 L, 282 Jo (quuy) =17, =) (C6)
where Zjf ’"’(f ) and Z ’n,(f ) are the same function that were introduced in Ref. [44], i.e
n,n’ (n ) —5 n-n n-n 2 _ n! —Een'-n n'-n 2
I =S (L ©) = e e (B o) (C7)
nn TL+1 —&en—n' n+1 —€en'-nyn'-n
(©)- 2( Retenr' i () 1ty (o) - (( ST O LT O, (8)
Note that Z3 (5 ) can also be expressed in terms of Z;)” i (&) [44], i
nn n+n+2 nn n+1,n'+1 +1,n’ n,n’+1
©) = 5 [T O+ )] [z" (©)+Z3 (9] (C9)
By definition, Z; (5 ) and Z3 (f ) 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:
U, p(w) = e P [, 0 (uy) Py + it p(uy ) P-] . (D1)
Substituting it into the Dirac equation gives
(iv" Dy = m0) Wi p (w) = [(py - ) = (70 -71) = 1720 ] W ()
=PI [n,p(u )Py + ithp1p(uy)P-] [(p” "VH) +t 2nlqB| - mo] v, (D2)
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where we used the property in Eq. (A6). The spinor v must satisfy the equation:

[(p1- 1) ++"V/2nlgBl - o v = 0. (D3)

It has nonzero solution when

- _ 972
Det [(Pn ) +'V/2nlgB| - mo] = [p{ - 2nlgB|-m3]” = 0. (D4)
Using the following representation of Dirac matrices,
o_(I20 i (0 oy
7‘(0 L) 7T\ 0 ) (D5)

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

ay
ag

v=y/Mo+E,, | pzai-v2nlgBla: |, (D6)

m0+En1pz

_ \/2n|gBlai+pzaz

mo+En p,

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 = 2mg (a? + a2). (D7)

Therefore, the final spinor wave function reads as

V0 + B p Pnp(ur)ar

‘ in/mo + Enp thn-1,p(us)as
= e PI'Y -a1—/2n|qB
Upp(u) =e P alm\o/+g|q laQ’(/Jn,p(UL) , (D8)
.\/2n|qBla1+p.
B Prto()

where we set s, = 1 for simplicity. (Note that ¥, ,(u,) and 1,1 p(u, ) switch places when s, = —1.) Two independent
states ¥, , s(u) are obtained by setting either (i) a1 = 1, a2 = 0 or (ii) a1 = 0, a2 = 1. Then, we check that the sum
over both spin states gives

e~y (w=up)
—
iy (Vg ()5 (W) = Yot p (i), (u])) (Enp.n” = 2y + 0)

+V20lqBl(iv" + 7 n-1p(ui)¥y p (u)) + /20l Bl(=iv" + 72)%,1;(%)1/12_1,,,(“1)} (DY)
Finally, when also integrated over the quantum number p, we obtain

B , Cipy(u _u,)ef(ul—ui)z/(2lz)+i<l>(ul7u1)
fdpgq}n,p,s(u)an,p,s(u ) = e Py 577

Z \Ijnvpvs(u)@nypys(u, = [ (wnyp(ul-)d)n p( J_) + ¢n 1,P(ul-)’¢)n 1 p(ul)) ( 7Pz p273 + ’ﬁlo)

u, -y
x [(En,m =p7* +10) [PoLn (O + P-Lnt (O] + (;ﬂLzl(o], (D10)
where we used the shorthand notation ¢ = (u, — u/)?/(2¢*). By making use of this result, the expression for the
fermion damping rate (39) becomes

1 d’u e ¢

1_‘n z) = 5 Ta_ o
P)=5- ) on2

Tr{ [[(p| ) + Mo ] [PrLn(¢) + P-Lp-1(¢)] + WL}I—KC)]

x Z [[Imévu w01 + iy 2 (py - y)) Imdny — Imémy, — iy y* T, ] [PiLp () + P-Lp-1(¢)]
n’=0
Imévl n’

()L ;,_1<<>]}. (D11)



20

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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