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Abstract

This thesis applies and develops effective field theory (EFT) methods for the study
of high temperature and/or very dense plasmas. In a first stage of the thesis,
we investigate small plasma constituent mass effects on the properties of high
temperature and/or density plasmas, specifically quark-gluon plasma (QGP) and
electron-positron plasma (EPP). These effects could be relevant when the fermionic
masses are not extremely small compared to the plasma temperature 7' and/or
chemical potential . Our study provides a first step toward addressing its impact
by computing small mass (m < T, i) corrections to the hard thermal loop (HTL)
photon polarization tensor. In order to evaluate the mass corrections, we show
the usefulness of effective field theory methods, in particular, the on-shell effective
field theory (OSEFT) for fermions. We compare the mass corrections with both
the power and two-loop corrections, and claim that they are equally important
if the mass is soft, that is, m ~ €T’ (or m ~ eu), where e is the gauge coupling
constant, but are dominant if the mass obeys eI' < m < T (or ey < m < p).
Importantly, the result also applies to the HTL gluon polarization tensor, differing
only by color factors. Following this, we analyzed the impact of the mass corrections
in the context of collisional energy loss of a heavy and highly energetic fermion
(E, M > T) traversing the QGP or EPP. Using dimensional regularization, we
effectively managed the new divergences arising from the small mass expansion
and demonstrated a consistent cancellation of divergences between hard and soft
contributions, yielding a finite result. The mass corrections to the energy loss are
determined at leading logarithmic accuracy ~ ?—; ln(%) in the regime £ < 1‘7{—;,
extending the foundational work of Braaten and Thoma for massless fermions.

In a second stage of the thesis, we developed an OSEFT framework for abelian
gauge fields. The final Lagrangian can be formulated in terms of a gauge invariant
vector field without the need to introduce gauge fixing. We demonstrated the
reparametrization invariance (RI) of the theory, which means that the Lorentz
symmetry is maintained. Exploiting the RI symmetry of the EFT, we provided a
first principles derivation of the side-jump effect for photons. Applications of the
OSEFT in the context of EPP are presented, for instance, in quantum kinetic theory
and perturbative, quantum field theory computations. In addition, we showed that
when small quantum effects are considered (~ h), the classical definition of the
polarization ratios, given in terms of the Stokes parameters, lose their Lorentz
invariance. Thus, we proposed a modified definition of the polarization ratios
which is Lorentz invariant when those small quantum effects are present, relevant
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in non-rest frames and with potential applications in astrophysics and cosmology,
where such conditions are common.

Finally, we constructed a quantum kinetic theory for photons in the presence of an
axion background and in the collisionless limit, from the full theory of quantum
electrodynamics (QED). We demonstrated that in the classical regime, our kinetic
equations capture well-known features of axion electrodynamics. Furthermore, we
addressed the impact of the axion background on the photon collective modes
within an EPP at thermal equilibrium. Notably, the axion background breaks
the otherwise degenerate transverse collective modes at order eg,,1'(0a), where
e represents the electron charge, g,, denotes the photon-axion coupling, and da
represents the scale associated with variations in the axion field.



Resum

Metodes de teories efectives de camp a alta temperatura i potencial
quimic

Aquesta tesi aplica i desenvolupa metodes de teories efectives de camps per a
'estudi de plasmes a alta temperatura i/o densitat. Als anys 90 es van desenvolupar
els marcs teorics necessaris per estudiar 'electrodinamica quantica (QED) i la
cromodinamica quantica (QCD) en aquestes condicions extremes. Les eines
desenvolupades assumien que es podia negligir la massa dels constituents del
plasma. En una primera etapa de la tesi, investiguem els efectes d’incorporar
masses petites associades als constituents fermionics del plasma en els calculs
pertorbatius, rellevants quan aquestes no soén extremadament petites en comparacio
amb la temperatura i/o el potencial quimic que caracteritza el plasma. El nostre
estudi proporciona un primer pas per abordar aquest impacte, calculant petites
correccions massives tant al tensor de polaritzacié dels fotons com al dels gluons,
sota l’aproximacioé del bucle termic dur. Per avaluar aquestes correccions de
massa, mostrem la utilitat de les teories efectives de camps, en particular, la
“on-shell effective field theory” (OSEFT) per a fermions. A continuacié, analitzem
I'impacte de les correccions de massa en el context de la perdua d’energia per
collisié6 d’un fermi6 altament massiu i energetic, que travessa un plasma a alta
temperatura i/o densitat. Considerem els dos casos segiients: quan els constituents
del plasma soén electrons, positrons i fotons, i també quan aquests séon quarks,
antiquarks i gluons. Utilitzant regularitzacié dimensional, gestionem de manera
efectiva les noves divergencies sorgides de ’expansio per masses petites i demostrem
una cancellacié consistent de divergencies entre les contribucions dures i suaus,
obtenint un resultat finit. Les correccions de massa a la perdua d’energia es
determinen a primer ordre amb precisio logaritmica, ampliant el treball fundacional
de Braaten i Thoma per a fermions sense massa. En una segona etapa de la
tesi, desenvolupem una nova teoria efectiva de camps, la OSEFT per als camps
de gauge abelians. La Lagrangiana final es pot formular en termes d'un camp
vectorial invariant de gauge sense la necessitat d’introduir un terme de fixacié
de gauge. Demostrem la invariancia sota reparametritzacié (RI) de la teoria, el
qual significa que la simetria de Lorentz es respectada. Explotant la simetria RI,
proporcionem una derivacié des de primers principis de ’efecte de desplagament
lateral (“side-jump”) per als fotons. Presentem també aplicacions de 'OSEFT
de fotons en el context dels plasmes d’electrons i positrons, per exemple, en la
teoria cinetica quantica i en calculs pertorbatius de teoria quantica de camps.
A més, demostrem que quan es consideren petits efectes purament quantics, la
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definici6 classica dels ratios de polaritzacid, donada en termes dels parametres de
Stokes, perd la seva invariancia de Lorentz. Proposem doncs una definicié nova
dels ratios de polaritzacio, que és invariant de Lorentz quan aquests petits efectes
quantics sén presents, rellevant en sistemes de referéncia que no estiguin en repos
respecte el medi i amb possibles aplicacions en astrofisica i cosmologia, on aquestes
condicions soén habituals. Finalment, construim una teoria cinetica quantica per
a fotons en presencia d’un fons d’axions, en I’anomenat limit sense collisions, a
partir de la teoria completa de I'electrodinamica quantica. Demostrem que, en el
regim classic, les equacions cinetiques exhibeixen caracteristiques ben conegudes
de T'electrodinamica amb axions. El formalisme que presentem permet calcular de
forma sistematica com el limit classic es corregeix degut a petits efectes quantics.
A més, abordem I'impacte del fons d’axions en els modes collectius dels fotons que
ocorren en els plasmes d’electrons i positrons en equilibri termic. Notablement, el
fons d’axions trenca la degeneracié dels modes collectius transversos, mentre que
el mode collectiu longitudinal, anomenat plasmo, no es veu afectat.

Paraules clau:

229000 FISICA ALTAS ENERGIAS,
220807 FISICA DE PARTICULAS.
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Chapter content

1. Introduction: In Sec.(1) we give a general motivation for the thesis and
introduce the theoretical methods employed. An overview of the thesis works is
provided in Sec.(2). The remaining Sec.(3) of the introduction is devoted to briefly
discuss the necessary theoretical background to understand the content of the thesis

and may be completely skipped by the expert reader.
2. Publications: In this chapter one can find the works presented in this thesis.

3. Results and discussion: We give and discuss there the main results obtained

in our works.

4. Conclusions: We present our final thoughts and conclusions.



Chapter 1

Introduction

1 Motivation and theoretical methods

Our current understanding of nature based on the standard model of particle
physics indicates that hadronic matter in extreme conditions of temperature and/or
density undergoes a phase transition into a new state of matter, in which the quarks
and gluons that form the hadrons become deconfined, the so called quark-gluon
plasma (QGP). Lattice simulations predict that the crossover temperature required
for the phase transition to occur is around 7, ~ 155 MeV [1]. A high temperature
drop of QGP is believed to be produced for a short time in heavy-ion collision
experiments at RHIC and CERN, where temperatures above T, can be reached.
Due to the sign problem, which does not allow to easily incorporate a chemical
potential on the lattice [2], the value for the critical density is not known, but it is
expected to be a relevant factor of the nuclear saturation density ng ~ 0.15 fm=3.
As those high densities can not be reproduced in laboratory conditions with current
technology, the experimental access to the high density regime of the QGP is limited.
Nevertheless, a very dense and low temperature QGP is one of the candidates
for the phase of matter in the core of neutron stars (see e.g [3]), where densities
several times ng can occur. On the other hand, electron/positron plasmas (EPP)
are generated by highly energetic processes in many astrophysical scenarios, such
as supernovae explosions, black holes, neutron stars and quasars. The generation
of high temperature EPP in the laboratory is possible although complicated [4]. In

addition, the properties of QGP, EPP and electroweak plasmas are essential for
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comprehending the evolution of the early universe [5]. In summary, understanding
the properties of plasmas in extreme conditions is essential in many areas of physics,
thus, a precise theoretical determination of their physical properties is desirable.
This thesis is mainly devoted to develop and apply different theoretical methods
for their study.

The quantum field theories necessary for the study of QGP and EPP are quantum
chromodynamics (QCD) and quantum electrodynamics (QED) respectively. A
well known peculiarity shared by both theories is the running of the coupling
constant g, which means that the interaction strength between the quantum fields
depends on the energy scale. Let us assume zero chemical potential (u = 0) for the
following discussion. In the QCD case, as the temperature increases far beyond the
critical temperature (7' > T,), the coupling between quarks and gluons becomes
small (¢ < 1), so in the high temperature regime the overall picture is a weakly
interacting gas of quarks and gluons. For QED, the coupling between electrons and
photons becomes stronger as the temperature rises but slowly [6], so that for most
practical scenarios one can also assume that it is small. Consequently, in the high
temperature regime of a thermally equilibrated QGP or EPP, Bose-Einstein and
Fermi-Dirac statistics imply that most of the plasma constituents have momenta
of the order of the plasma temperature (7"), which then govern the physics at the
hard scale (~ T'). Due to the weak interactions between the plasma constituents,
one expects the generation of perturbative or soft scales, e.g ¢T', ¢°T ..., in the
plasma. The appearance of a strong hierarchy of scales is the perfect scenario for
the application of effective field theory (EFT) techniques. The concept of EFT is a
powerful one in theoretical physics. It relies on the idea that in order to describe the
physics of the system at a given energy scale, it is sufficient to consider the effective
degrees of freedom that operate at that scale, integrating out from the theory the
higher energetic modes. One then obtains an EFT that describes the low energy
physics of the system. An introduction to EFT and the mathematical techniques
employed in their construction can be found in the excellent reviews of Manohar [7,
8]. A general, although incomplete, landscape of different EFT used in the study of
high temperature plasmas is sketched in Fig.(1.1). As can be seen there, nowadays
there exist a vast number of EFT that provide an adequate framework to study

the diverse phenomenology of the high temperature regime of plasmas. During
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Figure 1.1: A landscape of different effective field theories. (a): Heavy fermions
(m > T), e.g muons in the EPP or charm quarks in the QGP case, can be treated
with non-relativistic (NR) effective field theories of QED and QCD [11-13]. (b):
Heavy quarkonium, i.e bound states composed of a quark and an antiquark, can be
studied within potential NRQCD (pNRQCD) [14]. (c): Highly energetic jets in the
QGP or EPP admit a description based on the soft collinear effective theory SCET
[15]. (d): At the soft scales, i.e g7', many-body oscillations occur. There is a well
suited effective field theory to characterize the collective modes, the so called hard
thermal loop (HTL) effective field theory [16-18]. (e): Plasma constituents with
E ~ T admit a description based on the OSEFT. (f): The propagation of quanta
with & 2 T can be studied with semi-classical transport equations, which can also
be derived from the OSEFT.

this thesis, we used a particular class of EFT, the so called on-shell effective field
theories (OSEFT) [9, 10]. The excitations of the OSEFT fields are quasiparticles
of finite size ~ 1/FE, where F is their energy. In the context of the QGP or EPP,
the OSEFT can successfully characterize the effective degrees of freedom that
operate at the hard scale. Specifically, plasma constituents whose momentum is
comparable to the plasma temperature can be treated as quasiparticles of finite
size Ay ~ 1/T, so that they admit an OSEFT description (assuming £ ~ T'). In
addition, the OSEFT can also be used to study the propagation of quanta with
momenta that is greater or of similar order than the hard scale with semi-classical
transport equations. In fact, the OSEFT was first formulated with the aim to derive
quantum corrections to classical transport equations, in the context of chiral kinetic

theory (CKT) [9]. Moreover, it is nowadays understood that the effective degrees
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of freedom at each energy scale have to be treated differently. For instance, plasma
constituents (hard) and collective modes (soft) can be treated as quasiparticles and
classical background fields respectively. A specific case can be found in [10], where
the authors showed that incorporating background electromagnetic fields to the
OSEFT for fermions one can derive the HTL polarization tensor and systematically
compute their power corrections.

Apart from EFT methods, in the works presented in this thesis we required the
techniques of thermal field theory (TFT) [19-22] because of the following physical

reasons:

1. A high temperature and/or very dense plasma is naturally a relativistic
system, in the sense that the temperature (and/or chemical potential) is
greater than most of the plasma constituents masses i.e T' > m (and/or

p>m).

2. Due to the large ensemble of particles present in those systems, accounting

for their thermodynamic properties is essential.

3. Since the mean inter-particle distance, given by n~'/3 where n is the particle
density, is comparable to the typical size of the quasiparticles (A7), the
effective degrees of freedom operating at the hard scale have quantum

statistical properties.

TFT can be seen as a generalization of quantum field theory in vacuum, through
the incorporation of the medium. Nowadays, there are two formulations of TFT,
the real and imaginary time formalism. In this thesis, we have used the real
time formalism, with the physical motivation that it can be generalized to the
non-equilibrium scenario. What this means is that with the real time formalism
one can study non-equilibrium thermodynamic properties of plasmas and is not
limited to the equilibrium case, as in the imaginary time formalism. Notably,
non-equilibrium quantities are also difficult to obtain on the lattice, which gives

even more value to the real time formulation.
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2 Overview of thesis works

In the high temperature regime of a QGP or an EPP, a widespread assumption in
the perturbative computations found in the literature is that the fermionic plasma
constituents, i.e quarks/antiquarks in the QGP and electrons/positrons in the
EPP, are massless. That is indeed a good assumption for extremely hot plasmas
in which all the plasma constituent masses strictly obey m < T'. Considering
temperatures above T, ~ 155 MeV and in the context of a QGP, ignoring the
masses of the up (m, ~ 2 MeV) and down (mg ~ 5 MeV) quarks is justified, but
neglecting the mass of the strange quark (mg ~ 100 MeV) might not be such a
good approximation. On the other hand, for an EPP neglecting the electron mass
(me ~ 0.5 MeV) is also a good approximation in most cases, but for moderate
temperature plasmas, e.g in supernovae plasma with 7'~ (1 —10) MeV, it might be
not. Hence, accounting for small plasma constituent mass effects could be relevant
to accurately determine the properties of QGP and EPP. A necessary first step
in this direction was done in our first work [23]. There, we computed small mass
(m < T) corrections to the HTL photon polarization tensor, a key ingredient
in the evaluation of many EPP properties. The diagrammatic computation was
carried employing the OSEFT for fermions' and the real time formalism of TFT.
Additionally, we also evaluated the mass corrections using classical kinetic theory,
reaching to the same result. Remarkably, the mass corrections to the HTL gluon
polarization tensor have exactly the same form except for some color factors, so
the result is also valid for the QGP case.

Once the mass corrections to the photon/gluon polarization tensor were properly
evaluated, we wanted to check their effect on a given physical quantity. This
was done in our second work [25], in which we evaluated the impact of the mass
corrections in the collisional energy loss. The idea is that when a heavy and highly
energetic £, M > T fermion transverses a QGP or an EPP, it loses energy as it
interacts with the plasma constituents. In the particular regime where £ < M?/T
holds, the dominant contribution to the total energy loss is the collisional energy
loss. Let us remark that although we performed the computation for an EPP

plasma, our results were generalized to the QGP case.

!Generalized in the presence of a small mass and background electromagnetic fields in [24].
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At the end of this first stage of the thesis, we had seen that the OSEFT for fermions
provides a powerful framework to characterize the effective fermionic degrees of
freedom operating at the hard scales of a weakly interacting QGP or EPP. However,
one also expects hard gluons and photons to operate at those scales, which are of
bosonic nature. Although one can study their effects from the full theories of QCD
and QED respectively, it is also desirable to have an EFT approach to address them.
This was the motivation for our third work [26], where we developed the OSEFT
for abelian gauge fields. Once the EFT was formulated and their basic symmetries
understood, we developed some applications, so as to confirm the validity of our
approach (see Chap.3).

The OSEFT for photons describes the so called eikonal or semi-classical optical
limit, allowing for corrections organized in a systematic expansion on inverse powers
of the photon energy. Thus, this new EFT provides a well suited framework to
study photon transport properties beyond the eikonal limit, an approximation
that is also commonly used in astrophysics and cosmology settings. This was the
motivation for our last work [27], where we developed a quantum kinetic theory
for photons in the presence of the axion background, an hypothetical field which
was proposed a while ago as a solution to the strong CP problem [28] and is
nowadays also considered a possible dark matter candidate. As a first approach to
the subject, we constructed a quantum kinetic theory for photons in the presence of
an axion background from the full QED theory. We also obtained the same results
by generalizing the OSEFT for photons in the presence of the axion background,
but we decided to present in our work the derivation from the full theory. This
is mainly due to two reasons; first, we have only considered the classical limit of
the kinetic equations and in this case it is easier to construct them from the full
theory, and second, we wanted to reach the dark matter community, which may be

not so familiarized with the EFT methods.

3 Thermal field theory

Thermal field theory mixes three important branches of physics: quantum mechanics,
thermodynamics and special relativity. Excellent introductions to the subject can

be found in the books of Kapusta and Gale [19], Le Bellac [20] or Laine and
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Vuorinen [21]. For a recent review, see [22]. In this section, we will briefly review
some of the theoretical challenges that one encounters in perturbative computations
at finite temperature, which are relevant for the works presented in this thesis.
Mainly, we will cover how real time Green functions at finite temperature can be
defined, the appearance of thermal effective masses, the breakdown of perturbation

theory and the necessity of the HTL resummation technique.

3.1 Real time Green functions at finite temperature

Contrary to most situations encountered in vacuum, in medium quantum physics
one is generally dealing with a large ensemble of quanta, characterized by a
non-trivial density matrix p. Then, if O denotes an arbitrary operator, instead
of its vacuum expectation value one is usually interested in its quantum statistic

expectation value or thermal average
(0) =Tr{p0O} , (1.1)

where we use the notation Tr{...} for the trace. Let us consider the canonical
ensemble, in which the number of particles N and the (equilibrium) temperature

T = 37! of the system are fixed. Then, the density matrix is given by

,ﬁH

Z Y

e

with Z = Tr{e P} . (1.2)

p:

Above, H the full Hamiltonian operator of the system and Z its partition function.
We could as well extend the discussion in the presence of a chemical potential u,
by just replacing H — H — uN, being N the number operator. To introduce the

main features of the formalism, we consider the following theory

L= 300)(0,0) - V(0) (1.3

where ¢(z) is a real scalar field and V(¢) is a self-interaction potential. A
fundamental ingredient in the real time formalism of TF'T are the Green functions.
Those can be defined as the thermal average of time ordered products of fields in
the operator formalism or by functional differentiation of a generating functional in

the path integral formalism. Here we employ the operator formalism. The 2-point
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Green function may be written as

Alw,9) = (To()o(w)) = 5 Te{e P To(x)ol)} (1.4

where T denotes time ordering?. However, there is a fundamental problem in loop
computations with this naive formulation of the real time propagator, that is the
appearance of the so called pinch singularities. Those can be easily identified after
evaluating Eq.(1.4). Introducing both a complete set of eigenstates of the free
Hamiltonian®, i.e Hy|n), = &, |n), with &, the energy of the |n), state, and a
Fourier modes decomposition of ¢(x) in terms of creation and annihilation operators,
the propagator can be written as [20, 29|

dq i
Alr,y) = / (27) Lﬁ i+

where ng(qy) = 1/(ef1%l — 1) is the Bose-Einstein distribution function. Then,

+27TnB(q0)5(q2) e (@=y) , (1.5)

note that in loop diagrams involving two or more propagators one encounters
ill-defined products of distribution functions, e.g A%(q) ~ §?(¢*). This technical
issue is related to the peculiar analytic properties of the real time Green functions.
In order to discuss them, let us introduce the so called greater (>) and lesser (<)

components of the propagator

A% (z,y) = (0(2)o(y)) , A(z,y) = (d(y)o(x)) (1.6)

as well as the advanced (A) and retarded (R) propagators

Au(z,y) = —ib(yo — wo) [A” (2, y) — A% (z,y)] | (1.7a)
Ag(z,y) = i0(zo — yo) [A7 (2, y) — A% (z,y)] . (1.7b)

Both the greater and lesser components of the Green function satisfy a remarkable

identity

A (2o, 4o +16) = A7 (Yo, 20) ,  A~(z0,y0 +18) = A (yo, 7o) , (1.8)

2Given by To(z)o(y) = 0(z° — y")p(2)p(y) + 0(y° — 2°)p(y)p(z) where 6(z) is the Heavisde
step function.

3Recall that in perturabation theory, one typically assumes the decomposition H = Hy + H;
with Hy > Hj, being Hy and Hj the free and the interaction Hamiltonian respectively.
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where we neglected the spatial arguments for simplicity. The above properties
are known as the Kubo-Martin-Schwinger (KMS) relations. Introducing now a
complete set of eigenstates of the full Hamiltonian operator H in Eq.(1.4) one may

re-evaluate the greater component as?
1 - i
A>(370, yo) — E Z e BEne AmnAt’ <n‘¢0’m> |2 7 (1‘9)

where At = 29 — yo and A, = E,, — E,,, being E,, the energy of the |n) state
(H |n) = E, |n)). Assuming that the convergence of the sum is governed by the
exponential factors, one sees that the sum converges in the interval —f < $(At) < 0,
where & denotes the imaginary part, and for the lesser component one finds
0 < S(At) < B. Thus, the lesser and greater component are analytic in their
respective domains and convergence requires an imaginary part on the time
coordinate. At this point, one may take one of the two possible options: use
the imaginary time formalism or introduce contour Green functions. The first
option involves technical mathematical techniques, such as Wick rotation, analytic
continuation, frequency or Matsubara sums. . .that we will not cover here. We will
use the second option, with the physical motivation being that it can be generalized
to the non-equilibrium scenario, while the imaginary time formalism is restricted
to the thermal equilibrium case. Using the KMS relation, the propagator can be

written in the useful form

d4q —iq-(x—
Aey) = [ b6 =)+ falplae e, (1.10)
where f(qy) = (e’® — 1)7! is the Bose-Einstein occupation number and we

introduced the spectral density as p(¢) = A~ (¢) — A<(g). Contour Green functions
can be defined generalizing Eq.(1.10) to complex time variables and introducing a
time contour C, as the one depicted in Fig.(1.2). For more details on this technical
step of the formulation, we refer the interested reader to [20, 30, 31]. The point is
that the contour Green function, say Acx(z,y) with xg,yo € C, can be related with

four real time components by restricting the complex time variables to lie in one

We set 2 = (2°,0) and y* = (y°,0) in Eq.(1.9), and employ the notation ¢y = ¢(0, 0).
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Figure 1.2: Our choice for the time contour C. If £ — 07 one has C' = C*+C~+(C?,
where CF goes from xg to vy, C~ from yy — i€ to zg — ¢ and C° from zy — i€ to
To — Zﬁ

specific branch of the contour. Explicitly

An(z,y) = (Te ¢(2)8(y)) = Ac(z,y), if 0,40 € CT, (1.11a)
App(z,y) = (0(y)o(x)) = Ac(z,y), if 20 CT, yo€C, (1.11Db)
Aoi(2,y) = ((2)o(y)) = Ac(z,y), if 2o €C™,yo € CT, (1.11c)
Ago(,y) = (T ¢(x)(y)) = Ac(x,y), it z0,50 € C™ . (1.11d)

Above, T¢ is the usual time ordered product while T¢ denotes anti-time ordering®.
Note that Ajs and A, are the lesser and greater component introduced in
Eq.(1.6). Then, one can directly get a momentum space representation for the
propagators by substituting in Eq.(1.10) the specific temporal components. In
perturbative computations, one needs the expression for the free propagators,
achieved by specializing the spectral density to the non-interacting case®. After

some manipulation, the propagator components in momentum space read

!

An(g) = P + 2mnp(q0)0(q%) = Ajy(q) | (1.12a)
Ayz(q) = 210(q*)[np(q0) + 0(—q0)] (1.12b)
Aai(q) = 216(¢*) [n5(90) + 0(90)] (1.12¢)

which is often called the 1-2 representation in the literature. Analogous definitions
and derivations can be done for fermionic and gauge fields, which can be found in

the articles of this thesis or in the references. Let us give an example of cancellation

*Given by Tod()e(y) = 0(y° — 2°)¢(x)d(y) + 0(2° — 4°)é(y)é(x).
6That is po(q) = 2msgn(qo)d(q?), with sgn(z) the sign function (see [20]).
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of pinch singularities in this representation. For that, we need an explicit form of
the potential, that we choose V(¢) = %)\qﬁ‘l with A < 1 for this discussion, and

Feynman rules for the evaluation of diagrams:

(i) Propagators: A;;(q), where the indices 4, j = 1, 2 label the matrix components

in Eqs.(1.12a-1.12c).

(ii) Vertices: The general vertex in the theory may be written as Vj;i where
1,7, k,l = 1,2 label the four legs arriving at the vertex. In practice, since
fields defined in CF can not mix with those defined in C~ in a vertex, one
only has two type of vertices Vi11; = —i\ and Vagoo = tA. The Vogoo vertex

contains an additional minus sign coming from the anti-time ordering in C'~.

The rest of Feynman rules, e.g symmetry factors, are the same as in vacuum. Using
naive perturbation theory, the first order correction to the propagator would be the
one-loop diagram of Fig.(1.3).(a). In the real time formalism however, self-energies
also have different components, e.g II;; for 4, 7 = 1,2, so that the diagram is split
into the two diagrams of Fig.(1.3).(b). Note that II55"° = II3}*°°" = 0, because
all the indices in the vertex must be equal. Using the above Feynman rules, one

may evaluate the temperature dependent” part of the one-loop self-energy [20]

_ - /\) d4q A d3q 1+ 2nB(q) T>0 \T?
pone-toop _ ; (=1 / Ap(q) = 7/ = 113
R 5 et D=5 a2l o - (1)
The other diagram gives the same contribution I135°'°% = —II91"°°? " except for a

minus sign. Here we can already see one of the effects of the medium; particles gain
effective masses ~ AT2. Now we consider the first correction to the effective mass.
At second order in naive perturbation theory, there are many topologically distinct
diagrams that contribute, for instance, the two-loop diagram of Fig.(1.3).(c). One
encounters in the lower loop the product of two propagators ~ A?(q), which gives
rise to the aforementioned pinch singularities. However, in the real time formalism,
the diagram is split into the four contributions of Eq.(1.3).(d). Each diagram
contains pinch singularities that contribute with different signs, so all of them
cancel when the diagrams are added. As an example, let us consider the sum of

the first and the last diagram. Factoring out a one-loop self-energy, their sum is

"The T = 0 part is UV divergent and needs to be renormalized as in the vacuum case. Also
note the symmetry factor of 1/2 in Eq.(1.13).
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Figure 1.3: (a) and (c) are the naive one-loop and two-loop diagram respectively.
The corresponding ones in the RTF are given by (b) and (d).

proportional to

WO-100 WO-100 one-100 . d4q
T 4 5™ ~ TI93 p(_lf\)/(2ﬂ)4 [A%(Q) _A21(Q)A12(Q)} =
one-loo . d4q *
e / o (A2 4+ np(a0)(A3 - A)] . (1.14)

where we used the notation Ag = i/(¢? +i07) in the last step. Above, there is no
presence of pinch singularities, as we wanted to show here.

In practice, the 1-2 representation is not very well suited for computations, a more
useful one can be achieved exploiting the fact that not all the propagator and

self-energy components are independent, but satisfy the constraints

A4+ Aoy — Ajg — Ay =0, (1.15a)
Hll + HQQ + H12 + H21 - 0 y (115b)

respectively. That is, one defines advanced (A), retarded (R) and symmetric (S)

propagators and self-energies as

Ag=A1n—Ay, Ap=A1—Ay, Ag=A;+ Ay, (1.16a)
IIg =11y + 1oy, g =11 +1L2, Ilg=1II1; + 1y, (1.16Db)

which is often called the Keldysh or physical representation. For completeness, we

also write down the inverse relations for the propagators

1 1
Ay = Q(As +Ar+ A, Ap= §(AS —Ar+A4), (1.17)
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Figure 1.4: Examples of ressumations in A¢* theory.
1 1
A21:§(A5+AR_AA) ; A22:§(AS—AR—AA) . (118)

From Eqgs.(1.12a-1.12c) one can find a momentum space representation of the

Keldysh propagators

l

Aur(q) = (1.19a)

¢* Fisgn(go)0+
As(q) = 2m5(q*)[1 + 2np(q0)] - (1.19b)

The corresponding real time propagators can be obtained after inverse Fourier
transform [20]. Note that Hf’;;lool’ = TI979°P and TI2"°°P = 0 in this representation.
Even if there are no pinch singularities, the evaluation of the two-loop diagram
has another problem: it contains an IR logarithmic divergence ~ \? [ d*q/q* whose
appearance can be interpreted as the absence of screening for long-wavelengths. One
can solve this problem by resummation of infinite series of diagrams. For instance,
consider the self-energy diagram in Fig.(1.4).(a), where the bare propagator in the
loop is substituted by a resummed one. Dressed or resummed propagators can be
constructed through Dyson-Schwigner equations, for instance A = 1/(A~1 —1II)
(see Fig.(1.4).(b)). All the machinery of the real time formalism can also be
applied to the resummed propagators, in particular, one can also define advanced,
retarded and symmetric components. For our discussion, it is sufficient to assume
IT ~ TP = AT?/24, then the advanced/retarded (A4 z) and symmetric (Ag)
resummed propagators are given by Eqs.(1.19a-1.19b) respectively, after simply
replacing ¢> — ¢> — II. The retarded component of the dressed self-energy is
given by Iz = II;; + II;» and we set II;5 = 0, as it starts to contribute at order

A2. Then, the expression for Iy is the same as II;; in Eq.(1.13), but replacing
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lg| = E4 = +/q? + 11 in the integrand. Precisely

(1.20)

d3q 1+2nB(E )
1) L |

q

Note that if the momenta obeys ¢ > A\/?T, e.g when it is hard ¢ ~ T, the integral
gives® \T? /24, because the resummed propagators reduce to the bare ones in that
limit. However, if the momentum is soft ¢ ~ A'/2T, the contribution from II
can no longer be ignored. In the soft regime, one further notes that the vacuum
contribution to I is of order A>72, hence it is subleading compared to the medium

contribution, which, after expansion for small \, gives [20]

750 AT? ( e

0y " =5 o +0(Am)) . (1.21)

Remarkably, the coupling dependence of the first order correction to the effective
mass is not of order A? as one would naively expect but A*2, it is a non-perturbative
correction. It emanates from the soft momentum space region g ~ \/?T so it is
capturing the long distance physics in the system. This is an example of the so
called breakdown of the perturbative expansion at finite temperature.

So far, we have used A\¢* theory to discuss some of the issues that one encounters in
perturbative computations at finite temperature. However, the underlying quantum
field theories in the works presented in this thesis are QED and QCD. Most of
the issues discussed in this section are shared by gauge theories in general, for
instance, pinch singularities and the breakdown of perturbation theory. However,
in gauge theories, self-energies have a richer structure, although one can recover

the behavior A7 under certain approximations, as we will see in the next section.

3.2 Hard thermal loops

In the early developments of thermal field theory and in the context of perturbative
computations in gauge theories, infrared divergent and gauge dependent results
were encountered in the computation of physical quantities. A well-known case is
the gluon damping rate in the QGP, which turned out to depend on the gauge

choice. Another example that we have worked on in this thesis is the collisional

8 After renormalizing the vacuum (T = 0) contribution.
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(a)

(b) (c)

Figure 1.5: (a) Photon polarization tensor in QED. (b) Polarization tensor in
the real time-formalism. The HTL self-energy is introduced considering that the
external momentum is soft L ~ ¢7T" and the internal momentum is hard ¢ ~ T

energy loss experienced by a heavy fermion that traverses a QGP or EPP, that
is infrared divergent when evaluated using the bare theory. Braaten and Pisarski
found a general solution to these problems [32-34], which is usually referred to
as the hard thermal loop (HTL) resummation technique. The main idea is to
use effective vertices and propagators instead of the bare ones, obtained after
resumming certain HTL diagrams. Let us elaborate on how this effectively works.
The first step is to introduce HTL self-energies, for instance, consider the QED

polarization tensor in Fig.(1.5).(a). Using QED Feynman rules, one can write’

4

(z) = —i* [ ((;f)i Te{y"S(Q)*S(Q — L)} ,

where S(Q) is the usual vacuum fermion propagator, e the electron-photon coupling
and v* are the gamma matrices. Now, we assume a high temperature plasma,
such that one can ignore the masses of the fermionic particles (m < T). In the
real time formalism, the components of the fermion propagator in the 1-2 basis
are then given by S;;(Q) = @A;(Q) for i, j = 1,2, where A;;(Q) are the same as
Eqs.(1.12a-1.12c) but replacing np(Qo) — —nr(Qo) where ng(Qq) = 1/ (€89l + 1)
is the Fermi-Dirac distribution function. The polarization tensor is then split into

the diagrams of Fig.(1.5)(b), so that the retarded component is given by

g (L) = Iy (L) 4+ I3 (L) =
4

— i | S (@S (K)) ~ TS @SR« (12)

9Here we follow the sign conventions of [29].
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with K = @Q— L. Moving to the Keldysh representation and after some manipulation

(see for instance [20, 29]) the retarded photon self-energy can be written as

uv o d4Q KMQV + KVQM — gMV(K ) Q)
(L) = 8ne? [ ™ gt 1L~ 2r(QuI@Y - (129

In the medium, Lorentz invariance is broken but the Ward-Takahashi identity
still holds, i.e L, II% = 0, due to gauge invariance. These leaves two independent
scalar functions for the polarization tensor [19] which are appropriately called
longitudinal and transverse component. Precisely, using the notation L* = (g, £)

for the external photon momenta, one has

Mh(L) = (L), TI5(L) = ; (5 _ f;;;) ML), ij=1,23. (1.24)
Contrary to the scalar field theory case discussed in the previous section, in gauge
theories self energies have a non-trivial dependence on the external momenta,
impeding their analytical evaluation'®. However, since the coupling is small, i.e
e < 1, one expects a well defined hierarchy of scales in the plasma. In particular,
one assumes a momentum separation into hard (~ T') and soft (~ eT') scales. HTL
self-energies are then introduced assuming that the external momentum is soft
(L ~ eT') and the momentum circulating in the loop is hard (@ ~ T'). Under this
approximation, one can expand Eq.(1.23) for @ > L and analytically evaluate
the loop integrals. The medium contribution to the longitudinal and transverse

component give [20, 29|

1 by + | €]
1h = —m3(1— -2m(2 1.2
R (EOaE) mp 2,& n 60 _ w’ ’ ( 5&)
2 2 02\ ¢ by + |£]
[ Lhtl _Mpfo iy ({5 ) Lo, (o 1.2
R (KO’E) 2 £2 E% 2‘£’ n EO - |£‘ ’ ( 5b)

where mp = €T/ V3 is the Debye mass and ¢y — ¢y + 10" for retarded boundary
conditions. One notes that the above self-energy is of order e?T?, which justifies
ignoring!! the vacuum contribution at leading order in the HTL approximation.

The symmetric self-energy can also be determined under this approximation [20,

10T particular, they can not be analytically determined for L ~ T and Q ~ T.
"UHowever, the vacuum contribution, which is of order e*T2, must be kept at next to leading
order in the HTL approximation, in the so called power corrections [35]
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Figure 1.6: HTL ressumed propagator or simply dressed propagator (top). Effective
HTL vertex (bottom).

29], notably, it is of lower order (1) but purely imaginary. Once HTL self-energies
are determined, one is ready to construct effective propagators and vertices. Before
doing so, let us illustrate the need for resummation of HTL self-energies with the
following example: consider the series of diagrams in Fig.(1.6) where each empty
blob represents a (retarded) self-energy. Within the HTL approximation, each
photon propagator contributes as 1/e2T? while each HTL self-energy gives a factor
of €272, so that all diagrams in the series are of the same order, and have to be
resummed. In addition, since in gauge theories corrections to the bare vertices are
related to self-energies through Ward identities [6], one also has to use effective
HTL vertices if all the momenta arriving at a vertex are soft (see Fig.(1.6).(b)).
Similarly to the polarization tensor, the dressed photon propagator can also be split
into longitudinal and transverse components. Resummed propagators can then
be introduced as in the scalar case, through the corresponding Dyson-Schwinger

equations. In the Coulomb gauge, those can be written as

1 —r 1
— | Dply,8) = .
02 — Tk (0y, £) wllo #) = 75— 1% (¢, €)

Dr(lo, £) = (1.26)

Hence, if the photon momenta obeys L ~ €T, one has to use Eqs.(1.25a-1.25b)
for the self-energies. Let us summarize the main features of the HTL resummed

propagators:

1. The denominators in Eq.(1.26) determine the HTL dispersion relations that
characterize the soft collective modes in the plasma. The longitudinal
dispersion relation yields to the so called plasmon mode w!(£), absent
in the vacuum case, while the transverse dispersion relation describes a

(degenerate) transverse mode wy'!(£). The exact solutions for wp',(£) can



3. THERMAL FIELD THEORY 19
only be determined numerically (see Fig.(1.7)), but in certain limits they can
be analytically determined [20].

2. For (3 < £% (below the light cone) the logarithms in Eqgs.(1.25a-1.25b) develop

an imaginary part

In lo+ 10" + |£] n
bo+i0t —|€] )

by + |£]
lo— |2

—imh(€* — £3) (1.27)

called Landau damping. It is interpreted as momentum transfer between the
collective modes and the plasma constituents. However, since wi'.(£) > |£|
the collective modes are undamped, hence, they propagate through the

medium and characterize the physics at the soft scale.

3. In the static limit, one has

—htl 1 —htl

1
Dl 0.8 = DMty 0.0) = —— . (1.28)
L 0 £2+m% T \*0

2’
so that that the presence of the medium leads to the screening of electric

fields while magnetic fields are not.

Using HTL propagators and vertices an improved perturbation theory is achieved,
which has given, for instance, success in the determination of many QGP and EPP
properties [19, 20]. As we mentioned, in this thesis we have worked on the topic of
the collisional energy loss [25] where the use of the HTL resummation technique is

mandatory for its correct evaluation.

3.3 The Schwigner-Keldysh formalism

Perhaps the most general framework to study the many-body physics of quantum
systems is the Schwigner-Keldysh (SK) formalism [36, 37]. The SK formalism
allows to consider a wide variety of interesting physical scenarios, for instance, it
can be successfully applied to both perturbative and non-perturbative phenomena,
at equilibrium and non-equilibrium settings. In this section we will introduce the
Kadanoff-Baym equations [38] and the so called gradient expansion, which are

relevant concepts for the works [26, 27] of this thesis. We will employ the scalar



3. THERMAL FIELD THEORY 20

2.0F
1.5
of% 1.0
Mp
0.5
0.0 0.5 1.0 1.5 2.0
X

Figure 1.7: The longitudinal (thick line) and transverse (dot-dashed) HTL dispersion

relations over the Debye mass w%“T /mp, plotted as a function of the dimensionless

variable & = |€|/mp. The dashed-line is a free dispersion relation (¢, = |£|).

theory of Eq.(1.3) for that purpose. A more rigorous introduction can be found,

for instance, in the excellent references 20, 30, 31].

The SK formalism is obtained after generalizing the contour Green functions
introduced in Sec.(3.1), which are only valid for the thermal equilibrium case. The
technicalities associated to the introduction of the complex contour can be found in
[30]. The equation of motion obeyed by the mean field, defined as ®(z) = (¢(x)),

in the presence of an external source j(z) is

oV

_920(z) — <5¢(x)> — (). (1.29)

Then, the general equation of motion obeyed by the contour Green function can
be obtained by functional differentiation with respect to the external source. One
then finds

A (z,y) — i /C 42 Tl(z, 2)A(z, 2) = io(2,y) | (1.30)

where in the above equation it should be understood that the temporal components

generally take complex values and we introduced the quantities

Az.g) = _0%() 5 <5v

s YT g e

0%(y)
The solution of Eq.(1.30) in the absence of interactions (II = 0) and in the

(@), dele,y) = F3 . (131)

thermal equilibrium case is given by Eq.(1.10). Then, by restricting the temporal
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components in Eq.(1.30) to lie in a specific branch of the complex contour, one
can write the equations of motion obeyed by each propagator component. The
Kadanoff-Baym equations are then obtained by deforming the contour of Fig.(1.2)
to include the whole real time axis. In particular, one sets ry — —oo and assumes
that the external sources are turned off adiabatically at the remote past, where the
system is supposed to be at thermal equilibrium. Under these assumptions, one
can write the equations of motion obeyed by the lesser and greater components as

[30]

(02 + 11 A< (x,y) = —i/d4z {Tlg(x, 2)AS(z,y) + IT5(x, 2)Aa(z,y)} , (1.32a)

(02 + 11 A” (2,y) = —i/d4z {TTa(x, 2)A7 (2,y) + 17 (2, 2) Ar(z, )}, (1.32b)

where II' is a possible tadpole contribution. The above equations are known
as Kadanoff-Baym equations [38] and they describe the general non-equilibrium
evolution of the many-body system. Generally, these equations are difficult to
solve for obvious reasons and approximations have to be used. In the works [26,
27] presented in this thesis, we resorted to some commonly used assumptions to

simplify the Kadanoff-Baym equations, that we summarize below:

1. The particle ensemble is initially (xg — —o0) at thermal equilibrium, so most
of the particles have energy of the plasma temperature. Then, since Green
functions at thermal equilibrium solely depend on s = —y, one has s ~ 1/T.
Thus, the (equilibrium) Green functions vary over a characteristic length of

Ap ~1/T.

2. A long-wavelength, slowly varying perturbation disturbs the system from its
initial thermal equilibrium state. Then, the system acquires an inhomogeneity
on a typical scale A > Ar. Now Green functions can not solely depend on s,
however, one expects that their dependence on s is close to that in thermal
equilibrium. Thus, one also assumes that s ~ Ay is small compared to
X =(z+vy)/2~X> A or, in terms of the derivatives, J; > dx. This is

the so called gradient expansion.

With the use of this approximations, the Kadanoff-Baym equations are reduced

to kinetic equations, which are easier to solve. Notably, in the kinetic equations
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derived in this thesis we have worked in the absence of interactions (II = 0). This
is of course not a realistic approximation in most practical applications, but it
is a good starting point for the consideration of more general and complicated

scenarios.



Chapter 2

Publications

In this thesis we present four works [23, 25-27], that we attach in this chapter. All
of them have been published in Physical Review D (PRD).

1 Mass corrections to the hard thermal or dense
loops

In this section one can find the publication [23].

23
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‘We compute corrections to the hard thermal (or dense) loop photon polarization tensor associated to a small
mass m of the fermions of an electromagnetic plasma at high temperature 7" (or chemical potential y). To this
aim we use the on-shell effective field theory, amended with mass corrections. We also carry out the
computation using transport theory, reaching to the same result. Intermediate steps in the computations reveal
the presence of potential infrared divergencies. We use dimensional regularization, as it is respectful with the
gauge symmetry, and then show that all infrared divergencies cancel in the final result. We compare the mass
corrections with both the power and two-loop corrections, and claim that they are equally important if the
mass is soft, that is, of order eT (or eu), where e is the gauge coupling constant, but are dominant if the mass

obeys eT <m < T (or ey < m < p).

DOI: 10.1103/PhysRevD.104.076006

I. INTRODUCTION

Relativistic QED and QCD plasmas have attracted the
interest of the physics community for their wide range of
applications in both cosmological, astrophysical and also
heavy-ion physics. In their weak coupling regime perturba-
tive computations of different physical observables require
the resummation of Feynman diagrams [1,2], the so called
hard thermal loops (HTL), to attain a result valid at a certain
order in the gauge coupling expansion (see [3] for a review
and complete set of basic references). This makes the studies
of relativistic plasmas particularly cumbersome.

For very large values of the temperature 7" (or of the
chemical potential y), a well-defined hierarchy of energy
scales appears in these relativistic plasmas, that allows for
effective field theory descriptions, very similar to those
applied for nonthermal physics. In a series of papers [4-9],
the on-shell effective field theory (OSEFT) has been
developed in order to describe the physics of the hard
scales, or scales of order T (or u), which are on-shell degrees
of freedom. This effective field theory was initially devel-
oped to obtain quantum corrections to classical transport
equations. Then it was realized that it could be used to
improve the description of the hard scales of the plasma, and

.
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as by-product, also the soft scales of order eT (or eu), where
e is the gauge coupling constant.

The rationale and technical tools used by OSEFT are
the same as that of other effective field theories, such as high
density field theory (HDET) [10], or soft collinear effective
field theory (SCET) [11,12], for example. After fixing
the value of the high energy scale, in this case the energy
of the (quasi) massless fermion, which is of order ~T for
thermal plasmas, one defines some small fluctuations around
that scale. Integrating out the high energy modes, one is left
with an effective theory for the lower scales or quantum
fluctuations. The resulting Lagrangian is organized as an
expansion of operators of increasing dimension over powers
of the high energy scale.

In this manuscript we focus our attention to thermal
corrections to the HTL photon polarization tensor associated
to the fact that fermions on the plasma might not be strictly
massless, but have indeed a small mass 7 much less than the
temperature, m << 7. This is a realistic assumption, as only
in the cosmological epoch before the electroweak phase
transition all elementary particles were strictly massless.
While the power corrections to the HTL photon polarization
tensor have been computed with OSEFT in Ref. [5], here we
will use the OSEFT for the computation of the leading
fermion mass corrections. We also check that the same result
is obtained if derived from transport theory. Intermediate
steps in the computations reveal the presence of potential
infrared divergencies. A regularization of the momentum
integrals is needed. We use dimensional regularization, as it
is respectful with the gauge symmetry, and then show that all
infrared divergencies cancel in the final result. We also

Published by the American Physical Society
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explain why our results remain valid in the presence of a
chemical potential, even for high values of y and 7' = 0.

This paper is structured as follows. In Sec. II we review
the OSEFT Lagrangian including small mass corrections.
We present the computation of the Feynman diagrams in
OSEFT that provide mass corrections to the photon
polarization tensor in Sec. III. The same result is obtained
if computed from transport theory, as shown in Sec. IV. We
then compare our results with both the power and two-loop
corrections to the HTL in Sec. V, and discuss when the
mass corrections are the dominant correction to the HTL
polarization tensor. We denote with boldface letters 3
dimensional vectors. Natural units 7 = kz = 1 are used
throughout this manuscript.

II. SMALL MASS CORRECTIONS TO THE OSEFT

In this section we derive the OSEFT Lagrangian includ-
ing mass corrections to the third order in the energy
expansion. Let us briefly discuss how this is achieved.

In the spirit of the OSEFT we split the momentum of the
energetic fermion as

1

ﬁp,b-:mx)(m D+ip

20l )

for the particle field y,, where p, = P"y,D,, and the
transverse  projector is defined as P =g¢g* -1
(v#7* 4+ v*7*). For antiparticles, the Lagrangian can be
obtained after replacing p <> —p and v* <> ?*. The La-
grangian has the same structure of that of SCET amended
with small mass corrections [13,14]. Note that OSEFT and
SCET are different theories, as the power counting is not
the same (see [7] for a discussion on this point).

In writing the above Lagrangian, one assumes that the
covariant derivatives, defined as iD, = 18 —i—eA”,
soft, meaning that they are much less than the high energy
scale, which here it is p. Equally, one assumes that the
mass is such that m < p. The Lagrangian can then be
now expanded using that p is the hard scale of the
problem.

For applications of plasma physics in thermal field
theory, it is convenient to use the frame at rest with the
plasma, thus #* = (1,0). Then one can replace g by # = yq
(recall that ¢y, = 0). Expanding the Lagrangian on the
high energy scale, one gets easily the first two terms in the
energy expansion, which respect chirality

LY), = 7.(iv- D)%, (5)

q" = pv' + K, ()

where v* is a lightlike vector, p is the high scale, while k* is
the so called residual momentum, associated to the quan-
tum fluctuation, and is such that k* < p. For the anti-
fermion we will write

q" = —pi' + K, (2)
where ?# is also a lightlike vector. We will impose that

o+ pH

W=t )

where u* is a frame vector, such that u? = 1, thus, it is
timelike.

The OSEFT Lagrangian including small mass correc-
tions has been derived in Ref. [9], and in an arbitrary frame
it reads

1 7
m— |\
2p + i - D) ZZ”(X)

i pP
L) @

1 1 _ e
‘C<P,2/' :_5%17 Di"‘mz_EOJfF/w yO)(v' (6)

It is convenient to introduce local field redefinitions to
eliminate the temporal derivative appearing at second order,
as in Ref. [5]. These simplify the computations at higher
orders. Thus, after the field redefinition

2 2
+m
—>x )

X=X = <1+ 87

the Lagrangian at second order reads

1

2 - ‘o

Lyiv =Fog (P1liv-D.pu]]
—{pP% +m?iv-D—iv-D}

+ 2iem P F 015 )7\ (8)

Note that the term linear in the mass describes a breaking of
chirality.
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We will also need the Lagrangian up to third order. To eliminate temporal derivatives at that order, we perform the local

field redefinition

i

i ~
Ko = Ao = (1 _8—p3pJ_[U'D:DJ_] +Tpg

m ... .
+8—pg[w - D, lDL]))(Qw

so that the final Lagrangian reads

(P: +m*)(v-D—-9-D)

i

(D2 +m?)p-D

1
LY =— 7 (DL +m2? +[it-D. P, = (iv-D —iv- D)(P? + m?)(iv- D — it - D)

8p3"’

+(iv-D—iv-D)P . |iv-D.p,|-[iv-D. PP, (iv-D—iv- D)

+m{iv-D—iv-D,[iv-D,ip ]} )%

Please note that in the limit m = 0 we recover the same
Lagrangians derived in Ref. [5]. The pieces which are
quadratic in the mass can be recovered from those of
Ref. [5] simply by replacing p3 — P + m?. The linear
terms in m, originating from the expansion of the last term
in Eq. (4), describe the breaking of the chiral symmetry
induced by the fermion mass.

We present here how the OSEFT fermion propagators
are modified in the presence of a small mass. The particle/
antiparticle projectors in the frame at rest with the plasma
are defined as P, = 3y, and P; = ¥y, respectively. We
introduce chirality projectors

L+ xvs

The propagators for a fermion of chirality y in the
Keldysh formulation of the real time formalism of thermal
field theory Ref. [15] read

R/A o P)(PUJ/O
S (k) ko £ie—f(k,m)’ (12)
S;?(k) = PXP,U}/O(—27ri5(kO — f(k,m))
x (1 =2np(p + ko)), (13)

where ng(x) = 1/(exp |x|/T + 1) is the Fermi-Dirac equi-
librium distribution function. The function f(k, m) deter-
mines the dispersion law, and it is expanded also, we denote
as f(">(k,m) the n order term in the 1/p expansion. At
lowest order

FO(k,m) = k|, (14)

and we have defined k” =k - v, while

- 16p3
)
(10)
k2 +m?
M(k.m)=k L
FY(k,m) |+ 0
k2 +m? ky(k3 +m?)
f(z)(k,m):ku—k L _ [\ > . (15)

2p 2p

as follows from Egs. (6) and (8), respectively. The
propagators for the antiparticle quantum fluctuations can
be also easily deduced. They read

§AG) = — Fafalo (16)
ko £ ie — f(k,m)

83 (k) = =P, Pyy(=2mid(ko— F (K.m)) (1 =2np(=p +k))).
(17)

where the function f(k,m) can be obtained from f(k, m),
with the replacements v — —v and p — —p. Note the extra
minus sign in the symmetric antiparticle propagator, absent
in its particle counterpart.

In summary, the OSEFT fermion propagators in this case
can be deduced from those of the massless case simply by
replacing k3 — k3 + m? in the function that determines the
dispersion relation at every order in the energy expansion.

Note that, for convenience, we keep the propagators
above unexpanded in this section, as done in Ref. [5], but in
the explicit computation of the different diagrams they are
to be expanded in a 1/p series.

II1. DIAGRAMMATIC COMPUTATION OF THE
MASS CORRECTION TO THE RETARDED
PHOTON POLARIZATION TENSOR

In this section we compute the mass corrections to the
retarded photon polarization tensor computed in OSEFT.
Recall that there are two possible different topological
diagrams that contribute to the computation, the bubble and
the tadpole diagrams, see Fig. 1. The tadpole diagrams,
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(a) (b)
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FIG. 1. (a) Bubble diagram (b) Tadpole diagram.

absent in QED, take into account particle-photon inter-
actions mediated by an off-shell antiparticle (and viceversa
for antiparticle-photon interactions), and are needed to
respect the Ward identity obeyed by the polarization tensor,
as we will explicitly check in this manuscript.

In the Keldysh representation the particle contribution to
the bubble diagram of the retarded polarization tensor has
the structure'

i 4
0 =32 / %{Tr[V”S’E(k — V¥ Sh(k)]
+ T[VESy (k = DV S§(K)]) (18)

while the particle contribution to the tadpole diagram can
be expressed as

50 = =53 [ G e sl (1)

where the momentum dependence of the vertex functions
V# and WH are understood. Similar expressions can be
written for the antiparticle contributions to the polarization
tensor.

Using the explicit expressions of the fermion propaga-
tors, one can carry out the integral in k, to arrive to the
general expressions

I’ (1 Z / d3

"F(P +f(k=1Lm)) —np(p+ f(k,m))

r[VAP,P,y"V'P,y’]

ly+i0" + f(k=L,m)— f(k,m) °
(20)
and
I, (1) = _%Z/ %Tr (WP, Py’
x (I =2np(p + f(k,m))), (1)

for the bubble and tadpole diagrams, respectively.

'We have changed the sign conventions of the definition of the
polarization tensor as with respect to those used in Ref. [5].

The Feynman rules needed for the computation of the
photon polarization tensor were given in Ref. [5] (see
Tables I and II of that reference). In the presence of a mass
in the OSEFT Lagrangian, new vertices appear propor-
tional to the mass squared, which are given by

em?

,(42),,,,2 = —2—172}’0 i, (22)
3 m2e?0 [ . (v* =) (vV =¥
VVZ).m2 - 2p3y P;L + ( i ) (23)

There are also new vertices proportional to the mass,
which imply a change in the fermion chirality. At the order
we will compute the mass corrections, n = 3 in the energy
expansion, these will not be needed, although they would
be required at fourth order in the energy expansion. Note
that at least two of these vertices would be needed in a
computation of the photon polarization tensor to preserve
the fermion chirality inside the loop.

We now evaluate the polarization tensor at different
orders, noting that we either consider the energy expansion
in the vertex functions, or in the fermion propagators,
which can be used at the desired order of accuracy.

The first nonvanishing contribution to the photon polari-
zation tensor occurs at n = 1, but it does not carry any mass
dependence. This was computed in Ref. [5], and it
reproduces the HTL contribution. Let us recall the main
results here. Adding the bubble and the tadpole diagrams at
order n = 1 gives

d k d V'Y
" (l)=—e nF< +vtvr =l U)
- l
XY=+ pv
(24)
where the retarded prescription Iy — [y + 0" s
understood.

It is now important to return to the original momentum
variable ¢”. Using the identity [5]

Z/ = / 22y @)

and the relations [5]

ki
p=q-—k q—l—@() 26
la t 2 7 (26)
. KkKig (AlkquFZkH,ﬁkL.f] (1)
v=q—-———-— : —+ 0=, 27
q 2¢° q’ 27)
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np(p) = ngp(q) +d_q —k|q +§

+ o(%), (28)

where now the symbols k| 3 and k, 4 denote the compo-
nents of k parallel and perpendicular to q =q/q with
q = |q|, respectively. We also define the vectors

+ld2nF )
2 dg? e

h=(14).  #=(1.-q. (29)

After adding both the particle and antiparticle contribu-
tions to the photon polarization tensor one arrives to the
well-known HTL expression

Y d*q dn VY
() = 4 [ S (1,105, o

At second order in the energy expansion, and in the
absence of chiral misbalance, the Bose-Einstein statistics
and the crossing symmetry demands that the polarization
tensor IT*“(I) be symmetric under the simultaneous
exchange of u <> v and [ < —[ [16]. These symmetries
explain the absence of linear terms in the photon momenta
in the polarization tensor, which ultimately explain why
there are not n = 2 corrections in the polarization tensor
in OSEFT. This was explicitly checked in Refs. [5,17].
This reasoning applies actually to all the even orders of the
energy expansion, n = 4,6,8, .... We do not expect thus
mass corrections at even orders, neither, and we actually
have checked that there are none at n = 2.

The first mass corrections to the photon polarization
tensor occur at third order in the energy expansion, the
same as the power corrections to the HTL computed in
Refs. [5,17].

The mass dependent terms that arise in the bubble
diagram are

d’k ) d*n Ldng\ v'v” Lidne v'v*
(1) = —m?e? / { _I {( F_ F) _énr
;; (2z)? dp* pdp)wv-l1 pdp (v-1)?
_ L dnp (0 = ) + (0 - %) a1
2p dp v-l ’

while in the tadpole one gets

&Pk (n
v 2 F
w0 =33 [l |

Y= pyv

e el

(32)

le dnp
+ 2

2p* dp

We add the two pieces, and go back to the full momentum variables. The final result, after adding also the antiparticle

contributions, yields

dq (n (vf —00)(vk — %)
1‘[/;1”1:_422/ ZF | pr. LR S
() =—smer [ L ey o PO
dne [ Pl (% ha i 10T+ T -
q* dq 2 I vg-l 2 (vq-0)? 4 vg - 1 ’

We note that the first two terms of the second line of
Eq. (33) can be written as the HTL contribution, but with
a coefficient proportional to e?m? rather than the Debye
mass squared m2, = ¢>T2/3. Note also that in the tadpole
diagram the pieces that are proportional to ny(q)/q> are
in principle infrared divergent. These terms have to be
evaluated using a regularization. We use dimensional
regularization (DR), by assuming that the system is in
d =3 4 2¢ dimensions. In this case the momentum
integrals become

dq 4 o
d 2+4-2¢
/ 27~ (42T (1 +e) A 14
1
X /1 d cos 8 (1 + eln (sin’6)), (34)

where 0 parametrizes an angle with respect to an external
vector, and TI'(z) stands for the Gamma function.
Furthermore, in d dimensions one has to change the coupling

constant as e2 — ¢2°~9, where v is a renormalization scale.
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The relevant infrared radial integral is

1 1 nTe e
—2¢ 1+2ep, —_ 4
v /o dgq~ #(q) 4€+21n( 5 >+(9(€),

(35)

where y is Euler’s constant. However, when carrying out
the angular integrals in d = 3 + 2e dimensions, the pole
term and logarithm exactly cancel, as the angular integral
|

ddq nr

(o

turns out to be proportional to € (that is, it would cancel if
d = 3). If dQ, is the solid angle element in d dimensions,
and S; = 279/T(d/2) is the area of a d-dimensional unit
sphere, one can check

2
S3iae / Qs 5.(=0" +34'Y) = =3¢+ 0(e?). (36)

Thus, combing the two results one gets

2,2, -2 JU
—4dm*e v / (271-)412—6]3 |:PJ_.,Q+

61+ O(e), (37)

and there is no infrared divergence, but only a finite term. This finite term is ultimately needed to preserve the Ward identity
obeyed by the polarization tensor, as can be checked after computing

212

Bq 1dng [Bg 14
lﬂl'l’éf(l)—4m282/ ()177 {“‘ 4

Note that if we had used a cutoff regularization of the
integrals, the IR divergent terms would also vanish, but
the above integral would not yield the finite contribution,
the last term of Eq. (38), needed to respect the gauge
invariance of the computation.

We define the longitudinal and transverse parts of the
photon polarization tensor in d dimensions by

I- (1y. 1)

7 (l,,1) =

= 11°(1,,1),
1 I
l]_ l]
— 1(5 = )n (o D). (39)

We then find the following mass corrections to the
longitudinal and transverse parts of the polarization tensor

e’m?> I
Ik ([, ]) = 40
m( 0 ) 271'2 15_127 ( )
Zm? 1 Iy + |1
7 (I, 1) = S O (2 . 41
m(O ) 271_2 2|l| n 10—|l| ( )

Let us finally stress that Egs. (40)—(41) remain also valid
in the presence of a finite chemical potential x. In the
presence of a chemical potential the particle and antiparticle
contributions differ, but the final result can be recovered
from Eq. (33), simply by replacing in Eq. (33)

ne(@) = S lnpla =t (g + ). @42)

After an explicit evaluation of the corresponding inte-
grals, one reaches to the same mass corrections to the

2 Uq'l_

la % ha - me* ..
—w) | =T s — o, 38
4 /U(].l 4 (v vq)] 612 (38)

[
polarization tensor which are valid at high temperature. In
particular, our results still hold if we take 7" = 0 and keep
the chemical potential i as the high scale of the problem.

IV. COMPUTATION OF THE PHOTON
POLARIZATION TENSOR FROM KINETIC
THEORY

We compute in this section the mass corrections to the
photon polarization tensor as computed from kinetic theory.
We use the transport approach derived from OSEFT, and
focus on the vectorial component of the Wigner function.
From Ref. [9], the transport equation associated to a
fermion with chirality y up to second order in the energy
expansion reads

= 5 S E R = )

x (O = eF,,(X)3)G*(X,q) =0, (43)
where vy = ¢"/E,,
defines the system as u* =

and we take the frame vector that
(1,0). Furthermore

G*(X.q) = 2m5(Qn)n* (X, q). (44)

where n#(X, q) is the distribution function, and the delta
gives the on-shell constraint, %, being a function of the
momentum and the mass. The particle contribution to the
electromagnetic current is expressed, at n = 2 order as
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3 [ o 1= TS R - o)+ 035 )

We ignore in this manuscript the possible effect of the
spin coherence function discussed in Ref. [9], which
represent coherent quantum states of mixed chiralities.
We also will ignore the terms in the transport equation,
on-shell constraint, and in the vector current proportional to
the spin tensor S4°, as they are irrelevant if the chiral
chemical potential is zero, as the contribution of the two
fermion chiralities makes these pieces to cancel in the
macroscopic current. Those terms are relevant, though, to
derive the chiral magnetic effect, which is not our goal here
(see appendix of Ref. [7] for that derivation). We thus write
the on-shell constraint to the considered order of accuracy

2
m
—E =g+, 46
90 =Ey=a+3, (46)
Where g = |q|. We now assume to be close to thermal
equilibrium, such that

G' =G,

where G, is the Wigner function in thermal equilibrium.
Using the transport equation, we find

, 9
V- Oy6GE = erF¥ 5 (48)

and after computing

4
54(X —ez / (gﬂ‘)ﬁ WoGH (X, q).  (49)

lﬂvm—i-y”lv+ 5 Uﬁﬂ)',’,,)

=t [- Um (l : Um)2
=F
% nF(qO q) , (51)
E,
where L? = I3 — I?, and
2
VU = vy — v} (52)

for the particles. A similar expression holds for the
antiparticles.

We compute all the pieces up to O(m?), by noting that

m
—_—=—— . (53)
E, q 24
1 1 lV(1 m2
L "o 54
L v, 1-vg (l-v(])22q2+ (54)
m? dnp
np(E,) = np(q) +Zd—q (55)

We thus find that the polarization tensor can be written as
(1) = Ty (1) + T (1). (56)

The HTL part, as arising from particles and antiparticles of
the two possible chiralities, reads

one derives the polarization tensor as & o + oY iy
P H’gg(l):4e2/ q3< o447 ‘“‘2)
5" (2x) l-vg (I-vq)
= . 50
4, o @), (57)
q
It is not difficult to find the particle contribution to the
polarization tensor, which reads While the leading mass correction is
|
dq ok + LY iy 1 dng(q)
Hﬂ”(l):462m2/ <g;u/_ q q +L2 99 )(_ F )
" (27)? [ v (1-v4)?) \2¢> dq
43 % + v 1Y vhv vhv
+ 462m2/ 4 (g"” —ly——5——L? I YR TA .
(2x)° . vq) (1 vq) (1- vq)
LIV + Sl 1M &g v + 8 v
— q q L - q Q> <_ nF(?)) (58)
- vg (l vq) 2q-
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One can check that

1IN (1) =0, (59)
so that the Ward identity is respected for the mass
dependent pieces of the polarization tensor at this order.
Note that the first integral of Eq. (58) has the same structure
than the HTL contribution, but it is proportional to the
fermion mass squared. This contribution was also found out
in the diagrammatic computation of Sec. III. The second
integral contains IR divergencies, but are of a quite different
structure as those appearing in the diagrammatic compu-
tation, see Eq. (37). The apparent IR divergencies here are
clearly nonlocal. We evaluate these integrals using DR.
Note that we only need to evaluate the integral

1 1
I,= [ dcosf(1—cos’l) —————
| /_1 cosf(1 —cos*0) Io—Tllcosd

_|17|{1n (i‘;fla) +e[]n(4)ln <24:||;>
+Li, <— 102_|l| l|> ~Li, ( 1024|rl|| llﬂ } +0(€*), (60)

where Li, stands for the Euler polylogarithmic function of
order 2. All the remaining non-local integrals can be
deduced from this one, after simple manipulations.

An explicit computation shows that after angular inte-
gration in d =3 + 2e dimensions the IR divergencies
exactly cancel, but there are remaining finite pieces, which
in this case turn out to be non-local, and that allows one to
reproduce the same value of the photon polarization tensor
that we found in Sec. III

V. DISCUSSION

We used OSEFT to assess how a small fermion mass
would affect the retarded photon polarization tensor at soft
scales in a ultrarelativistic electromagnetic plasma. While it
could be obvious that such corrections would be of
order m?/T?, the effective field theory techniques we used
allowed us their proper evaluation.

Our results could have also been derived from the
expression of the full QED polarization tensor, by assuming
that both the external momentum and the fermion mass are
small in front of the hard loop momentum, expanding the
corresponding expressions. As this expansion produces
infrared divergencies, it is important to use a regularization
of all the involved integrals before the expansion. We have
emphasized in the whole manuscript the relevance of using
a regulator that respects the gauge symmetry, as dimen-
sional regularization, to obtain physical results. OSEFT
ultimately yields the same results of this expansion, up to
possible local terms. We have presented an alternative
computation from transport theory so as to be sure of the
absence of possible extra pieces.

Our results should be compared to both the power and
two-loop corrections to the HTL tensor that have been
computed in Refs. [5,17], and [18], respectively. More
precisely, we will write

I = T T+ T 1%, 1=L,T,

(61)

where II" were displayed in Eqgs. (40), (41) and

220 gy (I
Tt (1, 1) = < (1——Oln<0+| |>>
lo— 1|

3 2[1]

OW-COIT 62 l(z)
HE (lo,l) — _4._”2 <12 —§> (1
472712
2100, e'T°L
IIL p(l()7l) = 871'212 P

o €2T2 lO

ln<ZO+ |z|>>
2 N =11/

o+ |1
(. 0) = —— -9 (2|1|1, — L?In( 2
Pl =75 413< o “(lo—m))’

HI;OW.COH(IO,I) _ 62 (l% 13

4n’ 6 3

For simplicity, [T}V above is taken at the value of

the renormalization scale v = Te™7#/?>~!\/z/2 in the
MS scheme. This fixes the scale of e? = ¢*(v) in T

2 B 3 Iy + |1
0 (22 42— )In(2 ,
1213< o l%) n(lo—l|

4T% Iy + |1
TP (1o, 1) = — = % In (2.
o) = =15yt 2

(62)

Let us recall the meaning of every term in Eq. (61).
While the HTL contribution is proportional to e>72, the
results computed in this manuscript, even if they do not
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depend on the temperature, should be viewed as a a
correction of order m?/T? to the HTL. Similarly, the power
corrections are of order /?/T? respect to the HTL, while the
two-loop results are corrections of order e?. These three
corrections are of the same order if m, [ ~ ¢T, and should
be equally considered. However, if the mass is such that
eT < m < T, then the mass corrections are dominant at
soft scales, [ ~ eT.

For example, let us take the value of the photon screening
mass, defined as —m? = I, (I° = 0,1> = —m3). Calculated
from the value of the longitudinal part of the polarization
tensor, as given in Eq. (61), results in

Note that for values m?/T? > za, where a is the electro-
magnetic fine structure constant ~1/137, the mass effects
give the most important corrections.

Let us finally remind the reader here that while we
focused our discussion on thermal plasmas, our results and
also the power corrections of Refs. [5,17] remain valid in

the presence of a chemical potential, or even for high x4 and
T = 0. Our results can also be easily generalized to QCD,
for the mass corrections to the HTL gluon polarization
tensor, after taking into account some color factors, and
replacing e? by ¢?>/2 for fermions in the fundamental
representation, where ¢ is the QCD coupling constant.
Our results might be useful to obtain a better evaluation
of different physical observables whenever the fermions in
the plasma are not strictly massless, which is a realistic
condition for most of the physical scenarios where the HTL
resummation techniques have been applied so far.
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We evaluate the collisional energy loss of a energetic fermion with mass M propagating through a hot
QED plasma with temperature 7', including mass corrections, that is, keeping the mass m of the fermion
constituents of the plasma, assuming m <« 7' < M. We use the bare theory to compute the contribution of
hard momentum transfer collisions, and the Braaten-Pisarski resummed theory, amended with small mass
corrections, for the contribution of low momentum transfer collisions, and compute the mass corrections at
leading logarithmic accuracy in the regime where the energy of the heavy fermion obeys E < M?/T. We
use dimensional regularization to regulate all possible divergences in the computation. If the fermion mass
is of order of the soft scale eT, where e is the gauge coupling constant, the mass corrections are of the same
order as pure perturbative corrections, while they can be substantial for larger values of m. We also evaluate

the impact of this correction for a QCD plasma.

DOI: 10.1103/PhysRevD.107.116016

I. INTRODUCTION

Jet energy loss is a prominent probe for characterizing
the properties of matter in heavy-ion collision experiments.
Theoretical predictions for the energy loss of an energetic
parton produced in the early stages of the collision, which
subsequently interacts with the constituents of the produced
quark-gluon plasma, can provide invaluable guidance for
extracting properties of the system from experimental data
(for recent reviews see, e.g., [1-4]).

The first estimate of the collisional energy loss of a
heavy fermion in a quark-gluon plasma was made by
Bjorken more than 40 years ago [5]. A naive computation
of this quantity is affected by logarithmic infrared (IR)
divergences associated to collisions with low momentum
transfer. A good estimate could be done by choosing
physical reasonable cutoffs for the momentum transfer.
A much more detailed full computation was then carried
out by Braaten and Thoma (BT), first for QED [6] and then

—
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also for QCD [7]. These authors showed how to deal with
these divergences consistently, by separating the energy
loss computation into two parts, one that would consider
high values (or hard) of momentum transfer, or the order of
the temperature 7', and the other with low values (or soft) of
momentum transfer, of order e7, where e is the gauge
coupling constant. The last should be treated using the hard
thermal loop resummed photon propagators, according to
the Braaten-Pisarski resummation program [8,9]. In the
original BT treatment, these two contributions were com-
puted by including an artificial cutoff in momentum
transfer to split the two momentum transfer regions, such
that when the two contributions are added, the cutoff
dependence disappears. The computation by Braaten and
Thoma was later on reviewed by Peigne and Peshier [10],
correcting the computation for ultrarelativistic fermions,
and further discussing the QCD energy loss in [11]. These
authors stressed that the cutoff separating the two different
regions should be implemented differently than in Ref. [6].

Even if the relevant computations of collisional energy
loss are more than 30 years old, there have not been
attempts so far to evaluate how they are perturbatively
corrected, see [12] for the status of perturbation theory for
QCD plasmas, for example. Only recently for QED the
perturbative correction to the hard thermal loops (HTL)
associated to the photon degrees of freedom has been
computed. The perturbative correction arises from both the
so called power corrections of the HTL [13-15], and also

Published by the American Physical Society
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from two-loop diagrams [16—18]. It has also been noted
that the HTLs might be also corrected by effects associated
to the (small) mass of the fermions in the plasma [19]. If the
mass is of order ~eT, then these mass corrections should be
equally important as the genuine perturbative correc-
tions [19].

In this article we evaluate how the collisional energy loss
is modified by a small fermion mass of the QED plasma
constituents at leading logarithmic accuracy. We will thus
concentrate only in the #-channel photon exchange dia-
gram, as the s and u-channel diagrams (Compton scatter-
ing) are subleading in the regime we are considering. We
will assume that there is a good separation of scales, such
that eT <m < T, as if m ~eT our results should be
corrected by including genuine perturbative corrections.
We will also comment on how the computation should be
carried if the fermion mass gets close to 7. While we
provide all the ingredients for such a computation, we will
not address such a case here, as it requires a more detailed
analysis.

We will use dimensional regularization (DR) to separate
the high (or hard) and low (or soft) momentum transfers
parts of the computation. DR is a regularization respectful
with gauge invariance. With its use we avoid the ambi-
guities of how a cutoff is implemented. DR was used in
Ref. [20] to recover the leading logarithmic behavior of
Ref. [6]. In this paper we also show that the finite term can
be recovered using DR, reproducing the same result than
the original one in Ref. [6].

As we will see, the inclusion of a small fermion mass is
nontrivial, as new infrared divergences arise in intermediate
steps in the computation. Those divergences can only be
treated consistently with the use of dimensional regulari-
zation. This was already apparent in the computation of the
small mass corrections to the HTL, see Ref. [19], as if the
IR is regulated with a cutoff one generates a correction to
the photon polarization tensor that violates gauge invari-
ance. Even if IR divergences arise in the intermediate steps
of the mass corrections to the HTL, the final result is finite,
as there is a subtle cancellation of divergences [19]. We
witness a similar cancellation of the IR divergences
associated to the small mass expansion in the hard part
of collisional energy loss. After this regularization, only the
IR divergence associated to the low momentum transfer
remains, which is canceled with the ultraviolet (UV)
divergence to the soft part, yielding a finite result.

We have organized this paper in a way very similar to
Ref. [6], where the computation was carried out with the
use a cutoff, emphasizing the points where our treatment is
different, and including the corresponding mass correc-
tions. The hard contribution to the collisional energy loss is
given in Sec. II. We provide two different computations of

\,) (
Q=r-P 157 0=r-7" @
> %
PP ~p
/\ ]N
K ® Iz I

FIG. 1. A highly energetic and massive fermion (u) scatters
with the electrons/positrons (¢~ /e') of the medium by the
exchange of a virtual photon (y). The diagrams with positrons
e" should also be considered (reversing the electron line).
(a) Hard contribution. (b) Soft contribution, with the blob
representing the resummed propagator.

the soft contribution, the first in Sec. III, which is based on
writing the collisional energy loss as a function of the heavy
fermion damping rate, the second one in Sec. IV, based on
writing the scattering rate of the collision, using resummed
propagators. We present our final results in Sec. V, where
we evaluate the relevance of the mass corrections in the
QED collisional energy loss, and comment on the same
effect for the QCD plasma. We show in Appendix A some
details of the computation of the hard sector, and in
Appendix B, the integral needed for the computation of
soft momentum transfer. We provide in Appendix C the
form of the polarization tensor that would be needed for the
computation for a generic fermion mass m.

We denote four momenta with capital letters,
K* = (k,k), and denote with boldface letters 3 dimensional
vectors. Natural units # = kz = ¢ =1 and metric con-
ventions ¢"* = diag(+1,—1,—1,—1) are used throughout
this manuscript.

II. HARD CONTRIBUTION TO THE
COLLISIONAL ENERGY LOSS

The hard contribution to the energy loss from the process
e~ u — e~ is depicted diagrammatically in Fig. 1(a). The
diagram with positrons gives exactly the same result, which
accounts for a global factor of 2. We use the following
notation for the kinematic variables. The four momentum
of the heavy fermion of mass M is P* = (E,p), and K* =
(Ey, k) is the four momentum of the plasma constituents,
with mass m. We denote with Q =P - P = (w,q) =
(E—E',p—p’) the momentum of the virtual photon,
where we use primed variables for the outgoing particles
in the collision.

Our starting expression for the computation of the hard
contribution to the energy loss in d spatial dimensions is
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1 / dp’ / d'k () / dK 1
== n ————|l-n
2n)2E | Qn)R2E, "Y ) (2n)2E, i

x (2r)TH 160 (P4 K — P — K2 E—ZIMP (1

spins

dE
dx

(EV)]

where M is the matrix element associated to the tree-level Feynman diagram. The matrix element is averaged over the spin
of the incoming heavy fermion (¢), and the sum runs over the spins of the involved particles in the process. In Feynman
gauge, squaring the amplitude and performing the sum over spins gives

ZIMI2

spms

d—1 ¢ m?>+M?
E2 2 —v-k E’— k' —_—— 4+ ——t,
{atBi—v- B -ver) + T

166‘ 5 2)

where v = p/E is the velocity of the heavy fermion and 1 = Q2. Here v is the renormalization scale that naturally enters in
the computation, as in changing the spatial dimensions from 3 to d the gauge coupling constant is modified from e to

21374, Let us stress that no approximation has been used in order to derive the last expression, and we can recover the result
for the amplitude squared given in Ref. [10] taking the ultrarelativistic limit for the electrons/positrons of the plasma. Using
the delta function in Eq. (1) we can integrate over p’, which yields

had  BredyS-2d 1 gdy i 1
= E — |1 - E E
[ e [ gl = neE) 500+ B~ )

v
d-—1 ¢ +m2+M2t
2 4E? 2E? '

dE
T dx

E o

X?E‘;(t—z{z(Ek—Vk)(E;(—Vkl) +

It is convenient to rewrite the remaining delta function of
energy conservation in terms of the energy and momentum
of the virtual photon

Introducing the following identity

- / dlg5(q +k — k) / dwd(w + Ey ~ E,), (5)

1
—5(w—-v-q-

1
— 68w+ E,—E)) =
(0 + E; - E}) °E

T {/(2E)). (4)
in Eq. (3) we can perform the integration over k" using the
delta function. The remaining delta function of energy
conservation in Eq. (5) can also be written in terms of @ and

q using the relation

As discussed in Refs. [9,10], in the Pauli-blocking factor
1 — np(E}) of Eq. (3), np(E},) can be dropped if the energy
of the plasma constituents is assumed to be of the order
of the temperature, i.e., E;( ~T. Indeed, in this regime
t/(2E) ~ T?/E is suppressed inside the delta function of
Eq. (4) and then the corresponding term in the integrand is
odd under the interchange of k and k’, while the measure is
even, hence it integrates to zero. Introducing a mass m for

k+q

the constituents of the plasma does not change any of these
assumptions, as long as we do not allow the mass to be
higher than the temperature.

|

Applying all these changes we can cast the hard contribu-
tion to the energy loss in terms of the energy and
momentum transfer variables

dE[had  8ret52 [ qlk np(E,) [ diq
- = dwé(t + 2wE, —2k -q)6(w —v-q—t/(2E
dx v /(27[)[1 Ey /(27r)d/ @bt + 20k, 2)olw=v-a-1/Q2E))
In) d-1 t2 Wl2 + M2
xt—2{2(Ek—v-k)(Ek+q—v-k—a))+( -y k)E 5 @—i_ B t}- (7)

If the plasma is macroscopically isotropic, the energy loss should not depend on the particular direction of the velocity of the
heavy fermion. Thus, it is common to average [6] the last expression over the directions of v. The required formulas in d

spatial dimensions are
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1 1 o2\ [d-3)/2

— [ dQ8(@—-v-q)=— |1 ——— —0(12q2 - a?), 3

Sd/ (@ —v-q) Ld( Uq2> ” (v’q% — @) (8a)
1 . 1 o2\ (@-3)/2 q P
— [ dQVS(@D—-v-q)=—|1—-—— —O(12g: — ) =4, 3b
Sd/ V50 —v-q) Ld( yq2> ” (v?q a))qq (8b)

1 o 1 [02 (d-3)/2 1 7126]2 _ &')2 - df[)2 _ U2q2 o
I dQ v v'o( —v - =— (1 =-——— )} 2.2 __ =2 Sl PPy , 8
5, ) Qe ya) Ld( q> v w)<<d—1>q2 g ”) 5

where ©(x) is the Heaviside step function, we define @ = w — #/(2E) and use the notation S; = [ dQ, = 22/2/T'(d/2)
for the surface of a d-sphere and L, = I'(%1)/z/I'(4).

After the average over the directions of v, we can further simplify Eq. (7) introducing the explicit form of the measures in
d dimensions and using the remaining delta function to perform the integration over the angle 6y , = 0. The result may be
written as

1
/ d(cos 0)(sin 0)4735(t + 2wE), — 2kq cos 0)
-1

| \/7 P wE]2\ @)
— Sk mR <o+ B < K2 +m? ) (1 - |- 25k .
0(Vamwr e <t sl < i) (1- [+ 22)) )

Performing these changes, the hard contribution to the energy loss reads

hard 2 4. 6-2d ) E )
=y / dkk?=? —”Fé ) / dgq™™
v 0 k 0

dE
dx

x/dwa)®< (g=k)?>+m? <|o+ E < (q+k)2+m2>®(v2q2—6)2)

2 ~ 2.2 _ =2 )
q ) E.@ 2 |vgt—w , do-—vq
X =4 2E; —2——(t+ 20wE k

12{ gl wk)+d—1[ g ag
t—l—2wEk>t d—1 1> m?>+ M?

2¢* JE 2 a2 T T

(t+ 2a)Ek)2}

+ (Ek -& t} x Kg(w. q. k). (10)

Here we collected the numerical factors and functions arising from the ¢ dimensional integration measures in

23—d
C,= . (11)
F(d51>2(2”)d
and
@ T i wE]?\'F
g k) = (1->2— 1= 2k , 12
Kiw.4.8) < qu) X( quJr kq}) (12)

respectively. The theta functions in Eq. (10) affect the integration boundaries of the energy and momentum transfer
integrals. Let us discuss how introducing a mass m for the plasma constituents modifies the boundaries given in Ref. [10].

From the theta function ®(v>¢*> — @?*) we get the boundaries for the energy transfer w, (q) = E — \/E? + ¢*> F 2Evq, then
taking into account —¢ < w_(gq) < w,(g) < ¢ it can be shown that
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®<\/(q—k)2+m2 <o+ El < (q+k)2+m2>®(w_ <w<lw)

= ®(0 < q < Qin)G(a)— o< w+) + G(qin < q < Qmax)G(a)min <w< w+)'

(13)

Being wyin(q) = —E; + /(g — k)* + m?. In addition, the limits of integration for the momentum transfer g;, and ¢,y are
obtained solving the equations

|w—(Qin) + Ek| = (‘Iin - k)z +m? and |w+(qmax) + Ek| = (qmax - k)2 + mz’ (14)

which gives

_ 2E%(k — vEy) + 2EEi(k — vEy)
 E(1— %) + 2E(E; — vk) + m?

2F?(k + vEy) — 2EE;(k — vE})
E*(1 = v?) + 2E(E) + vk) + m*’

qin and  Gmax = (15)

respectively. Thus, according to Eq. (13), the integration over energy and momentum transfer is separated into two regions

[T [* awo(\Jia=w7 4w <los Bl < g+ 02
0 w_(q)

Gin {1)+<q) Gmax (1)+(q)
—>/ dq/ da)+/ dq/ dw.

0 o_(q) in Onin(q)

‘min

(16)

Now we re-express @ = w — t/(2E) in Eq. (10) and organize all terms in inverse powers of E. Then the hard contribution to

the energy loss may be written as

dE hard 2 4,0-2d 0 E Gin « (q) Gmax @ <q>
=S5 / -2 Ex) { / dgq®= / " dww + / dgq®= / . dwa)}
dx v 0 Ek 0 w,(q) 4in wmin(q)
3 =2 q* BE(Eq+w) [m*¢®? EJEi+o) ¢ m?
201 =p?) +—
X{ 4q4° * q° +[12 + t +2t]( v>+t
w[12E,(E; + w) + 30 — ¢*]  wm? N 4E (Ep + 0)(B30? — ¢%) + 3(0* + ¢*) = 20%¢? N m* o® + ¢*
4¢4°E tE 16¢°E? 4 tE?
d-3[1 m’q*> E(E+w)] [w?-1v*¢ 2 wt d-3 ¢
- - SN 2T U k(. g0 k). 17
2 [4 2 ‘ 7 i 7E) T2 apy < Kaeak) (17)
We expanded the terms inside the curly brackets of Eq. (10) N2 k—vEy and ~2 k+ vEy (18)
for d — 3, keeping only pieces proportional to d — 3, as T2 Imax ® 72

they are needed for the computation of the finite pieces of
the energy loss. Let us recall which assumptions are
necessary to extract the leading order pieces to the energy
loss, which are of order ~¢*T2, for a detailed discussion see
Ref. [10]. In thermal equilibrium, the energy of most
plasma constituents is of the order of temperature, i.e.,
E; ~T. In addition, we assume that the energy of the
incoming heavy fermion is much larger than the temper-
ature. This gives the hierarchy E;, ~ T <« E. Furthermore,
the integration boundaries for the momentum transfer can
be simplified in the limit E < M?/T as

Consequently, the momentum transfer is much smaller than
the energy of the heavy fermion ¢ ~ E*/(M?/T) < E, so
we can assume that it is of the order of the temperature
g~T < E. In addition, in the region 0 < ¢ < g;, the
integration boundaries for the energy transfer can be
approximated as @ (q) =~ +vq, so we conclude that the
energy transfer is also of the order of the temperature
@ ~ T. Now it can be easily seen that the terms which are
not suppressed by powers of E in Eq. (17) are of order ¢*T>
while all other terms are of order ¢*T3/E and e*T*/E? so
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they can be ignored in the regime 7' < E. Taking this into account and moving to the dimensionless variable x = w/q, we
reach to

dE

had D462 foo E * (@)
i _Lcd/ dkkd‘M{/” dq“/ dxx—i—/q / dxx}
v 0 — Xmin ()

Cdx
y (E2+ E) 3+1 v? n 2x2—v n 3x2 _1)2_'_ 1 —2?
X m
kT 4XE 21 2-1) G 22— 1)

d-3 x> —v? D A
- {(E% + gxEy) . + m? 17 +Z (x? — v2)} } x Kq(x, g, k). (19)

The momentum transfer integrals in the integration region 0 < ¢ < g;, contain an IR divergence, while in the region
Gin < q < gmax the momentum transfer integrals are finite. We focus now on the dominant IR divergent region, and use DR
to regularize possible divergences. The terms ~g?~* in the integrand of Eq. (19) yield the relevant IR divergent integral in
momentum transfer, which we evaluate (see Appendix A)

2 21 xEN\NT 1 k—vE, \43/ x2E2\'%
— 1—02 . q X X
3 dA dgq® 4(1 - [7( % + kk} ) =73 (2(1 — Uz)ky> (1 _—k2k> +0(d-3). (20)

The momentum transfer integral for the terms ~g?=> in Eq. (19) is free of divergences, but is necessary to reproduce the
finite pieces of Ref. [6] as well as the mass corrections to the pole computed in this manuscript. The required momentum
transfer integral is

pmzs (x>=1)  xE{]|? =
3-d [T gaad-s(1 — |4 Mok
ot [ g (1= [ 2 )

x’E? G k- vE, \43 (1 k — vE, E, 1-x2
= (1=T0k) 7 (ST )T D (pRTERR) Lk T L 0(d-3) b 21
( k2> <(1—vz)v> {d—4< 1—1/4‘>szzl—;ﬁEg/kZJr ( )} 1)

Then, the first term inside the curly brackets above does not contribute to the pole, as it would vanish due to antisymmetry in
x, while the second term does not and thus must be taken into account.' The remaining terms, those ~qd‘3 of Eq. (19) are
not necessary for the evaluation of the hard contribution in the region 0 < g < g;,. We give more details on this last
statement and the computation of the momentum transfer integrals in Appendix A. Using Egs. (20) and (21) we may write
the hard contribution to the energy loss as

3)

dE[hrd D¢t~

dx

Cd/oo dkk"‘an(Ek)/ dx(1 = x2/1?)@3/2(1 = 2 B2 /k2)(4-3)/2
U 0 —

1 k—vE; \43 *(1=2%) d-3[E} 1-x* x*(1 —2?)
2 3x2 —= 35—
Xd—3( (1—1}2)1/> { ¥ | + 2 K 1=-xXE} /K o =1
m*>  1-x* xX*(x*—-1*) x*(x*—1?)
— - O[(d-3)?] ¢. 22
+k21—x2E%/k2 Z—1) 2_1 }"’ [( )]} (22)

Let us recall that we have not yet made any assumption for the mass m of the constituents of the plasma. Hence, the above
expression may be valid for arbitrary mass m as long as it does not surpass the plasma temperature. Though, in this work we
assume that the mass of the plasma constituents is smaller than the temperature of the thermal bath m < T', which allows us
to expand Eq. (22) for small m. Performing such expansion produces new pieces, some of them potentially divergent for
k — 0. This is the reason why we kept explicit O(d — 3) pieces in the integrand of Eq. (22), since those pieces, after
expanding for small mass m produce IR divergent terms, i.e., ~1/(d — 3), thus giving a contribution to the pole. Note
however, that if we computed the k integrals in Eq. (22) for a generic mass m, all O(d — 3) pieces would yield only finite
contributions, because in this scenario the k integrals are free of divergences (the mass m acts as a lower cut-off). That

'Notice that as d — 3 the measure of (19) is symmetric in x in the region 0 < ¢ < gj,-
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generic case could be considered if the Braaten-Pisarski resummation program is generalized for generic values of the
fermion mass. We comment on how this should be done in the remaining part of the paper.
Setting m = 0 in Eq. (22) gives the leading order pieces of the hard contribution to the energy loss

dE[wd et

dx|,,—o 2 0

1 2k -3 x*(1 —v?)
- ([ 324 7/
Xd—3((1+v)y) {x+ o1

Cd/Do dkkd_an(k)/ dx(1 = x?/v?)[d=3/2(1 = x2)(d=3)/2

(d- 3)x2}. (23)

All remaining integrals are finite and can be computed analytically, they are given in Appendix A. Using the expressions

derived there we find

_ dE|had N e’md 5 s, 1+ n 472 1 1-2? it N 20 N P(v)
dx|,_o 167 € (1+0)??)\v 202 1-v 3 v?
empsia (1 1=02 14w ¢'(2)
SARLY (- 1 1- In2 24
T % (v 207 nl—v){ rEt ey T } 24)

where we defined the Debye mass in d dimensions
md, , = 16e23-1F, / T Ak kg (k),  (25)
0

also 7? = 4ze7t1?, being yg the Euler-Mascheroni con-
stant and {(x) is the Riemann zeta function. Furthermore,
we conveniently defined the quantity

-1

P(v) = /_z dx x? (1 +—ﬂ> In[(1 = x?)(1 = x2/2?)].
(26)

Remarkably, regularizing the momentum transfer integrals
with DR instead of a cutoff, as was done in Refs. [6,10],
produces the same logarithmic dependence in o that the one
found out with a cutoff ¢*, but it generates extra finite
pieces that we have partially absorbed in our definition of
m3, 3 5. the function P(v) and the term 2v/3. However, the
very same extra pieces with opposite sign are generated in
the soft contribution to the energy loss, and ultimately they
cancel when both contributions are added.

(1- szi/kz)(d—s)/z _

and keeping only terms up to O(m?) in Eq. (22) we find

dE|hard  2e4m?y3=d

dx

v

ldnp 2
{z dk (3

(1 —2?) d—3np(k)
21 >+ 2k

For completeness, we should also include in Eq. (24) the
finite pieces generated in the momentum transfer region
Gin < g < @max- Since the ¢ integrals are finite in that
region, there is no need of regularization and we can
compute them in d =3, reaching the same result
of Ref. [6].

We turn now our attention in computing small mass, i.e.,
m < T corrections to Eq. (24). The scale of the IR
divergence in momentum transfer of Eq. (22) should be
approximated as

k—vE; \43 2k d-3
2T} () L (@)
(1-2v*y (I+ovp
as we concentrate in the IR divergent term in momentum
transfer. Using the following small m expansions

m? dn
ng(Ey) *”F(k)Jrszdi]:JFO( 1), (28a)
E% 1 —x2 m? 1
el T e TomY. (28)
d—3m?> x* 4
RS > + O(m*), (28c¢)

co |7 a3 K2 /02)(d=3)/2(] — 42)(d=3)/2 1 2k a3
~ 2 d ( /1) ) ( - X )
0 —v d-3
2

(3 2_'_)cz(l —vz)+x2(x —v
x
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The momentum integral ~nz(k)/k of the above expression
contains an extra IR divergence for low k, which appears
because of the small m expansion. These are the same sort
of IR divergences that appear in the computation of the
small m corrections to the HTL, which however cancel after
performing the angular integrals, see Ref. [19]. A similar

|

e~ em

4,2 3-d © aaf 2k N\ e’ 1
e'mvr’Cy dkk T+o ng(k) = —|— 2)/E+21n7r—|—ln = —|—ln
0

167 272

situation happens now here. After the complete computa-
tion, only the IR divergence associated to the low momen-
tum transfer integral survives. We discuss this issue in
detail in Appendix A, where we derive the relevant IR
energy integral

2

m) +0(6)}. (30)

The logarithm In(7?/2?) above is canceled when the soft contribution is added (see Sec. IV). Also, we can ignore the finite
pieces inside the parenthesis of the second line, since we are just interested in extracting the leading logarithmic behavior.
Then, plugging the results Egs. (A8) and (30) into Eq. (29), we note that the pole of the k-integral in Eq. (30) vanishes. In

addition, we see that the remaining necessary integral in energy transfer is

/_l< X2 /1)1 )“’WM‘”Z{G‘@IHU>+O()} o

» (x> =1)2

v 202 1-

Collecting these results we can write down the leading mass correction to the hard contribution

dE[had e2 2m? (1]
o] * e (

We recall here that in this manuscript we computed leading
order mass corrections to the energy loss at logarithmic
accuracy, and we have not included the computation of all
finite pieces, which would require a more involved analy-
sis. For instance, we would need to consider the explicit
O[(d — 3)?] pieces that we have ignored in Eq. (29)
together with the finite pieces generated in the region

qin < q < G max-

III. SOFT CONTRIBUTION TO THE
COLLISIONAL ENERGY LOSS

In this section we will compute the soft contribution to
the energy loss. We will derive the soft contribution trough
the computation of the damping rate of the heavy fermion
traversing the QED plasma. This requires to compute the
imaginary part of the heavy fermion self-energy, see Fig. 2
and relate the collisional energy-loss to this damping rate,
see for example Ref. [6]. Generalizations in d dimensions
of the energy loss formula for the soft contribution can be
found in Ref. [20]. The final formula appears in terms of the
resummed photon propagators. The mass corrections we
are aiming to compute only enter in the resummed photon
propagators. Our starting expression is in Coulomb gauge
(see Appendix A of Ref. [20])

41 477 3 - 31
p— n— —_——
€ (1+v)??)\v  20°

1+ v) (32)

1-v

dE

dx

soft— ¢2y3~ dFd/ dqq™!

xv/ dx(1 = x>/v?)l

x (gx)(pf(gqx, q) + (v* = ¥*)pf(gx, q)). (33)

(1 + ng(gx)]

Here pf /T(qx, q) stand for the longitudinal/transverse HTL
photon spectral functions in d dimensions, respectively,
F, = 2'7d7=(@+D/2 )1 (451} is the constant that arises from
the momentum transfer measure in d dimensions and we
used the dimensionless variable x = ¢y/q. The longi-
tudinal and transverse spectral functions can be obtained
using their relation with the imaginary part of the
(resummed) longitudinal and transverse retarded propaga-
tors, i.e. pf,(qo,q) = 2ImA{ ;(qo +i07, g) [21]. Note
that this definition of the spectral function differs by a
factor (—27) to the one used in Ref. [6]. In terms of the
longitudinal/transverse retarded polarization tensors Hl‘/ R
in d dimensions one can write

2ImIT§(qo.9)
4% —RelIT} (0. q))* + [ImITj (90, 9))*

Pi(q0.q) =~ . (34a)
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2ImI1} (go. q)
q5 — q* — Rell} (qo. q)]* + [ImIT} (go. q)]*

pi(q0.q) = - [ (34b)

To be able to compute mass corrections to the soft contribution of the energy loss, we will need the mass corrections to the
HTL polarization tensor, which were computed in Ref. [19]. In the presence of a small mass m < T, the longitudinal and
transverse components of the retarded polarization read

+1 m2er 1
HL — —m2 1 — {1 X —
3+zg<‘107 q) mD,3+2e< ) nx _1 22 2 —1 + O(e), (35a)
x2 1\ x x+1 m¥elx x+1

where x = (go + i0")/q, and mj, 5, is the Debye mass in d = 3 + 2¢ dimensions defined in Eq. (25). As discussed in
Ref. [19], when the mass of the fermionic particles obeys e7' <« m < T the mass corrections are dominant in comparison to
the perturbative corrections. Then, the longitudinal and transverse spectral function including mass corrections read

(1 +e)mp 50 O(1 =x)(1 = x%)
2,2

; ; o p + O(e), (36)
2((’] +mDQ1(x)_n;”€2 l_xz) +%mD

P5ae(gx.q) =2z

and

27 (M%,me — g 1_—;2)x®(1 —22)(1 = x2)¢

42 2 2 2.2
1= (202 + mh0s(x) — 28 03(x)) + £ (mh — 228 L)

Priac(qx. q) = S+ 0(e). (37)

/2

respectively. We kept the Debye mass in d = 3 + 2¢ dimensions of the numerators unexpanded for small € in the spectral
functions for convenience. Furthermore, we did not include O(¢) pieces arising from the denominator, since those pieces do
not generate UV divergences when expanded for small ¢, and thus vanish in the limit ¢ — 0. Lastly, we also did not include
O(e) pieces coming from the mass corrections to the HTL, although they would be needed in order to determine the mass
correction to the soft contribution of the energy loss beyond logarithmic accuracy. We also introduced, to shorten the
notation, the functions

1 X

. 0,(x) = = 01(x). 05(x) =2_n

1—x2

x+1
n—

1 (38)

x+1
x—1|

Due to the symmetries of the integrand, we can replace 1 + ng(gx) in Eq. (33) by its even part, which is just 1/2. The
spectral functions should also be expanded for small mass m, however, the pieces generated are subleading corrections, so
we can ignore them. Taking these remarks into account, we plug the spectral functions of Eqgs. (36) and (37) in Eq. (33)
reaching to

dE|soft ﬂ.eZy—Ze . e ‘
S ) F3+2€/ dqq3+26/ dxx®(1 = x2/v?)¢(1 — x2)¢
X v 0 Y
1+e)m? 4. . 2 2 (e —(Pm2 ) /(] — 2
{ . (2 ) §.3+262 - L )C2 ( D2,3+26 _ ( /27: )/E . )) O(e)}_ 39)
27 +mp0i (X)) + w2 1= (2 + mp0s(x))? + /4

The theta function ®(1 — x?) in the spectral functions does not affect the limits of integration for the energy transfer, since
v < 1. Furthermore, the momentum transfer integral contains an UV divergence for g > e7, which we regularize using
DR. All remaining integrals are finite and can be computed analytically, they are given in Appendix B. Hence, the leading
order term of the soft contribution is
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soft  eZm3, 5 5. 1 P\/1 1= 140\ 20 1
—167[{<_€+1n2> <—21}21n1_v> —?—7(P(U) +ASOH(U))} (40)

m=0 mp v v

d7E
dx

The extra finite pieces coming from the Debye mass in d = 3 + 2¢ dimensions, the function P(v) given in Eq. (26) and the
term —2v/3 cancel exactly with those computed in the hard contribution. The function A (v) reads

v 1 2x2\ 102 =x% [(0,(x)? x>
haae) = [ as{gim( 007 + 55 ) 4 35 m (B )

x)? + 72x%/4 1-x* ax x)? + n’x*/4

Focusing now on the mass dependent part of Eq. (39) and computing the relevant integral in energy transfer [see Eq. (31)]
we arrive to the final result for the mass correction to the soft contribution of the energy loss

soft 2 2,0 1 2\ /3 v*=-3 1
€ % __+1ny_2 ——v—zlni . (42)
w 16w 27 € mp)\v  2v l—v

IV. ALTERNATIVE COMPUTATION OF THE SOFT CONTRIBUTION

dE
dx

In this section we will provide an alternative way of computing the soft contribution to the energy loss. We will perform
the computation starting from the general expression of the energy loss, given in Eq. (1), but using the amplitude of diagram
Fig. 1(b). The amplitude can be constructed following QED Feynman rules but replacing bare propagators by HTL
resummed propagators in Coulomb gauge. Then, squaring the amplitude and performing the sum over spins of the involved
particles in the process we find

1
5O IMP = 8e4v6-2dE2{|Az<Q>|2<E'/E T v+ M ER) (ELE + K ke + )
spins

+2Re[Af (Q)AL(Q) (V' - K ) Ex + (V' ki ) Ef + (v K ) E + (v Ky ) E}]

+2|A4(0Q)I? [(V/ K Wk ) F (ki) K )+ (Vg v ) (EVE =K ke —m?)

—E(E’/E —v v =M /EX)(E{Ey — K -k —m?) + (K, -k, ) (E/E—V -y — MZ/EZ)] } (43)

2
where v = p/E is the velocity of the heavy fermion and we also defined k, ;, = —Piak" and v, ; = —Pzav", being
PZ ; = —(67 = §'g’) minus the transverse projector to § = ¢/q. We used primed variables for the outgoing particles. In the

above expression, Ai /T(Q) denote the longitudinal and transverse components of HTL resumed propagators in d

dimensions respectively, assuming that the fermions in the plasma have mass m. In order to simplify the expression for the
amplitude we make use of the exact kinematic relation

M E m?> E\E,—K -k
?:E—V/'V‘Fﬁ_iEz . (44)

Since the amplitude squared in Eq. (43) is invariant under the interchange of k <> k’, we can antisymmetrize the thermal
distribution functions [9], i.e., replacing ng(E;)[1 — ng(E;)] by [ng(Ey) — np(E})]/2. Then we move to the transfer
momentum variables, as we did in Sec. II for the hard contribution. Eventually, we reach the following expression for the
soft contribution to the energy loss
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it _dzet®d [ d'k [ dq np(Ey) — np(Ex + )
- d 0 2wE, —2k - q)5(w—v-q—1t/(2E
v /(2::)‘1/(271)‘1/ w E, (t+20E, 2k - )5(w —v - q 1/ (2E))

dE
T dx

x {|AZ(Q)|2 (1 -2- “’E"Z;Ezk") (2B} + wEy + k- q) + 2Re[Af (0)AZ(Q)](v -k, ) CE; + )

+[Ag(Q)) [2(1’ ki o)+ (0E —k-q)+ (COE"qu) <kiq - % (0E; —k - q)ﬂ } (45)
Now we introduce the average over velocities v in d dimensions using Egs. (8a)—(8c). We note that the piece that mixes the
longitudinal and transverse component of the propagator vanishes in this process because it is transverse to ¢. In addition,
we eliminate all suppressed pieces in E since we will work in the regime 7 < E. The integral over the angle 0 = 6y , is the
same as that of the hard contribution, given in Eq. (9). Then, moving to the dimensionless variable x = @/g we can cast the
soft contribution as

_d_E soft 26‘4 6-2d c /oo Jikd2 /oo dqqd_l / dix nF(Ek) — I’lF(Ek + qx)
dx ’L) d 0 0 Ek

X ®<1 - {%j&—?‘r)@(ﬁ —xz){|A;’(qx,q)|2<E§ + gxE; +qz2(x2 - 1))

(v? —x?) <k2 — X*Ei(gx + Ey) + qxE; + qZ (x*-=1)(3- xz)) } x Kq(x,q,k).  (46)

+1A7(ax, )P 57—

In the above expression, the momentum transfer is soft ¢ ~ eT and the momentum of the plasma constituents is hard k ~ T,
which allows us to perform several approximations. The thermal distribution function can be expanded for ¢ < E},

dnp(Ey)

dE, + O(g?). (47)

np(Ex +qx) = np(Ey) + qx

In addition, the theta function in the second line can be simplified

@(1-{%{1)+x—f"]z>z®<1—%). (48)

Moreover, the function & 4(x, g, k) must be expanded for ¢ < E;, in order to be consistent with the HTL approximation

(49)

E 1-
i) = (1= 222y = eggeyenfy O350 Lo }

> e 1—eeed o)

Finally, we note that the terms ~g"|A¢ r(qx.q) | for n > 3 can be ignored, as they would contribute at higher order in the
coupling constant. Thus, the leading order pieces of the soft contribution to the energy loss are

dE[oft ¢4 oo 1 dnp(Ey)
- :#Cd/ dickd=2 ( = ”SE k )/ dqq’ /dxx (1= x2/02) 32 (1 = B2 /1) d-3)/2
X v 0 k k

<001 -5 /)00 - [8f (a0 PE -+ (xS0 00 -8 ) (50)

Explicit expressions for AZ’ 7 are known for m = 0. In Appendix C we comment how the polarization tensors needed to
build these propagators should be computed for a generic value of the fermion mass. However, for a small fermion mass,
and at the order of accuracy we are going to compute, we will only need the resummed propagators at m = 0.

Let us remark that the above expression may be valid for a generic mass m, as long as it does not surpass the plasma
temperature. From Eq. (50) we can reconstruct exactly Eq. (39) in a very few steps. Setting m = 0 and integrating by parts
the distribution function, we easily arrive to
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dE
dx

soft 7'[621/3 —d

2 deFd/ dqq* / dxx?(1 = x2/v?)d=3/2(1 = x2)(@=3)/2
v

x {EIAZ(qx,q)I S At P - )1 - ) (51)

where we used the relation between the numerical constants defined through this manuscript C; = 2zF3 and m3, ; denotes

the Debye mass squared in d dimensions defined in Eq. (25). What remains to be done is to insert the definition of the
thermal HTL resummed propagators in d = 3 + 2¢ dimensions. They may be written as

|
1A} (gx.q)|* =

TR r e R (32

1 1

A2 (gx. )P =
(A7 g, q)] (x? = 1)2 (¢* + m3Q,(x)/2)* + z*m}x*/16

+ O(e). (52b)

When writing the longitudinal and transverse components of the propagators above, we did not include O(¢) pieces, since
they do not give rise to new UV divergences, and thus vanish in the limit ¢ — 0. We also did not include small mass
corrections to the propagators, for the same reasons that we discarded the mass corrections in the denominators of the
spectral functions [Egs. (36) and (37)]. Setting d = 3 + 2e everywhere and inserting the expression for the propagators of
Egs. (52a) and (52b) in Eq. (51) we get exactly Eq. (39) for m = 0.

Now we show how to reproduce the remaining ~m? term in Eq. (39) from the more general expression Eq. (50). In the
regime m < T < M, the energy transferred to the plasma constituents is determined by ©(x?> —v?) rather than
O(1 —x?k*/E?), as in this scenario the velocity of the heavy fermion is always smaller compared to the velocity of
the fermionic particles in the plasma. Then, expanding Eq. (50) for small m and keeping only pieces of O(m?), we note that
many pieces vanish after integrating by parts the thermal distribution functions, and the only nonvanishing piece is

soft Aretm?o~2d © dn
e mryv d-3 F
7 F / dkk ( i )

dE
dx

/ dag! [ e (1= [a2)0I2(1 = 2) I LA P = ). (53)

Now the k integral can be evaluated, yielding to

F o0 d 2,2 T2
16e2m23~d 24 / dikd=3 (= ZE) 0 (1 (=1 =2y =224 2Inz+In=y e+ O(?) ) (54)
-1 dk 2 7

The finite pieces ~e in the second line can be ignored at the order we are working and, as we pointed below Eq. (30), the
logarithms In(7? /%) cancel when the hard and soft contribution are added. Thus, we may write Eq. (53) as

dE|soft 2,2 o v
= Fin / dqq*+ / dex?(1 = 2/1)(1 = 22)°0(1 - x?)
dx v 0 —
1 02 —x2 (—e*m?*/7?)

AU =22 (@ + 1 0,(0) /27 + 2mb2 /16"

This is the same expression we found for the mass correction of the soft sector in Eq. (39), as expected.

V. RESULTS AND DISCUSSION

The final expression of the collisional energy loss is obtained after adding the hard and soft contributions. Then, the poles
1 /e and the dependence on the renormalization scale v cancel out. For m = 0 we reach to the same expression first found by
Braaten and Thoma [6] in the regime E < M?/T
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Q=P-F

"

FIG. 2. One loop heavy fermion (u) self-energy, dominated by
an exchange of a virtual (resummed) photon (y).

dE e’m? (1 1—1)21 1+v
[ — _— n
dx|gr 8z \v 20 1-v
E 1
In—+In—-+A . 56
x{nM+ ne+ (1})} (56)

The extra finite pieces generated in the computation of the
hard and soft contributions using DR also cancel out, so
that the function A(v) is the same as that using a cutoff for
the computation. Note that Eq. (56) is not valid for neither
the v - 0 or v — 1 limits, because of the kinematical
constraints used in the evaluation of the momentum
integrals. In particular, we assumed that the velocity of
the heavy fermion is always smaller than that of the plasma
constituents. Taking into account those limits can be done
after a proper modification of the kinematical constraints,
see Refs. [6,10]. Further, in the case v — 1 Compton
scattering also contributes at the same order as the one
here computed [22].

The fermion mass correction to the above result is also
obtained after adding the corresponding hard and soft
contributions we computed. Then, the pole and the depend-
ence on the renormalization scale also cancel out, and to
leading logarithmic accuracy we obtain for m < T < M

4,2 2
e*m” (3 v -3 1+v 1
—— In In|—|. (57
BT+ 1673 (1] 202 1—1J> <e> (57)
We have not computed mass corrections beyond logarithmic
accuracy, as most likely the genuine perturbative corrections

dE
dx

dE
dx

3.0
2.5¢
2.0t
1.5¢
1.0p.
0.5¢
0.0

-dE/dx / (e*T?/24 1)

Vv

FIG. 3. Values of the collisional energy loss in QED for the
different values of the mass of the fermion constituents of the
plasma. The black line corresponds to the massless case, the red
dashed line for m = 0.17, the blue dashed line for m = 0.27, and
the orange dot-dashed line m = 0.3T.

to the energy loss are more relevant in the regime where our
assumptions are valid.

We have represented in Fig. 3 the value of the collisional
energy loss for different values of the fermion mass, so as to
estimate how relevant its effect could be. We note that the
effects of a fermion mass seem to be quite relevant already
for values of m = 0.37. It might thus seem interesting to
evaluate also the energy loss for values of the fermion mass
close to 7, where our approximations are not valid. Note
that the assumption m < T allows us to compute the
collisional energy loss analytically, which is always a good
initial step to assess the effect we are considering. We have
provided all the ingredients to carry out the computation for
values of m getting close to 7', but we defer the careful study
of that case for future projects, as it requires a much more
detailed analysis. The main difficulty for such a computa-
tion is the evaluation of the soft sector, as one should
generalize the Braaten-Pisarski resummation program in the
presence of massive fermions. The explicit form of the
photon polarization tensor needed in that case to construct
the resummed propagators is given in Appendix C.

Although our computation was initially performed for a
QED plasma, it can be extended to QCD. In fact, retaining
mass fermion corrections in QCD can be fully justified, and
it was our ultimate motivation. For instance, in the context
of heavy ion collisions, it may be reasonable to disregard
the masses of up and down quarks, but neglecting the mass
of the strange quark may not be such a good approximation.
The contribution of the mass effects in QCD can be
obtained from the corresponding QED calculation at
logarithmic accuracy by simple substitution, while further
corrections would be needed beyond this accuracy. Note
that the mass corrections to the HTL gluon polarization
tensor are the same as those of the photon polarization in
QED, only some color and flavor factors have to be taken
into account. Similarly, in the evaluation of the scattering
matrix element of a heavy quark with a light quark in the #-
channel, the one that is IR sensitive, only some color and
flavor factors are to be considered. At leading logarithmic
accuracy the corrections associated to a massive quark to
the QCD collisional energy loss are also given by the QED
result, replacing e? by ¢?, the strong coupling constant, and
taking into account the factor 2/3. More explicitly

4,2 2

gmg <3_v 23lnl+v> ln<1>. (58)

247> \w 20 1—-w g
We have evaluated the impact of including the strange
quark mass corrections to the collisional energy loss of a
charm and bottom quark (see Figs. 2 and 3 of Ref. [7]),
when T = 250 MeV, and assuming that the strong fine
structure constant is a; = 0.2. Taking the strange quark
mass as m = 100 MeV, so m = 0.4T, we note that in this
case the mass corrections are in the 1 to 2 percent level. The
effect is certainly not as large as in QED because of two
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reasons. First, the gauge coupling constant is larger in QCD, and second, the contribution of one parton, no matter whether it
is massless or massive, can never be too big as compared to the contribution associated to all partons. In any case, the mass
effects here discussed are there and we have provided the tools to assess them.
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APPENDIX A: INTEGRALS OF THE HARD CONTRIBUTION

When computing the hard contribution to the energy loss, we encounter three types of momentum transfer integrals in the
region 0 < g < gj,, see Eq. (19). When computed in d = 3 + 2¢, all of them give rise to Appell F; hypergeometric
functions, due to the particular dependence on momentum transfer ¢ of the function K,(x, ¢, k) defined in Eq. (12).
Explicitly, we compute the general formula

3_d/Ld dn( | q(x2—1)+xEk 2 @7 Ld—n+1 : szz @
Y 0 4 2k k Td—n+1 2

d-3 d-3 1—x? 1—x?
Fi(t+d-n-2"2 "7 4_nyi2, L.- L)
x 1( tammm—y 2 M T RE k= xE, )

(A1)

where L = 2(k — vE;)/(1 — v?) and F| (a; by, b»; ¢; 71, 25) is the so called Appell hypergeometric function of the first kind.
For n =5, 4, 3 we obtain the required integrals for the evaluation of the hard contribution. The above results can be
simplified expressing F; by its infinite series representation

Fi(a;by.by;ci21,25) = Zz(a)"”"( Ui (b2) 7, (A2)

m!n!(c)m-krl

where (@), = I'(n + @) /I'(«) is a Pochhammer symbol, and realizing that in d = 3 + 2¢ only the first terms of the series
are non-vanishing. Following this procedure, we obtain Egs. (20) and (21) setting n = 5 and n = 4 in Eq. (A1) respectively.
As stated in Sec. II the last case n = 3 is not necessary for the evaluation of the hard contribution. In order to see it, we use
Eq. (A2) to write the Appell function as

Fl(d—Z,—d_3 43, k—vE 1 —x k—vE;1—x2

— =1 —-3). A
2 02 ’k—i—xEkl—vz’k—xEkl—vz) +0ld-3) (A3)

Note that Eq. (A1) is finite in three spatial dimensions when n = 3. Then, since in d = 3 the measure of Eq. (19) is even in
x, the corresponding terms vanish due to antisymmetry in x. Let us now write the results needed for the evaluation of the
hard contribution at m = 0, i.e., Eq. (23). The integral in energy transfer gives

! 2 7.23(d=3)/2 2 fan  X(1=07) 2
dx(1 — x?/v?)d=3/2(1 = x2)(d=3)/2§ 3¢ —0—271—0—(0'—3))6
— x* =

1 =1 14w 20 P(v)
— 9,2 (2 2
2v{<v—l— 57 lnl—v>+€3 +e o + O(e?) ¢, (A4)

where P(v) was previously defined in Eq. (26). The result for the k integral may be written as

o 2%\ d-3 e>m? Z(2) 1 412
243‘dc/dkkd‘24 k) = 23t )1 4 11 n2+-In— |2+ O(?) b.
e’ iC, | Er np(k) T6r + +y5+§<2)+n —|-2n(1+1})21_/2 e+ O(€?)

(AS)

116016-14



ACCOUNTING FOR PLASMA CONSTITUENT MASS EFFECTS IN ...

PHYS. REV. D 107, 116016 (2023)

When writing the above result, we used the Debye mass in
d = 3 + 2e dimensions defined in Eq. (25). Multiplying the
series Eq. (A4) by Eq. (A5) we eventually reach the result
for the hard contribution to the energy loss at m = 0,
ie., Eq. (24).

T 2e 00 2T 2e
4 ZC = / d —1+42¢ .
e'm 3+ze<y> vy T+ ne(y)

Let us now discuss how to properly regularize the
momentum integrals for the mass corrections of the hard
contribution, i.e., the k integrals of Eq. (29). Explicitly,
moving to the dimensionless variable y = k/T and setting
d = 3 + 2¢, the IR integral to evaluate is

(A6)

In DR, the small parameter ¢ acts as a regulator of the divergence, playing a similar role as a cutoff would do. In order to
properly regularize Eq. (A6) we must distinguish the regulator of the IR divergence in momentum transfer from the
regulator of the IR divergence in k, that we denote as ¢;. So, instead of Eq. (A6) we need to evaluate

T 2¢ ) 2T 2e
42 L dy y-1+2¢
e*m 3+26(y> A yy <4(1+U)yy> ng(y)

4.2 T\* 27T % 1-2¢-2
=e'm C3+2€ ; ﬁ (1 - 2 € gk)F(Zé‘ + 2€k)€(2€ —+ 26/()'

1+v

(A7)

Taking the limit €, — 0 above and then expanding for ¢ — 0 we get Eq. (30). In this way, the piece that was initially IR
divergent in k also has a contribution to the pole in e, i.e., the regulator of the IR divergence in momentum transfer.
Applying the same procedure we can compute the other necessary integral in momentum of Eq. (29), which gives

a2 3-de %k d=3 anp _ e
eme "A ((l-i-v)v 2 dk 167 2722

Although the result of the above integral is finite,
intermediate steps in the computation require the evalu-
ation of an IR divergent integral so that the same
method for regularizing Eq. (30) must be used. If we
do not distinguish between the regulators of the different

2k >d_31an & ém?

T2 472

{—1 — (—275 +2Inx —I-ln?—}— lnm>€ + 0(62)}

(A8)

divergences when evaluating the momentum integrals of
the mass corrections, we would be unable to cancel the IR
divergence in momentum transfer of the hard contribution
with the UV divergence in momentum transfer of the soft
contribution.

APPENDIX B: INTEGRALS OF THE SOFT CONTRIBUTION

The logarithmic ultraviolet divergence encountered in the soft region of the computation can be computed using DR
regularization. One only needs to evaluate in d = 3 + 2¢ [20]

y3—d/°°d q‘ _ 11 n U_Z +lln(a2+b2)+garccos _a +O(e) (B1)
0 q(q2+m%a)2+m4l)b2_ 2 le m%) 2 b 21D .

APPENDIX C: HTL POLARIZATION TENSOR FOR GENERIC FERMION MASS m

We have previously mentioned that Egs. (22) and (50) should be valid for the evaluation of the hard and soft contribution
to the energy loss respectively, if the fermions in the plasma have mass m, which is assumed to be at most of order 7.
However, the computation of the soft contribution with generic mass demands that the HTL resummation technique has to
be done assuming massive fermions. We give here the expressions of the HTL polarization tensors in such a case. These can
be evaluated, for example, in the real time formalism of thermal field theory, following the same steps as in Ref. [14] but
with massive particles. After carrying out the integral in frequency one then arrives to the expression
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(L) = ¢ %—d/ d'q 1- 2np(E,) [2E,0M0" —v# LY — 0" L' + ¢™¥(v- L)
= l/‘
) E, v-L—L*2E, + isgn(E, — [))0*
2E, MY + LY + VLK — g (D - L)}
v-L+L*/2E, + isgn(E, + 1p)0" |

(C1)

Here L = (I, 1) is the external photon momentum, v* = (1,4/E,) and ?* = (1,—q/E,) are the velocity of the massive

fermions and antifermions, respectively, with £, = 1/ q* + m? and sgn(x) is the sign function. Under the assumption that
external momenta obeys L < Q, after a change of variables to express the antiparticle contribution as the particle one, it is
possible to approximate the expression to find

H”D(L) ~ 262y3—d/ ddq - 2nF(Eq> vo_ VLY + 'L
(

L>vHo”
. 2
2r)4 E + > (€2)

2
p v-L (v-L)

Note that in the limit m = 0, one reproduces the correct well-known limit for the HTL. This final result is the one that one
would obtain from classical transport theory. Unfortunately, there is not a simple analytical expression of the polarization
tensor for a generic value m. The generalization of the Braaten-Pisarski resummation program in this case would most likely

to be implemented numerically.
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We develop an effective field theory for the description of high energetic or hard photons, the on-shell
effective theory (OSEFT). The OSEFT describes the so-called eikonal or semiclassical optical limit,
allowing for corrections organized in a systematic expansion on inverse powers of the photon energy. We
derive the OSEFT from the Maxwell Lagrangian and study its different properties, such as the gauge
symmetry and reparametrization invariance. The theory can be finally formulated in terms of a gauge
invariant vector gauge field, without the need to introduce gauge-fixing. We then use the OSEFT to
compute corrections to the Wigner photon function and derive its associated side jump effect from
reparametrization invariance. Finally, we discuss how to properly define the Stokes parameters from
transport theory once quantum effects are considered, so as to preserve their well-defined properties under

Lorentz transformations.

DOI: 10.1103/PhysRevD.110.096024

I. INTRODUCTION

Effective field theories are one of the most useful and
advantageous tools in physics. They rely on the idea that in
order to describe some phenomena at a given energy scale it
is enough to identify the degrees of freedom that operate at
that scale and uncover the Lagrangian that governs their
dynamics, exploiting the symmetries of the problem. The
effective Lagrangian is then organized in operators of
increasing dimension over powers of the high energy scale.
A different set of effective field theories have been proposed
to describe a wide variety of physical phenomena; see the
excellent reviews [1-3] to discuss the most relevant technical
details and most used effective field theories for vacuum
physics.

In this manuscript we will focus on the so called on-shell
effective field theory (OSEFT) [4-10], which was first
developed to describe energetic chiral fermions, with the
main aim to describe quantum corrections to the classical
transport equations [4]. The OSEFT also proved to be useful
to compute power corrections to photon self-energy dia-
grams in high temperature 7 plasmas [5], or mass corrections
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to the same amplitudes [10], taking profit of the natural
hierarchy of energy scales that appear in these systems.

Our focus in this manuscript is to describe the OSEFT
associated to high energetic or hard photons. This presents
different challenges, among them, a proper description
respectful with the gauge symmetry of the photon degrees
of freedom. We first present the complete OSEFT asso-
ciated to an electromagnetic field, as being derived from the
Maxwell Lagrangian. As we will discuss, the leading order
Lagrangian in a high energy expansion describes the so-
called eikonal or optical limit, while higher order terms in
such an expansion would describe quantum corrections to
the eikonal limit. Notably, the effective field theory can be
formulated without imposing any gauge fixing condition.
The nonphysical components of the vector gauge field
potential can be eliminated, after integrating out and using
local field redefinitions. Remarkably, we will show that the
final OSEFT Lagrangian only contains one vector degree of
freedom and demonstrate its invariance under gauge trans-
formations that respect the energy scaling of the effective
photon field. By studying the reparametrization invariance
(RI) of the theory, we also check that the OSEFT for
photons is respectful with the Lorentz symmetry.

Then, we also consider a many-body system, such as a
thermal plasma. By employing the OSEFT for photons and
well-established thermal field theory techniques, we derive
the quantum kinetic equations obeyed by the photon
Wigner function. Also, we show that the OSEFT allows
us to systematically compute quantum corrections associ-
ated to the photon Wigner function.

Published by the American Physical Society
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The polarization space components of the photon
Wigner function can be related to the so-called Stokes
parameters [11]. While the Stokes parameters are not
Lorentz invariant, some ratios of them are [12,13]. For
example, the percentage of circular polarization of a
system is expected to be a Lorentz invariant. In this
work, we will see that when quantum corrections are
taken into consideration, the classical definition of the
polarization ratio is no longer Lorentz invariant. This is
related to the fact that in quantum kinetic theory,
Lorentz transformations acquire nontrivial modifications
when quantum effects are taken into account [14]. The
unusual transformation properties have meaningful physi-
cal implications, for instance the so-called side jump
effect [15,16]. Hence, we propose how to generalize the
definition of the Stokes parameters, so as to preserve the
Lorentz invariance of the polarization ratios when small
quantum effects are taken into account. As we will
discuss, the modification is relevant when the frame of
reference of observation is not at rest with the thermal
ensemble where the photon radiation is produced. For
instance, this could be realized in many astrophysical
and cosmological settings, where those conditions are
usually met.

This manuscript is organized as follows, in Sec. II we
develop the OSEFT associated to highly energetic photons.
In Sec. I A we derive the OSEFT vacuum propagator
and the dispersion relation, also, in Sec. II B we construct
an effective gauge field for almost on-shell photons and in
Sec. II C we discuss how the gauge symmetry is realized
in the OSEFT. Then, in Sec. IID we introduce a polari-
zation basis in the effective field theory, while Sec. II E is
devoted to the study of the RI of the theory. In Sec. IIF
we explain the relation between the full theory and OSEFT
variables. Then we employ the OSEFT in Sec. III to
develop a quantum kinetic theory for hard photons.
Using those results, in Sec. III A we construct the photon
Wigner function while in Sec. III B a derivation of the
side jump effect for photons from first principles is
presented. In addition, in Sec. IV we discuss the Lorentz
transformation properties of the Stokes parameters when
small quantum effects are taken into account, from a
quantum kinetic theory perspective. We present our con-
clusions in Sec. V. Finally, we elaborate in Appendix A a
simplified operator notation used throughout the paper and
explain some operator identities used in this work. In
Appendix B we give general RI transformations for the
effective photons fields which are too lengthy to include in
the main text.

We use natural units ¢ = 7 = kz = 1, metric conven-
tions diag(¢®¥) = (1,—1,—1,—1) and the normalization
€"123 =1 for the Levi-Civita tensor. Sometimes we will
use the shortened notations A¥BY) = A¥BY + AYB* and
ArBY = AFBY — AYB*. We employ boldface letters for
three-dimensional vectors e.g. A¥ = (A%, A7) = (A%, A).

II. ON-SHELL EFFECTIVE FIELD THEORY
FOR PHOTONS

In this section we develop the OSEFT associated to hard
or energetic photons. It fully corresponds to an effective
field theory treatment of the so-called eikonal or optical
limit. The eikonal approximation is considered as a sort of
semiclassical approach, valid when the wavelength of the
photon is much shorter than any other length scale in
the problem. The OSEFT allows us to study corrections to
the pure classical term as a series of operators of increasing
dimension over powers of the photon energy, which is the
inverse of the photon wavelength. These will represent
quantum corrections to the semiclassical picture, an explicit
example of which will be presented in the manuscript.

Our starting point is the Lagrangian describing the
propagation of free electromagnetic fields,'

1
L= Fu . (1)

Here, F"(x) = 0"A¥(x) — 0“A#(x) is the electromagnetic
field strength tensor, and A#(x) is the vector gauge field
potential. The momentum of an almost on-shell photon in
the frame characterized by the timelike vector u* (satisfying
u?> = 1), can be decomposed into on-shell and residual
parts as follows:

q" = p" + kK = Ev* + k*, (2)

being E = p - u the energy of the photon in that frame, v* a
lightlike vector (v?> = 0) and k* the so-called residual
momentum. The above decomposition assumes k* <K Ev¥,
so that one can identify the photon energy E as the hard
scale. We define another lightlike vector & (&> = 0)
satisfying v - ¥ = 2, such that

oH 4
H = . 3
w =22 ()

Moreover, it will be useful to introduce an additional
spacelike vector,

— 4)

which satisfies n? = —1. Then, the momentum splitting of
Eq. (2) is performed at the Lagrangian level,

1
Lr= =5 (AL =ML 5)

Tt is possible to generalize this procedure for electromagnetic
field propagation in a medium characterized by a refractive index,
as long as the space of variation of the index is much larger than
the photon wavelength. We will leave this case for future studies.
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and we factor out the hard momenta of the vector gauge
field potential as

A(x) = e (x) + B (x). (6)

The above decomposition then assumes that the field & (x)
only has a dependence on the residual momenta. In terms of
this field we can rewrite the Lagrangian of Eq. (5) as

1 .
Lg,= Ef’”(gﬂuﬂ - 0,0, —2iEg,,(v-0) + Ezvﬂvy
+iE(v,0, +9,v,))&" +H.c., (7)

where the oscillating terms ~e*?£"* have been dropped,
also, we use [ = 6”0” and H.c. stands for Hermitian
conjugate. However, we can as well construct an artificial
covariant derivative by introducing

Dt =o' — iEvH, (8)

and rewrite the Lagrangian in the compact form,
1
Lr, =58 (9uD* = DD)E +He  (9)

with D? = D*D, = [0 — 2iE(v - 9). The &(x) field con-
tains both physical and nonphysical components. At the
classical level, this last can be eliminated for instance by
imposing gauge fixing conditions. Below we will show that,
under the above assumptions, the nonphysical components
can be eliminated from the Lagrangian using effective field
theory techniques, with no need of gauge-fixing.

Let us start by introducing the transverse projector to v*
and o#,

1

PP =gv - E(v"ﬁ” + oY), (10)
which obeys

PPy, = P, P: =2 (11)
Note that in the rest frame, where u* = (1,0), one has
v = (1,v), ## = (1,-v) and n* = (0,—v), so that the
transverse projector only has spatial components in that
frame and is perpendicular to w. Using the transverse

projector, we can split the & (x) field into different
components,

&(x) =& (x) + v*p(x) + n*A(x), (12)

where each component is clearly identified

EL(x)=PLE(x). dx)=(u-E)(x). Ax)=(v-&)(x).

The &| (x) field describes transverse degrees of freedom to v#
and 7*, while the remaining longitudinal and scalar degrees
of freedom are both described by the A(x) and ¢(x) fields.
There is a certain freedom in the decomposition of the
nontransverse part of Eq. (12). We have chosen the one that
singles out the component that is still transverse to the frame
vector u#, that is A(x) (since u - n = 0). The suitability of this
choice will be explained throughout the paper. In terms of
these components, the Lagrangian can be written as

1 +
Lry =5 {0 (9uD - 0,008 - ¢ (v- 079

—H(D*+ (n-D)*)A—&0,(v-9)op

= ¢7(v: 009, = £0,(n- D)2 =4 (n- D)1

+¢"(D* = (v-9)(n-D))A

L AN(D? - (v-a)(n~D))gb} +He. (14)
Above, one can see that the operators accounting for the
propagation of the various components do not have the same
power counting in energy E, for instance D*> ~ E and
(n-D)? ~ E%. Hence, we identify the A(x) field as the degree

of freedom that can be integrated out using its classical
equation of motion,

1
D% (n D) [(n-D)d,&| (x)

= (D* = (v-0)(n-D)g(x)]. (15)

The resulting Lagrangian may be written as

1 g
Lg,= 3 {5’1 <9WD2 — 0,0, m) &

Alx) =

D*(u - D) D*(u - D)

gty T\ i T\

glia”Dz—l—(n-D)zqﬁ ¢Dz—l—(n-D)za”é'mi
% D?

+¢Tm¢} +He, (16)

where we defined &, = P/"9,. In the above Lagrangian and
for the rest of the paper, we will use a compact operator
notation that we elaborate in Appendix A. Subsequently, the
above operators are expanded and organized in inverse
powers of the hard scale (1/E)", yielding an infinite series

of Lagrangians Lgfz), each of them encompassing operators

that increase in dimension with the power of n. Specifically,
using the expansions,

D?  2i(v-9) 1
D'+ (n-D? E +0<Ez>, (17a)
D*(u-D) i ) ]
m_Z(U'OHE@‘(”‘@))+O(E>,
(17b)
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we can write down the first 3 orders,

£y = —E& g, (iv- 0)& + He., (18a)
I

L =58 9,08 ~€10,(v-0)p " (v-0)9,&] + He.

(18b)

i 1
£ = (-0 (000,80 30, = (020

S5O (0-0P)0,EL + PR (-0 ) + e
(18¢)

Beyond the leading order, scalar and longitudinal degrees of
freedom endure, indicated by the presence of terms with the
¢(x) field. However, we can eliminate those terms through
the application of local field redefinitions. Indeed, the
following transformation:

£ 0) = ) = £ )~ D) -

0+7-0)d,
)

(19)

completely eliminates all terms with the ¢(x) field from
Egs. (18b) and (18c). We have demonstrated here a specific
case of a much broader scenario. In general, to eliminate the
¢(x) field from the nth order Lagrangian, one needs to apply
the following field redefinition:

al
u-D

E(x) > 7i(x) =& (x) ——=px). (20
with the operators expanded up to (n + 1)th order in inverse
powers of E. In this way, the ¢(x) field can be eliminated at
all orders in the energy expansion and the final Lagrangian
can be written in terms of the locally redefined field only as

1 yod )
E,Ey 251}1 (gﬂﬂ?z—aﬂaum) TL +HC (21)

The final OSEFT Lagrangian only contains the vector degree
of freedom 7| (x), corresponding to transverse, almost on-
shell photons. Note however, that we did not impose any
particular gauge to derive it, in fact, we demonstrate in Sec. II
C that it enjoys a gauge symmetry. Notably, the equivalence
principle [2,17,18] guarantees that the on-shell quantities
after the local field redefinition of Eq. (20) remain unaffected.
Expanding now to the lowest orders we have

L) = —Edg,(iv-0)¢ +He,  (22a)

1
LY = —¢#7g, 00 +He.,

5 (22b)

1
(1 . Y
i) = 57 0,(iv-0)a,74 + He. (22¢)

1
(2
)

= 5 00— 4(u-0)(v-0))9,74 + He,

(22d)

The leading order Lagrangian describes the so-called
eikonal limit, while the higher order Lagrangians capture
the corrections to this limit. Let us discuss how the above
Lagrangian should be interpreted, as in an effective field
theory, one has to solve the theory order by order. For
example, naively, the equation of motion as derived from
Egs. (22a)—(22d) reads

(—gﬂy(ZEiv-a—D) —aﬂ<

x 7 (x) =0.

2i2- o O —4(226)(@ : a))ay)

(23)

However, one can always use the equation of motion at a
given order in 1/E as a constraint for the operators
appearing at the next order. For instance, the equation of
motion at leading order i(v - d)7] (x) = 0 can be used to
simplify the operator (17| (x) = 0% 7| (x) + O(1/E) appear-
ing at the next order. Performing this process at a fixed
order in 1/E, one can always show without much difficulty
that all structures proportional to 0#¢” vanish, so that the
equation of motion only contains the tensor structure g*
and can be formally written as

—(2Eiv-0—0)7 (x) =0, (24)

or as D>7'| (x) = 0, by employing the operator in Eq. (8).

A. Vacuum propagator and dispersion relation
The OSEFT Green function in vacuum, that we define as

G (x,y) = (0]T#{ (x)7% (v)|0), where 7 denotes time-
ordering, obeys

DG (x.y) = P5(x - y). (25)

as can be deduced from Eq. (24). The above equation can
be easily inverted in (residual) momentum space, yielding
to

v
— _PL

(k) = :
gL (k) 2E(v- k) + k> +i0"

(26)

The dispersion equation is 2E(v - k) + k* = 0, which has
to be solved order by order in the energy expansion (see for
instance Refs. [4-6]). Doing so up to order 1/FE, one gets

R

2E(v-k)+ k2 —
(v-k)+ kL 3F

0. (27)
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so that in the rest frame, using the notation k* = (k. k) for
the residual momentum, the denominator of the propagator
can be written as 2E (kg — f(k)) 4+ i0" where f(k) is the
dispersion relation of the OSEFT, given by

k2 (v~k)k2 1
fk)=v -k+-—~—~—2-=+ — 28
) = vkt o) +o(E3>, (28)
where we used the fact that in the rest frame one has
ki =—k3 and 7-k~2(v-k).

B. Effective gauge field for almost on-shell photons

It is interesting to relate our starting effective field & (x)
with the locally redefined field of the OSEFT Lagrangian
7 (x). In order to do so, we first insert the equation of
motion of the A(x) field into Eq. (12), in addition, by
writing o, = 0* — v*(u-9d) — n*(v - 0) in the field redefi-
nition of Eq. (20) and using the operator identity of
Eq. (A2), we find that an effective gauge field for almost
on-shell photons is

_— n-D ) D+
) = (s = w0, gt )0 )

(29)

Actually, it is relatively easy to derive again the OSEFT
Lagrangian in very few steps, by directly plugging the
above relation into Eq. (9) and noting that all terms with the
¢(x) field vanish due to (g,,D* —D,D,)D* = 0.

The above expression is quite useful in computations, for
instance, in Sec. III we will use it to construct the photon
Wigner function in a semiclassical approximation; further-
more, it will help to understand the physical picture
underlying the OSEFT. This last question will be elabo-
rated throughout the manuscript, in particular in the next
section, where we discuss how the gauge symmetry is
realized in the effective field theory.

C. OSEFT gauge transformations

In effective field theories, where there is a well defined
hierarchy of scales, it is common to separate the gauge
transformations for each sector of the theory according to
their scale, respecting such a separation. One particular
example of this fact occurs in SCET, where one talks on a
gauge symmetry associated to the hard (or collinear) gluon
fields, and another one associated to the soft gluon fields
[3]. An additional multipole expansion of the different
fields might be needed to respect the energy separation
[19]. An analogous situation is expected in the OSEFT for
photons. In this work, we only consider the hard sector of
the theory, ignoring the soft gauge fields, as they do not
interact. Further, we are not considering the interaction with
matter particles neither. All of them could be incorporated,
following the same SCET techniques. Here we will discuss

the gauge symmetry associated to hard photons. The
Lagrangian of Eq. (5) enjoys the gauge symmetry,

Al(x) = AL(x) + 00, (x). (30)

for an arbitrary function 6,(x) that respects the energy
scaling of the gauge field. Hence, the OSEFT Lagrangian
of Eq. (21) should also posses a gauge symmetry. By
writing 6, (x) = e~ £"*5(x) + H.c., we can deduce how the
different components of the photon field transform under a
gauge transformation. Explicitly, one then finds that the
OSEFT vector gauge field transforms as

&'(x) = & (x) + D'n(x). (31)
and thus,
&1 (x) = &L(x) + din(x), (32a)
$(x) = ¢(x) + (u- D)n(x). (32b)
Ax) = Ax) + (v-9)n(x). (32¢)

Then, we can show that the final OSEFT Lagrangian is
gauge invariant. To prove it, we note that the locally
redefined field is itself invariant under the above set of
gauge transformations. Indeed,

7 (x) = & (x) + o (x) - ué’iD [#(x) + (u- D)n(x)]

= 7 (x). (33)

Let us conclude this section with the following obser-
vation. Taking the four divergence in Eq. (6) and resorting
to Eq. (29) one can show that

D2

9,4 —
! (u-D)

¢(x)e E* + H.c. (34)

Thus, if we had not carried out the local field redefinition
and rather we would have fixed the gauge as ¢(x) =0 in
the initial Lagrangian, that would imply that the gauge field
obeys u,A,, = 0 and d,A’; = 0. In conclusion, the resulting
framework in the OSEFT if we impose that ¢(x) =0 is
equivalent to the Coulomb gauge. However, let us stress
that in this work we perform a local field redefinition to
eliminate the nonphysical ¢(x) component of the gauge
field from the Lagrangian, which allows us to work without
choosing any particular gauge.

D. Polarization vectors

The field 7| (x) is transverse to v* and . Thus, in the
rest frame, it only has spatial components and is transverse
to v. It is suggesting then to introduce polarization vectors
in the effective field theory.

Let us define a linear polarization basis, as {e/} with
i = {1,2}, satisfying (¢/)* = ¢!, also
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vee;=10-¢; =0, e;-ej=g;=—0;. (35)
so that they are unitary and spacelike. We shall, however,
work with circular polarization vectors, that we introduce
as {e}} with h = {+, —}, obeying the properties,

veen= e =0 ejrew——bu. (36

Their relation with the linear polarization vectors is

1 .
h= 7 (e} + ihey). (37)

so that (¢})* = ¢”,. Note that both the linear and circular
polarization vectors are also transverse to »* and n*. We can
relate the polarization vectors with the transverse projector
and spin tensor (introduced below) as

1
Pl =gv - 3 (V¥ + HY) = —el'el —eter,  (38a)
S = iePyauy = et —eter. (38b)
The spin tensor obeys S2 = —2, but it is not a good
projector, since S’fSLM, = —P’Lp. Thus, it is useful to

introduce the right (h = +) and left (2 = —) projectors,

P = (P hSt) = —efer.  (39)

N =

satisfying the properties,

PP
Pp

]9
—P

Fouv —

Plzltypi,ﬂp =0, Foup — EpS (40)
Now, the field 7| (x) can be decomposed in the circular

polarization basis as

L (x) =) _ehm(). (41)
h=+
Hence, the components 7;,(x) = —(ej, - 7, )(x) correspond

to right (h=+) and left (h=—) handed circularly
polarized photons respectively.

E. Reparametrization invariance

In general, an effective field theory should remain
invariant under infinitesimal transformations of the param-
eters used to describe the theory. The invariance under these
types of transformations is called reparametrization invari-
ance (RI), and it was first discussed in the context of heavy
quark effective field theory (HQEFT) [20], and later on
generalized for massless degrees of freedom in the context
of soft collinear effective field theory (SCFT) [21].

RI is the symmetry associated with the ambiguity of the
decomposition of the full momentum ¢* in Eq. (2). A small
shift in the velocity +# could be reabsorbed in the definition
of the residual momentum k*, while the physics should
remain unchanged. On the other hand, the explicit choices
of the vectors v and #* seem to imply an apparent breaking
of the Lorentz symmetry. Checking the RI of the theory
ultimately confirms that Lorentz symmetry is respected in
the effective field theory.

RI has been extensively studied also in the OSEFT for
fermions in [7,9]. We will discuss how to generalize these
concepts for the photon fields here. The main idea is that
the field A%(x) should not change under infinitesimal
transformations of the parameters used to construct the
effective field theory. Then, under a RI transformation one
should have

Al ()5 (x) = Al (x), (42)

where we introduced the label A = {I, II, I} for the three
types of RI transformations [21]. Thus, the OSEFT
Lagrangian should enjoy the following symmetries:

1},“ N v,“ + A” 1}” —_ vﬂ
I: t, (ID): .
- - 4 A

(1) { v = (14 a)v*

= (1—a)i*’ (43)

where {A'], &’i, a} are five infinitesimal parameters, sat-
isfying

AJ_'U:AJ_‘EZAJ_'U:AJ_'Y‘;:O. (44)

In Tables I and II we show the transformation rules for the
projected fields and other relevant quantities of the effective

TABLE L. Transformation rules for the projected fields & (x), A(x) and ¢(x). We dropped the space time
arguments to enlighten the notation.

Type (I) Type (D) Type (I1I)
& g AN p+IAA-Jv(AL-§) g - (AL &) -1A2 &
¢ ¢+3(8.-9) ¢+3(8.-9) (=) +ad
A A+A) € A (1+a)k
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TABLE IL.

Transformation rules for the operators of the effective field theory and the OSEFT polarization vectors.

The transformation rules for the negative energy sector of the theory can be easily recovered after replacing £ — —E

and h - —h

Type (D) Type (D) Type (IIT)
E E E (1-a)E
o & + iEAY o o
o o =3 (AL -0)i* =5 (7-D)A] o —3(AL -0 =5 (v-9)AY o
DH D D DH
u-D u-D+3(A;-0) u-D+L(A,-0) u-D—a(n-D)
n-D n-D-1(A-0) n-D+1(A,-9) n-D—au-D)
el o —(AL-9)(5-D) R~ (AL-0)(v-0) el
e ep—5 (e AL e —3(ep- Aok €h

field theory respectively. Polarization vectors also change
under RI transformations, as can be seen in the last row of
Table II, so that they preserve their transversality to o*
and ¥*.

After integrating out, the transformations in Table I with
the presence of the A(x) field have to be modified. We derive
and discuss the general expressions for those transforma-
tions, i.e. valid at any order in 1/E, in Appendix B.
Remarkably, it can also be shown that the OSEFT
Lagrangian, obtained after the local field redefinition to
eliminate the ¢(x) field, is RI invariant. In order to prove it,
one just needs to know how the field 7| (x), introduced in
Eq. (20), changes under each type of transformation. We also
give the general form of these last transformations in
Appendix B.

Hence, using Eqs. (B8)—(B10), it is possible to check that

5(I)£E,1; = 5(H)‘CE.L‘ = 5(IH)£E.1} =0, (45)

or in other words, the OSEFT Lagrangian is RI invariant. It
is worth mentioning that all nontransverse structures in
these last transformations are not necessary to proof the RI
invariance of the Lagrangian, as those pieces always vanish
when contracted with transverse tensors. However, they
would be necessary to derive the transformation rules for
other quantities, such as currents. The general transforma-
tions for 7| (x) are quite simple when expanded in powers
of 1/E. Precisely, keeping terms up to first order in the
energy expansion we find

(I -al,t .A# ,.4”
T —7] —;—L(AL "Ty) —lz—g(a'ﬂ) _%(AL "TL).
(46a)
( i, - i, v
7 —7) _%(AL 7)) +2—EL(0‘H) _T(AJ_’TL)»
(46b)
o 10 (46¢)

Employing the expressions above, we derive in Sec. III the
transformation rules for the distribution function for pho-
tons at 1/E accuracy, in particular using type (II) trans-
formations one can derive the so-called side jump effect.

F. Going backward to the full theory variables

When constructing the OSEFT, we decomposed the
photon momentum ¢* as in Eq. (2), introducing the
effective field theory variables E, v* and k*. Any quantity
computed from the OSEFT depends on these variables.
However, it is desirable to be able to reexpress the results in
terms of the full theory momentum g*.

This is a well established process which has been
extensively discussed in the literature of the OSEFT, see
e.g. Refs. [5-9], so we just recall here the relevant
expressions needed for this work. First, we will need the
expression of the on-shell velocity v/ in the effective field
theory, which reads

H 5. 2 u
%:w+ﬁ—ﬁiﬁ~h"+oC>.(M)

E 2F? 2F? E?

It follows that & = 2u* — v/, while the frame vector u*
does not change when moving back to the full theory. Also,
it is useful to define a spacelike vector in the full theory,

such that
nZ:ﬁg_vgznﬂ_ﬁ M kinzﬂ_’_oi% .
2 E 2F 2F E-

(48)

Let us introduce the polarization vectors of the full theory in
the circular basis as {e} , } with the suffix (¢) indicating that
they are functions of momentum and 4 = {+, —}. We can
relate them with the OSEFT polarization vectors { ¢, } using
the following trick. By requiring that at each order in 1/E,

U-egp =10y €y ="0,-¢e,, =0,

q Can Cqn = —Spps

(49)
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holds, it is not difficult to realize that

ep ki (e k) ~
Cap == "M+ B2 (K + (9 k)n*)

+ o(é) (50)

Then, we can introduce the transverse projector and spin
tensor of the full theory as

P, = =S+ ) — et — et
(51a)
ievlg u
S, *u—qqﬁ =efel  —egel_, (51b)

respectively. In the definitions above, ¢ = (E,.q) is the
on-shell momentum (with E, = u - ¢), also vy = (1,¢/E,)
and ¥ = (1,—q/ E,). They can also be expressed in terms
of the OSEFT variables, either by using Eqs. (47) or (50).
For instance, we can write

UU  __ ply
PJ_,q_PJ_ E 22

1 1
+ 7 (K kY + K3 n#n®) + O(E) (52a)
(P |
S, = S+ nbs Tk, — S sz‘S] ky
- (2E2) sk, + O<E> (52b)

III. QUANTUM KINETIC THEORY FOR PHOTONS
FROM THE OSEFT

In the previous section we derived the OSEFT associated
to an energetic photon field. Here we will consider a many
body system, such as a plasma, characterized by a temper-
ature 7. Then, one should consider that there are many
electromagnetic fields with energy scales of the order or
much larger than 7', which then admit an OSEFT descrip-
tion. The electromagnetic fields with typical energy scales
lower than T can be then treated as classical gauge fields.
This can be justified by the fact that the Bose-Einstein
distribution function is well approximated by a classical
field distribution function at low energies.

In this section we derive photon quantum Kinetic
equations from the effective field theory developed in
Sec. II, that is, we assume that we are describing the high
energetic photons in the system. To this aim, apart from the
OSEFT for photons we employ the Schwinger-Keldysh
formalism of thermal field theory [22-24]; see also

Refs. [25,26] for recent reviews on the subject. We will
consider a collisionless medium, that it, we will ignore the
interactions of photons with the electrons/positrons in the
plasma, which occur at a typical length scale ~1/e*T [27]
[up to In(e)]. Thus, the kinetic equations derived in this
manuscript are valid for distances shorter than the A scale,
and timescales associated to the inverse of that length. We
will also neglect the effect of any other background field.

Let us emphasize that in the OSEFT, we have per-
formed a local field redefinition to eliminate the nonphysi-
cal component of the photon field from the Lagrangian
[c.f. Eq. (20)]. Notably, as the equivalence theorem was
extended to finite density and then to general thermody-
namic observables in Ref. [28], doing a similar reasoning as
in Sec. II allows us to work with the locally redefined field
with no need to worry about affecting any on-shell quantity.

The main object in the Schwinger-Keldysh formalism is
the Green function, which is expressed as a matrix in the
complex time path contour. Similarly, in the OSEFT, one
can define for positive energy photons,

e =(Gini i)

<< AW @0 ) ) 5
W) (T 0 0)

where 7 - and ’fc denote time and antitime ordering along
the complex time contour respectively, while (...) denotes
thermal average over an ensemble of states. Analogous
definitions can be done for the negative energy sector of the
theory. Indeed, we can also define

& () = (Gi"%x,y) Gi”%x,y))
. G 1™ (x.)

Our interest is in the lesser (or greater) components of
the Green functions, as these are related with the photon
phase-space distribution function after a Wigner transform.
From their definition, it follows that the lesser and greater
components of each sector of the theory are related by

Gr*(xy) = G (3. ). (55)

and satisfy the hermiticity property,
(GT"(x.y))* =Gi"(v.x).  (56)
Let us focus on the positive energy sector of the theory. We

define the OSEFT Wigner function for positive energy
photons as

= 1" ()
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g (X, k) = /d“se"k“gj_’”"(x,y), (57)

where X* = (x* 4+ y#)/2 and s# = x* — y* are the central
and relative coordinate respectively, while k* is the residual
momentum. We can build kinetic equations to the desired
order in 1/E by adding and subtracting the Wigner trans-
formed equations of motion. Precisely, taking into account
Eq. (25), we can define

(1 = =3 [ sl (D2 £ DG (ry) =0

Performing the Wigner transform, the dispersion (1
and transport (/_)** = 0 equations give

=0

<2E(1} )+ K- %2) G(X. k) =0, (58a)

(Eiv-0+ ik-0)G7" (X, k) =0, (58b)
respectively. Above and for the rest of the paper, we will use
the shortened notation ¢* = dy when all derivatives in the
expressions are respect to the center coordinate. The kinetic
equations can also be written in the following form, obtained
after solving the theory order by order in 1/E (see the
remarks in Sec. II),

<2E(v k) + k2 —%—( 'k)kzhr(ﬁ'k)aZL

2E 8E

n %) GT* (X, k) =0, (592)
(Ew 10+ (k- 0) = ikzi(é . “ﬂfﬁaﬁ

_ W) G (X, k) = 0. (59b)

In addition, one should complement the kinetic equations
with the following constraints which, by construction, are
obeyed at any order in 1/E:

vﬂgj =7 g<””—1) g =9,G7"=0. (60)
Analogous kinetic equations and constraints can be derived
for the negative energy sector, just by replacing £ — —E
and G — G. The above constraints suggest that the OSEFT

Wigner function can be decomposed into the polarization
basis introduced in Sec. II C as

Z et G (X, k). (61)

hW =

G (X.K) =

In the remaining part of the paper we will assume that there is
no polarization mixing in the photon ensemble and thus write

G (X k) =) eher G (X k). (62)

h==+

The polarization space components are defined as the Wigner
transform of the corresponding Green function as

g<‘h(X, k) — /d4seik'sg<'h(x, y)7 (63)

where G"(x,y) = (¢} (y)7,(x)). After the Wigner trans-
form, their general structure is

G (X, k) = 275(K,) (X, K), (64)

where we denote with (X, k) the off-shell distribution
function for right/left circular polarized photons of positive
energy, while K, is the function that governs the dispersion
relation, given by the expression inside the parenthesis in
Eq. (58a). Again, similar definitions can be done for the

negative energy sector, e.g. G="(X, k) = 2z28(K,)f" (X, k).

A. Wigner function for photons

Transport equations associated to the photon Wigner
function were studied in the literature long ago; see for
example [29]. The photon Wigner function can be deter-
mined in several ways, for instance by using the Fourier
decomposition of the vector field gauge potential or by
directly solving the quantum kinetic equations [27,30,31].
Here we present yet an alternative derivation using the
OSEFT developed in Sec. II.

The lesser component of the Wigner function for photons
is defined as

G<m(X.q) = / et (A (A (). (65)

Then, plugging the ansatz for the photon field of Eq. (6)
onto the above equation and using the momentum decom-
position g* = £Ev* + k* for the positive/negative energy
sector of the theory respectively, one can write

G<m(X, q) = / st (B () () + ()8 (1)),
(66)

where we used that

(& () (x)) = (&1 (»)&" () = 0, (67)
which is equivalent to impose causality preserving com-
mutation relations between creation and annihilation oper-
ators. Then, for free photons we can directly use Eq. (29) to
write the Wigner function as follows:
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G (X.q) = [ diseho{(08).(05),07 ()
+(00):(05), 617 (x. )}, (68)

where GT%(x,y) and GT%(x,y) are the OSEFT Green
functions for positive and negative energies introduced in
Eqgs. (53) and (54) respectively, and we used the shortened
notation,

n-D

Ollf: v = ﬂayi-
gh=n D>+ (n-D)?

(69)

Note that in Eq. (68), we assumed that

(B )7L () = (T () = (p"()p(x)) =0,  (70)

which can be justified by noting that in the Lagrangian of
Eq. (21) there are no terms that couple those fields. Then,
using the expansion O} & ¢ — £ n*d, and decomposing the
OSEFT Wigner functions onto the circular polarization
basis, we reach to

, i
G(X.q) =) / d“se"“{ (e’;etf + g (ehn (e} - 0y) = nejt (e - am) G (x.y)
h=+

+ (et - pleitntten-0,) = weie00) ) G5 . ()

By writing o = 10k + o and o =10y —

integrating by parts. The result may be written as

ds above, we can easily perform the Wigner transform, as dy — —ik* after

G="(X,q) = Y (I (K)G"(X. k) + I () G" (X. k). (72)

h=+

where we defined the tensor,

1
T (k) = efeit = (e (e - k) + e (e

) 5 (W) 0) = (e ). (73)

while I:[’;l”(k) can be obtained after replacing E — —F and 1 — —h in the above expression. Note that in the above tensor we
are reproducing the expansion of the full theory polarization vectors of Eq. (50). The tensor IT,” (k) can also be written in

terms of the transverse projector and the spin tensor,

1

Lo
I (k) = -5 (P’i” + hSY — Enwkj +

after resorting to Eq. (39). Above, it can be easily seen that
we are reproducing the expansions of the full theory
transverse projector and spin tensor of Egs. (52a) and
(52b) up to first order in 1/E; additionally, we produce
quantum corrections to the Wigner function.

Now we would like to reexpress the Wigner function in
terms of the full theory variables. At this expansion order
we can associate

G=M(X. k) =2r6(K),) f" (X, k) — 425(q*)0(u - q)f" (X, q).

(75a)

G=M(X, k) = 228(K,) f" (X, k) = —4x8(¢*)0(—u - q)
x (X, q), (75b)

h via j L
En["SJ k(,—LEn[”dl]—i-

ih

5 F n<ﬂs”j”aa> : (74)

[
where (X, q) is the off-shell distribution for right-/left-
handed circularly polarized photons of the full theory.
If, for instance, one considers that the photon ensemble
is at thermal equilibrium and that there is no CP violating
effect, so that one can assume f*(X,q)=f"(X,q) =
feq(q0), the distribution function takes the form fq(qo) =
(e9/T —1)~! in the rest frame of the medium, being 7 the
equilibrium temperature. In that scenario, one has

if gy = |4|
if go = —|q

np(q),

{1+ gl (79

feq(q0) = {

where ng(q) = (¢l4/T —1)~! is the Bose-Einstein distri-
bution function. The tensors IT{"(k) and IT)"(k) both
translate to IT,"(¢), which may be written either in terms
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of the polarization vectors or the transverse projector and
spin tensor as (see Sec. I F)

i
T (q) = € et + 5 (eyuny(€n0) = e (eqn0),
q
(77a)
1 i
1) = =3 (P, + 5t =gkl
th  (uga
+ Eﬂq SL’qaa s (77b)
q

where we recall that ny = u* — vy, being v} = ¢*/E, the
photon on-shell velocity. Then, after moving back to the
full theory variables, one can write the Wigner function for
photons at 1/E, accuracy as

G<*(X,q) = 4”2Hg”(q)5(q2)sgn(u -q)f"(X.q), (78)

with sgn(x) denoting the sign function. The kinetic
equations obeyed by the photon Wigner function can be
deduced from Egs. (58a) and (58b). In terms of the full
theory variables they read

¢*G=*(X,q) =0, (79a)

(q-0)G="(X.q) = 0. (79b)
In Eq. (79a) we dropped a piece proportional to ~d* to be
consistent with the gradient expansion assumed here.
Although the 1/F and gradient expansions are fundamen-
tally different approximations, at the order we work and in
the absence of background fields both approximations
agree. We note that at this expansion order the following
constraints are satisfied:

L \ew L N\ow
(30, -ia @) = (3o, +ia ) @) =0, (s0)
and also,

w1 (q) = u, I (q) = 0, (81)

so that the Wigner function obeys the Coulomb gauge-
fixing conditions. We note that the Wigner function of
Eq. (78) coincides exactly with that encountered in
Refs. [27,30,31]. However, let us remark that we did not
impose any gauge fixing condition to achieve this result,
which means that the Wigner function associated to the
high-energy modes, when computed in a semiclassical
approach, is a gauge invariant quantity, provided that the
gauge transformations are respectful with the separation of
energy scales.

B. Side jumps from reparametrization invariance

In a semiclassical approach to describe massless chiral
fermions the Lorentz transformations need to be modified
in the presence of small quantum effects in order to
preserve the frame independence of the theory [14]. This
is related to the fact that the total angular momentum of a
relativistic spinning particle is ambiguous, because the
definition of the spin part is nonunique. The issue is
resolved by imposing the condition u,S'" = ¢, =0,
so that the spin tensor is uniquely fixed in the inertial frame,
and is given then by Eq. (51). Consequently, when moving
from frame u* to u* the particle position also changes, so
that the total angular momentum is conserved. The shift on
the particle position when changing between inertial frames
is the so-called side jump effect [14,15]. In the context of
chiral kinetic theory, describing a system of massless
fermions, this effect is manifested by the fact that the
fermion distribution function is no longer a Lorentz scalar.

In chiral kinetic theory, the side jump effect can naturally
be derived from OSEFT, and it is linked with the repar-
ametrization invariance of the theory. This was checked for
massless fermions in [7,8]. As we will see, the same applies
to photons. Note that while it has been widely accepted that
this side jump effect would affect also other massless
spinning particles [32], and not only fermions, we are
however unaware of any explicit proof of this side jump
effect from quantum field theory.

In order to derive the side jump effect, we first need to
know the RI transformations of the polarization space
components of the Wigner function. Those can be derived
from

GH(X.K) = ¢ ,en, / dse () (), (82)

by employing the transformation rules of Egs. (46a)—(46c).
Under a type (II) transformation one finds

i . -
6(”)g<*h (X, k) = Ee};#eh,b / d*se’s ((ax +0,)F AT

— (0, +0,)")G<" (x.)

ih -
= S ALAG(XK). (83)

The contribution from the negative energy sector,
6(H>§<’h(X, k), is the same as above, as can be seen by
replacing E — —F and h — —h. After adding the positive
and negative energy sector contribution, we can deduce the

transformation rule for the photon distribution function
under a type (II) transformation, which reads

i

h 0
"X, q)—f (X,Q)+2Eq

SliquANL,vayfh (Xa q) ’ (84)
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after moving back to the full theory variables, which is the
expected side jump effect. Note that Eq. (84) gives the
infinitesimal change of the distribution function, where one
has to take into account that A /2 = u* — u*.

Doing a similar reasoning as above, one can show that at
1/E, accuracy S, and (X, q) are both invariant under a
type (I) and a type (IIT) RI transformation, so that there is no
side jump effect in those cases.

IV. STOKES PARAMETERS WITH QUANTUM
CORRECTIONS

By projecting the Wigner function of Eq. (78) onto the
circular polarization basis, we can build a naive photon
current associated to every helicity state. Precisely, in the
absence of polarization mixing in the photon ensemble, we
can define

(X)) = / (6217;)14q”Gh(X,q), h=+, (85)

where we dropped the lesser symbol (<) from the Wigner
function to enlighten the notation. Also, we introduced

G"(X.q) = 4n6(q*)sgn(u - q)f"(X.q).  (86)

The polarization space components of the Wigner function
(or the zeroth component of the photon current), can be
directly related to the Stokes parameters [11,33]. Then,
with this setting, the naive Stokes parameters matrix can be
defined as

:<,-g<x>_,-g(>() 0 ) &7)
0 X+ )

where jb = (j§ +j5)/2 and j§ = —(j§ = j3)/2 give the
values of the intensity and degree of polarization of
the photon ensemble, respectively. It is well-known that
the Stokes parameters are not Lorentz invariant, but the
percentage of circulation polarization, obtained as the ratio of
the degree of circular polarization over the intensity; i.e.
Jjo/Jjb, is usually regarded in the literature as a Lorentz
invariant [12,13].

However, in a semiclassical approach to photon propa-
gation based on quantum kinetic theory, as soon as
quantum corrections are considered, and due to the side
jump effect discussed in Sec. III B this is no longer the case.
Modification of the definition of the Stokes parameters is
then needed in order to restore the Lorentz invariance of the
polarization ratios.

The above issue is related to the fact that the naive
current of Eq. (88) does not transform as a Lorentz vector

when quantum corrections are taken into account, because
the photon distribution function is no longer a Lorentz
scalar. A solution was found in Ref. [14], by including a
magnetization contribution to the naive helicity current one
can restore its frame independence in the collisionless limit.
Indeed, one can define a frame independent photon current
in the collisionless limit as

JhH(X) = /%(gﬂ — ihS’i’fqa”)Gh(X, q). (83)

From the above current, we can define new Stokes para-
meters as J§ = (J§ +J;5)/2 and J§ = —(J§ — Ja)/2 S0
that the Lorentz invariance of the polanzatlon ratio J§ /J} is
restored. Hence, we can write the intensity and the degree
of polarization of the photon ensemble as

JolX) = /(

( ;’ ViV(X, q)) (89)

27)] 26(q”)sgn(u - q)

wm=/dqm>mwm

(27)*

< (ar00) + 22297 x0)). - 90)

respectively, where the we have defined

Flx.q) =1 X-4) ;Lf‘(X,q)’

"X, q) - f(X,q)
5 .

o1

f'(X.q) =~ (92)
Note that in the rest frame of the medium (¥ = 0) or in the
frames satisfying u x g =0, the naive polarization per-
centage j§ /j4 is still a Lorentz invariant quantity, even in
the presence of small quantum effects.

Let us emphasize that the frame independence of the
current of Eq. (88) is only valid under the assumption of a
collisionless medium. Nevertheless, under certain circum-
stances this program can also be generalized in the presence
of collisions [15], so that further modification of the Stokes
parameters would be required in that scenario.

V. DISCUSSION

In this manuscript we have fully developed the OSEFT
associated to photons, generalizing previous work carried
out for chiral fermions. Assuming a high energy expansion,
we derived the Lagrangian associated to the high energy or
hard photons from the free Maxwell Lagrangian. By
splitting the vector gauge field into different components,
we identified the degree of freedom that can be integrated
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out from the Lagrangian using its classical equation of
motion, given in Eq. (15). Subsequently, we showed that
the remaining nonphysical degree of freedom can be
eliminated employing the local field redefinition of
Eq. (20). After this last step, we obtained an effective
field theory that only contains a transverse vector gauge
field [cf. Eq. (21)].

Generally, in the context of effective field theories, it is
common to split the fields into different components,
according to their energy scale (e.g. into hard and soft
parts). In a gauge theory then one expects a gauge
symmetry associated to each sector of the theory which
is respectful with the energy scaling of such decomposition.
In this work, a gauge symmetry associated to the hard part
of the photon field has been presented, and we demon-
strated that the OSEFT Lagrangian enjoys that symmetry.
We have also proven the RI of the theory, which basically
means that the OSEFT is respectful with the Lorentz
symmetry. Using the RI transformations, a first principles
derivation of the so-called side jump effect for photons has
been provided [see Eq. (84)].

Since at high energies, or when the photon wavelength is
much shorter than any length scale in the system, electro-
magnetic waves can be accurately studied under the so-
called eikonal limit, the OSEFT seems a suitable tool to
study how the physics beyond the eikonal approximation is
corrected. For instance, we used the OSEFT and the
Schwinger-Keldysh formalism of thermal field theory to
construct a quantum kinetic theory for photons. We have
shown how to use the OSEFT to systematically compute
quantum corrections to the semiclassical photon Wigner
function, and we explicitly computed the leading order
quantum correction [see Egs. (77a), (77b), and (78)]. In
addition, we derived the quantum kinetic equations obeyed
by the photon Wigner function in the collisionless limit,
given by Eqgs. (79a) and (79b). Our results agree with those
found in Refs. [27,30,31]. However, as in the effective field
theory approach we separate the gauge field into physical
and nonphysical components, in OSEFT computations one
can clearly identify which modes contribute at each order in
the energy expansion, thus providing valuable insight.

We have then elaborated on the proper definition of the
Stokes parameters as deduced from quantum kinetic theory.
At the classical level, the percentage of circular polarization
in a system is a Lorentz invariant quantity. However, we
have shown that as soon as quantum corrections are
considered, the definition of the Stokes parameters needs
to be modified in order to preserve the Lorentz invariance
of the percentage of circular polarization. We have given
such a definition in Egs. (89) and (90) for the intensity and
degree of circular polarization. Let us recall that we
assumed the absence of polarization mixing in the photon
ensemble. It would be interesting to generalize the dis-
cussion in the presence of such polarization modes, as they
are known to be generated in relevant cosmological
physical scenarios.

Finally, let us mention that the OSEFT for photons could
be used also for the computation of power corrections to
different sort of Feynman diagrams, for example, at high
temperature and/or density. One could extend the study we
carry out by allowing interactions of the hard photons with
either hard and soft fermions, and proceed with the same
methods for the study of the effects of these interactions, as
it was done for the contribution of hard fermions in [5,6].
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APPENDIX A: OPERATOR NOTATION
AND IDENTITIES

In this manuscript we use a simplified operator notation
in order to shorten the length of the expressions. When we
write one over a differential operator we mean the inverse
of the differential operator in the denominator. To com-
pactify even more the notation, we often write fractions of
different differential operators. For example it should be
understood the following:

n-D 1

0,8 - 55—
fL_)Der(n‘D)z

D>+ (n-D)> " P

(A1)

Also, in most of the derivations presented in this work,
we used the fact that some combinations of operators,
which appear acting on the ¢(x) field, vanish identically.
For instance, when deriving Eq. (29) we used the fact that

n-D %

0.
D>+ (n-D)?u-D

Dz—(v-d)(n-D)+ v-o
D? + (n-D)? u-D
(A2)

Similarly, one can show other operator identities which are
relevant in our derivations,

u-D D?

_Dz—(v‘d)(n-D)_
D>+ (n-DYn-D

D? + (n-D)?

v-0
n'D_O’
(A3a)
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(u-D)(n-D)(D* = (v-0)(n- D))

DR
— 0. A
D’ + (n- D) 0 (A3b)

D>+ (n-D)?>

—(D*=(v-0)(u-D)) +

APPENDIX B: RI TRANSFORMATIONS

As we explained in Sec. IT E, the transformation rules are modified after integrating out the A(x) field. Precisely, for the
transverse field we find

M A (u-D)(n-D) A (n-D)9-&) o p
el = (1 g )O3 B (g () (B1)

L AN’J’_ (n-D)(0-&) D*>—(v-9)(n-D) i p
& —E +7 (DZ (D) T (n-D)? > —E(AL'S) — 64, (B2)
5;1@)5/1 —an* <(nD)(0§L) _D2 - (Ua)(HD) ¢> _"”5(111)/1- (B3)

D? + (n-D)? D? + (n- D)?

In the above transformations, we defined the quantities §(5)4 for A = {LII, III} given by

1D?+2(n-D)? 1 D2
A = EW (A &)+ EW(AL +0,)(0-&1)
1 ((n-D)(D* = (v-3)(n-D)) v-9
E( D+ (DY) Dt (n-D)2> (81 -0)9. (B4)
1 D? ~ 1 D2 -
A = 2D 1 (n-D)? (A -&1) - EW(AL 01)(0-&))
1 /(n-D)(D?-(v-9)(n-D)) v-0 .
‘5( (D1 (-DPE Dt (n-D)2> (B1-0)9. (B)
oDy ey D= (- 9)(n-D) __Dw-D) .
bt = “(92 P LA i Do s ¢> T oy 8
(u-D)(n-D)(D*>*-(v-0)(n-D)) D*>—(v-9)(u-D)
* a< (D? + (n-D)?)? D'+ (n-D)? >¢’ (B6)

which account for the infinitesimal variations of the operators on the equation of motion of (x) [c.f Eq. (15)]. For the ¢(x)
field, only the transformation rule under type (III) needs to be modified,

(1) n-D D?— (v-09)(n-D)
¢_>(1—a)¢—a<m(a'§i)— D2+(n~D)2 ¢)- (B7)

Remarkably, using Egs. (B1)-(B3) and the corresponding transformations for the ¢(x) field, one can show that the
Lagrangian of Eq. (16), obtained after integrating out the hard field A(x), is RI invariant. Finally, let us conclude by writing
down the general transformations for the locally redefined field of Eq. (20), they read

F I3 n- H
- - T R %DQ - (nD~ py ) 7 (8m)
n* (D?>+2(n-D)? 2
_2<D2+(n~D)2<AJ‘.TL)+(DZ+(11"D)2)2(AJ"6)<0'TL)>’ (BS)
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) - A nD A
Ti_)ﬂ_m(Al'TL)+7m(a'Tl)_?<AJ_'TJ_)7
n# D? - D? _
_7<D2—|—(n-D)2 (A, H)—m@ra)(a‘ﬁ))’ (B9)
2 .
l(III) L+a a’i n-D (0~TL)+an" D (u D) (a‘TJ_). (BIO)

u-DD?*+ (n-D)?

[1] A.V. Manohar, Lect. Notes Phys. 479, 311 (1997).

[2] A.V. Manohar, Introduction to effective field theories, in
Effective Field Theory in Particle Physics and Cosmology:
Lecture Notes of the Les Houches Summer School, edited by
Sacha Davidson et al. (Oxford Academic, Oxford, 2020),
Vol. 108.

[3] T. Becher, A. Broggio, and A. Ferroglia, Lect. Notes Phys.
896, 1 (2015).

[4] C. Manuel and J. M. Torres-Rincon, Phys. Rev. D 90,
076007 (2014).

[5] C. Manuel, J. Soto, and S. Stetina, Phys. Rev. D 94, 025017
(2016); 96, 129901(E) (2017).

[6] C. Manuel, J. Soto, and S. Stetina, EPJ Web Conf. 137,
07014 (2017).

[7] S. Carignano, C. Manuel, and J. M. Torres-Rincon, Phys.
Rev. D 98, 076005 (2018).

[8] S. Carignano, C. Manuel, and J. M. Torres-Rincon, Phys.
Rev. D 102, 016003 (2020).

[9] C. Manuel and J. M. Torres-Rincon, Phys. Rev. D 103,
096022 (2021).

[10] M. Comadran and C. Manuel, Phys. Rev. D 104, 076006
(2021).

[11] J.D. Jackson, Classical Electrodynamics (John Wiley and
Sons, New York, 1999).

[12] W.J. Cocke and D. A. Holm, Nature (London), Phys. Sci.
240, 161 (1972).

[13] D. Han, Y. S. Kim, and M. E. Noz, Phys. Rev. E 56, 6065
(1997).

[14] J. Y. Chen, D. T. Son, M. A. Stephanov, H. U. Yee, and Y.
Yin, Phys. Rev. Lett. 113, 182302 (2014).

[15] J.Y. Chen, D. T. Son, and M. A. Stephanov, Phys. Rev. Lett.
115, 021601 (2015).

[16] M. Stone, V. Dwivedi, and T. Zhou, Phys. Rev. Lett. 114,
210402 (2015).

[17] R. Haag, Phys. Rev. 112, 669 (1958).

[18] S.R. Coleman, J. Wess, and B. Zumino, Phys. Rev. 177,
2239 (1969).

[19] M. Beneke and T. Feldmann, Phys. Lett. B 553, 267 (2003).

[20] M.E. Luke and A.V. Manohar, Phys. Lett. B 286, 348
(1992).

[21] A.V. Manohar, T. Mehen, D. Pirjol, and 1. W. Stewart,
Phys. Lett. B 539, 59 (2002).

[22] J. 1. Kapusta and C. Gale, Finite-Temperature Field Theory:
Principles and Applications (Cambridge University Press,
Cambridge, England, 2011), ISBN 978-0-521-17322-3,
978-0-521-82082-0, 978-0-511-22280-1.

[23] M. L. Bellac, Thermal Field Theory (Cambridge University
Press, Cambridge, England, 2011), ISBN 978-0-511-88506-
8, 978-0-521-65477-17.

[24] M. Laine and A. Vuorinen, Lect. Notes Phys. 925, 1 (2016).

[25] J. Ghiglieri, A. Kurkela, M. Strickland, and A. Vuorinen,
Phys. Rep. 880, 1 (2020).

[26] M. G. Mustafa, Eur. Phys. J. Special Topics 232, 1369
(2023).

[27] S. Lin, Phys. Rev. D 105, 076017 (2022).

[28] R.J. Furnstahl, H. W. Hammer, and N. Tirfessa, Nucl. Phys.
A689, 846 (2001).

[29] D. Vasak, M. Gyulassy, and H. T. Elze, Ann. Phys. (N.Y.)
173, 462 (1987).

[30] K. Hattori, Y. Hidaka, N. Yamamoto, and D.L. Yang,
J. High Energy Phys. 02 (2021) 001.

[31] X.G. Huang, P. Mitkin, A. V. Sadofyev, and E. Speranza,
J. High Energy Phys. 10 (2020) 117.

[32] X.G. Huang and A. V. Sadofyev, J. High Energy Phys. 03
(2019) 084.

[33] M. Beneke and C. Fidler, Phys. Rev. D 82, 063509
(2010).

096024-15



4 Photon quantum kinetic equations and collective

modes in an axion background

In this section one can find the publication [27].



PHYSICAL REVIEW D 109, 096003 (2024)

Photon quantum Kinetic equations and collective modes
in an axion background

12,3
Marc Comadran

3" and Cristina Manuel

1,21

Ynstituto de Ciencias del Espacio (ICE, CSIC), C. Can Magrans s.n., 08193 Cerdanyola del Valles, Spain
Institut d’Estudis Espacials de Catalunya (IEEC),
Ed. RDIT, Campus UPC, 08860 Castelldefels, Barcelona, Spain
3Departament de Fisica Quantica i Astrofisica and Institut de Ciéncies del Cosmos,
Universitat de Barcelona (IEEC-UB), Marti i Franqués 1, 08028 Barcelona, Spain

® (Received 2 March 2024; accepted 8 April 2024; published 2 May 2024)

We develop a quantum kinetic theory for photons in the presence of an axion background and in the
collisioness limit. In deriving the classical regime of our quantum kinetic equations, we observe that
they capture well-known features of axion electrodynamics. By projecting the Wigner function onto a
polarization basis, relating the Wigner matrix function with the Stokes parameters, we establish the
dispersion relations and transport equations for each polarization space component. Additionally, we
investigate how the axion background affects the dispersion relations of photon collective modes within an
electron-positron plasma at equilibrium temperature 7. While the plasmon remains unaffected, we find that
the axion background breaks the degeneracy of transverse collective modes at order eg,,T'(da), where e
represents the electron charge, g,, denotes the photon-axion coupling, and da represents the scale

associated with variations in the axion field.

DOI: 10.1103/PhysRevD.109.096003

I. INTRODUCTION

The exploration of axion electrodynamics holds interest
in various domains of physics. Originally conceived within
the realm of high-energy physics to address the so called
CP problem of QCD [1-4], the term axion is nowadays
more generically used to refer to a broader class of light
pseudoscalar particles, regardless or not they are related
to QCD. Axions naturally manifest in extensions of the
Standard Model of particle physics, thus deserving serious
consideration as potential candidates for dark matter. There
are several intense experimental programs to search for
these elusive particles, both in the laboratory an in
astrophysical scenarios (see, for example, [5,6], and refer-
ences therein). Concurrently, analogous axion-photon cou-
plings manifest in certain condensed matter systems [7],
giving account of topological magnetoelectric phenomena.

In this article we will consider photon properties in a
plasma when there is also an axion background. A plasma
is typically characterized by either a temperature 7 and/or
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chemical potential u. We will consider that the axion
wavelength is much greater than any of these scales 7,
1 which describe the medium. The interactions between
axions and photons are described by the Lagrangian,

1 -
»Cim = ZgayaFﬂyFﬂy~ (1)

Here F* =Llem®F,; is the dual of the electromagnetic
tensor F* = "A¥ — 0“A¥, being "7’ the Levi-Civita
tensor, the fields A#(x) and a(x) are associated to photons
and axions respectively, and g, is the axion-photon
coupling [6]. This coupling suggests that an axion back-
ground acts as an effective chiral medium. There has been a
renewed interest in the last decade on chiral media, with the
discovery of a variety of new quantum chiral transport
phenomena [8], such as the chiral magnetic effect. A clear
parallelism among axion electrodynamics and chiral media
has been stressed [9].

Quantum field theory methods have been developed
for the study of relativistic plasmas [10]. It is by now well-
understood that the particle fields of different energy scales
have to be treated differently (see, for example [11]).
Effective field theories have been designed for that purpose.
For momenta scales of the order of the temperature 7" or
higher, the photons are treated as quasiparticles, which
are more efficiently described with transport equations. For
momenta much lower than the temperature 7 the photon

Published by the American Physical Society
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fields are then described as classical background fields,
whose properties are then modified by the medium.
Collective modes then emerge for those scales, with the
appearance of the so called plasmon mode [12,13], which is
absent in vacuum.

The purpose of this article is to study how an axion
background modifies both the photon transport equation
and also the collective modes of a thermal plasma.
We will assume that the time and spatial scales of
variation of the axion are much less than the photon
momentum. While our study would be valid for astro-
physical and cosmological plasmas, it can be also of used
for other condensed matter systems. We will use well-
established quantum field theory methods to study these
two effects. Similar photon transport equations have been
derived [14,15]. We will comment later on differences
with Ref. [14], while in Ref. [15] the axions are
considered as quasiparticles and not as a background.
Therefore, there the axions interact with the photons
through the collision term, allowing for the conversion of
axions into photons in the background of a magnetic
field, as those commonly found in astrophysical plasmas.
In this work, we ignore these processes, while they could
be easily incorporated by including a proper collision
term to our transport equations.

The paper is structured as follows. In Sec. I we derive
quantum kinetic equations for photons in the presence of an
axion background using the Keldysh-Schiwgner formalism
and in Sec. III we address the effect of the axion back-
ground onto the collective modes of photons. Finally in
Sec. IV we discuss our findings and make contact with
other approaches found in the literature. We also give
some details on the derivation of the kinetic equations in
Appendix A. Appendix B is devoted to provide the trans-
port equations in a linear polarization basis.

Let us establish our notations and conventions. We use
the signature diag(¢**) = (1, -1, —1, —1), and the normali-
zation €"123 = —¢,»3 = 1 for the Levi-Civita tensor. Rising
or lowering spatial indices produces a minus sign e.g. if
A# = (AY A%) is a vector in Minkowski space, we have
Al = —A,. Boldface letters will be used to denote three-
dimensional vectors A’ =A. The four gradient is
d, = (09.0;), where 0d; =V. The Minkowski product
between A¥ and B* is defined as A-B = g, A'B" =
A°BY — A -B. Natural units #=c=ky =1 are used
throughout.

II. QUANTUM KINETIC EQUATIONS FOR
PHOTONS IN AN AXION BACKGROUND

The Keldysh-Schwinger formulation of quantum field
theory has become a well-established tool to study rela-
tivistic plasmas, whether they are at or far to thermal
equilibrium [16]. In the Keldysh-Schwigner formalism,
nonequilibrium Green functions are defined as 2 x 2 matrix

in the complex, closed time path contour, see e.g. Ref. [17]
for a recent review. In the case of photons one defines,

() = () G )
G ( ,)’) <G>’””(X,)7) (x,y))
:<0Mmmm><%w<m> )
(AWAG)  (TA WA ) )

where 7 and 7 denote time and anti-time ordering along
the complex path, respectively, and (...) stands for average
over an ensemble of states. In order to derive kinetic
equations it is sufficient to study the dynamics of the lesser
(or greater) component of the Green function G=**(x, y)
(or G=**(x,y)), as this is related to the photon phase space
density after a Wigner transformation.

A relevant problem that emerges in the present formu-
lation is that the components of the Green function in
Eq. (2) are not gauge invariant quantities, and they contain
nontransverse degrees of freedom. There are various ways
to circumvent this inconvenience, the usual prescription is
to impose gauge-fixing conditions, although there are other
approaches, such as defining a gauge-invariant two-point
Green function [18]. In a forthcoming publication, we will
explore alternative possibilities by employing effective
field theory techniques. In this work, we adopt the former
and impose the Lorentz gauge 0“A,, = 0, which leads to the
following gauge conditions for the lesser component of the
Green function:

0,,G<*(x,y) =0, (3a)

0y, G=*(x,y) = 0. (3b)

The equations of motion obeyed by each component of the
Green function can be deduced from the Kadanoff-Baym
equations [19]. In the collisionless limit and allowing
photons to interact with the axion background through
the coupling in Eq. (1), the Kadanoff-Baym equations take
the simple form,

(g;MD - ga}/eylaﬂ(aaa)aﬁ)xGQﬂU('x? y) = 0’ (48')

(g/u/D - gayeuuaﬂ(aaa)aﬂ)yG<jﬂ (X, y) =0. (4b)

Where [0 = 09, and the suffix (...), indicates that all
operators act on the coordinate x#. The second equation
above, in which the operators act on y*, is easily obtained
by considering the equation of motion obeyed by the
greater two-point Green function, renaming x* <> y* and
using the property,

G 4H(y.x) = G (x.y). )
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The phase space density, also called Wigner function, is
defined as the Wigner transform of the Green function,

G<’W(X, C]) _ /d4seiq~sG<.ﬂb(X + S/2,X— S/Z), (6)

where X* = (x* + y*)/2 and s# = x* — y* are the center
and relative coordinates, respectively. Let us recall, as said
in the introduction, that we assume that [d,a|/|a| < g,.
Adding and subtracting the Wigner transformed equations
of motion of Egs. (4a) and (4b) one finds the collisionless
equations,

62
(q2 - 4> G + % (VA yG,Y + erPALG,) =0,

(7a)
(iq - 9)G* + % (€% AyG,» — erPALGH,) =0, (Tb)

which have to be complemented with the Wigner-
transformed gauge conditions of Eqs. (3a) and (3b)

1 . 5 1 ) ,
<2 d, — zqﬂ> G" = (2 9, + lg,,) G* =0, (8)

and the additional condition, necessary to eliminate the
residual ambiguity of the Lorentz gauge,

1, G = 1, G =0, 9)

where u/ is a time-like vector representing the velocity of
the reference frame, satisfying u> = 1. When writing the
above equations, we used the notation 0" = d/dX, and
dropped the lesser symbol and the arguments of the Wigner
function to enlighten the notation, G* = G=*(X,q).
Additionally, we establish

2~ (—iA)" 1
Aaﬁc,,vzz( n,) d.a(X) (Eaﬁ—iqﬂ>6;(x,q), (10)
n=0 :

being A = %% - & For details regarding the derivation of
the kinetic equations, we refer to Appendix A. In the
absence of an axion background, we reproduce the photon
quantum kinetic equations found in Refs. [20-22]. The
Keldysh-Schwinger formalism could also be used to
reproduce the collision term in the photon transport
equation. We will not add a collision term in this reference,
but refer to [15] for that purpose.

A. Classical transport equation in the polarization basis

It is convenient to obtain the classical limit of the photon
transport equations, which are easier to handle and are
enough to study the physics at large scales. For that
purpose, one should carry out a gradient expansion,
assuming that variations of the Wigner function on the

scale associated to the center coordinate are much less than
those on the relative coordinate i.e. dy < d5. That this
corresponds to a classical limit can be seen by going to
momentum space in the relative coordinate and restoring 7,
as one then assumes 7dy < ¢ when performing the
gradient expansion. In a thermal plasma, as most photons
have momenta of the order of the temperature 7, this
simply implies to look for variations at scales larger than
the inverse of the temperature. Thus, we perform a gradient
expansion of Egs. (7a) and (7b) and the Wigner function,

G*(X.q) = Gl (X.q) + G (X.q) + O@).  (11)

where Gé‘(')’) (X, g) should be understood as the classical limit

of the Wigner function, while higher-order terms in the
gradient expansion correspond to the quantum corrections.
As we will only consider the classical limit in this work,
we drop the subindex (0), and understand that we only
keep the G’;g) in the expansion. In the classical limit the

kinetic equations read,

. s Ya v
(ig-0)G* ~ 3 (3,0)q ("G, +¢/G*,) =0, (12b)

and the classical Wigner function is constrained by
q,G" = q,G* = u,G" = u,G*. (13)

After imposing the condition that the Wigner function is
orthogonal to u*, the resulting framework is essentially
identical to adopting the Coulomb gauge [20]. Yet another
way to eliminate the residual gauge ambiguity of the
Lorentz gauge is to project the Wigner function into the
physical space, using transverse projectors [23].

It is convenient to write the transport equation in a
polarization basis. If we introduce a two dimensional basis
of polarization vectors (e.g. €, with a = {1,2}) satisfying,
€€, =04, and €¢,-u=¢€,-q =0, then the Wigner
function can be expressed as

G*(X,q) = Z ed'esGP (X, q). (14)
a,b=1.2

Projecting Eqs. (12a) and (12b) onto the polarization
basis we easily obtain the kinetic equations obeyed by
the polarization space components of the Wigner function,

PG =0y 0°a) P (e 4GP = eleif G) = 0,
(15a)
(ig - 0)G* =2 €y (Fa)gP (e et G + elejf G) = 0,

(15b)
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where summation over repeated indices should be
understood. It is simpler to solve the transport equations
in a circular polarization basis, since the polarization
space components of the Wigner function then decouple.
Explicitly, we introduce the polarization basis vectors
e = {€'., ¢"}, characterized by the properties,

€t e =0, € ez =1, () =€+ (16)
Let us elaborate on the physical interpretation of the
Wigner function components in the circular polarization
basis. Since G is invariant under basis rotations, i.e.

¢ — e*%" | the polarization space components of the
Wigner function transform as [23]

G:t;t/ N Gii, Gi;f N eizieGi?7 (17)
which reveals that G** and G*T have null (s = 0) and
integer (s = +2) spin, respectively. Moreover, the polari-
zation space components of the Wigner function can be

directly related to the Stokes parameters [24], their relation
in the circular basis is

Gt Gt G' -GV G2¢-iGY
(0SS )

G+t G GC+iGY G'+GY
Hence, the diagonal components of the Wigner function
G** relate to the intensity G’ and degree of circular
polarization G of the photon ensemble, while the off-
diagonal components G*F, decomposed into the Stokes
parameters G¢ and GY, give information on the polariza-
tion phases and are related to the so called £ and B
polarization modes [23].

The kinetic equations for each polarization space com-

ponent of the Wigner function in the circular basis can be
simplified after using the identity [25],

. 1
i(ee —el'ey) = ;G’Wﬂu/;qm (19)

where we defined x = \/(u-q)> — g*>. Hence, for the

diagonal components G** and G~~, corresponding to
right- and left-handed circularly polarized photons respec-
tively, we find

(@2 1(q-00)-0)~ 2 (u-00)] )6 =0, (200)

ig-0G** =0. (20b)
As for the off-diagonal components G™~ and G, reflect-
ing the correlation of different polarization in the photon
ensemble, we get

FGHF =0, (21a)

(iq-ai%[(c]-da)(u-q)—qz(u-aa)]>GijF:0. (21b)

The form of Egs. (20a) and (21a) suggest that the general
structure of the Wigner function is

G(X, q) = 4x5(Q7,)sgn(u - q) f“" (X, q), (22)

where a,b = +,— and sgn(x) is the sign function, the
quantities Q2, govern the dispersion relations and
f%(X, q) are the off shell distribution functions for each
polarization space component of the Wigner function. The
transport equations obeyed by the on-shell distribution
functions are derived finding the dispersion relations and
imposing the resulting on shell conditions. Let us show
how this is realized in the rest frame of the medium
w = (1,0).

In this frame, the dispersion relations are obtained as
solutions to the equations,

0. =’ —lqI> £ g4 llgldoa + @(§-Va)] =0, (23a)
=0’ —gf =0, (23b)
and the transport equations read,
(iwdy + iq- V)G =0,  (24a)
(iwdy+igq-V+g,,llqldpa+w(q-Va))G=F =0,  (24b)

where we used the notation ¢* = (@, q) for the photon
momentum and defined § = ¢/|q|. Then, we see that the
presence of the axion induces a different dispersion
relation for the diagonal components of the Wigner
function Gt and G~~, while both off-diagonal compo-
nents G~ and G™" obey a free dispersion relation,
unaffected by the axion. Explicitly, solving Egs. (23a)
and (23b) we find the following dispersion relations:

1 .
wi:(q) ~|q| F Eguy(aoa +4q-Va), (25a)

wix(q) = lq|- (25b)
The first equation above coincides with the result first
found by Harari and Sikivie [26], note that we approxi-
mated @, (q) at linear order in g,,. There are also
negative energy solutions,

- 1 N
D:i(q) ~—|q| £ Egay(aoa —q-Va), (26a)

@:+(q) = —lq|. (26b)
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Imposing the on shell conditions dictated by Eqgs. (25a)
and (25b) onto Egs. (24a) and (24b) respectively leads to
the transport equations obeyed by the on-shell distribution
functions, that we formally define as

fii (X’ q) = fii(X7 q)'qozwii(q)7 (273)

FFX.q) = 5 (X, @)l gymgl» (27b)
for the positive energy solutions. Thus, at first order in the
gradient expansion and at linear order in g,, we find,

(idy +ig - V) f*(X.q) = 0. (28a)

(idy +ig -V £ g,,(dpa +q - Va))f*7(X,q) =0. (28b)
Please note that the effective velocity appearing in
Eq. (28a) is v = ¢ + O(dy), which consistently ignores
the effects of the axion, as it would enter as quantum
effect, at second order in the gradient expansion. Similar
distribution functions and transport equations can be
defined for the negative energy solutions.

The conditions we assumed in this work are equivalent
to those carried out in the so called eikonal approxi-
mation [27]. It has been argued that in the eikonal
approximation there is no chiral bending of light in the
presence of an axion background in vacuum [27], as the
index of refraction of both left- and right-handed waves
is one in this approximation. Please note that in this
gradient expansion we found that the dispersion law of
the right-/left-handed photons might be also written down
as (¢ £% 0a)? ~ 0, so that the photons travel at the speed
of light, as also found in [27].

The photon current associated to the polarized photons
can be defined as

Jrab(x) =

(n% job) = / (‘21”‘)74 ¢G (X, q).  (29)

In a plasma at thermal equilibrium, and in the frame at rest
with the medium, the right and left-handed photon dis-
tribution function is the Bose-Einstein distribution function
fe(w) =1/(e®”/T —1). Then, by direct computation one
finds that the difference between equilibrium densities
of right- and left-handed photons is proportional to the
temporal variation of the axion field,

T2
= =3 g0+ O(g2,). (30)
Similarly, one finds
w1
i = Va kO, (1)

such that the spatial gradient of the axion field induces a
difference in the right- and left-handed photon currents.
On the other hand, from Eq. (28b) we see that the axion
induces a rotation on the £ and B modes, if there are such
polarizations modes. If X}, = (¢y,X,) denotes an initial
coordinate, then one finds that at a final state X’; = (t, Xy),

[ (Xp.q) = 77 (Xo.q) exp {Figy,a(Xs) — a(Xo)]}.
(32)

As these components have spin 2, the angle of rotation of
these modes is g,,(Aa)/2. This accounts for the rotation
of the polarization vector first discussed in [28,29].
In particular, if the initial configuration only contains E
polarization modes, the axion background induces the
appearance of B-modes. This is an effect that has also
already been discussed in the literature [30,31], and that our
transport equation properly encodes.

III. COLLECTIVE MODES OF PHOTONS
IN AN AXION BACKGROUND

The momentum of most quasiparticles that constitute an
electromagnetic plasma is of the order of the equilibrium
temperature 7' and/or the chemical potential u. Collective
modes then emerge as perturbations whose typical momen-
tum, that we denote by O, is much lesser than those scales,
of the order of the Debye mass Q, ~mp < T, p. In the
previous section, we assumed that the variations of the
axion field are much less than the momentum of
the photons |d,a|/|a| < g, ~ T, u, which allowed us to
treat the axion as a background field and the photons as
quasiparticles. We also emphasize that if the variations
of the axion field are of the same order of the photon
momentum, then axions should also be treated as quasi-
particles. The interaction between the collective modes
and the axion field has also to be addressed differently
according to the hierarchy between their typical scales.
We will assume that the variations of the axion field are
much less than the momentum of the collective modes
|0,a|/|a| < Q, ~mp, so that the axion still can be
effectively described as a background field.

In the absence of an axion background or any CP
violating effect in the medium, there is a transverse
collective mode that is degenerate and a longitudinal
collective mode, the so called plasmon, which is absent
in vacuum. The impact of the axion background on the
dispersion relations of collective modes is reflected in the
dynamics of the dressed propagator G"”(x,y), whose
inverse reads in momentum space,

A

G;yl(Q) = _ng/w + H/w(Q) + igaye/waﬂ(aaa) Qﬂ- (33)

Within the frame of reference in which the medium
is in motion with velocity u¥, one can establish three
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independent projectors which are orthogonal to both Q¥
and u* as [25]

774

~ v v v l Q
PR =g =P P =" PR =0,y (34)

where

i = g"u,

and x was given below Eq. (19) (now one should replace
g" — O"). The projectors in Eq. (34) are called transverse,
longitudinal, and parity-odd projectors, respectively. They
satisfy the properties

P;=1, Pi=2 = Py=-2
P;[iDPT,ﬂD == P;[iVPP,ﬂl/ == PI;vDPP’Iw = 0 (36)
|

2

As the effect of a parity odd source, either due to the
axion background or the medium, is to split the otherwise
degenerate right- and left-circular polarization modes of
the photon [25], it is convenient to introduce additional
right (+) and left (—) projectors,

|
P, ZE(P/%UJF}’P’I?),

in terms of which, the polarization tensor can be
decomposed as

h=+, (37)

2
e = P (I + Allp) — %

h==+

PUTL,.  (38)

Note that if [1p = 0 one recovers the usual decomposition
of the polarization tensor into its transverse and longi-
tudinal component. The inverse of the dressed propagator
in Eq. (33) can be decomposed in terms of the projectors
P, P and P} too and then inverted, which gives,

UL
Ph

- K P
G (Q) - _@Kz +HL _Z

The poles in the dressed propagator above determine the
dispersion relations obeyed by the collective modes within
the medium. It is worth mentioning that the longitudinal
collective mode remains unaffected by the interaction of
photons with the axion background. The projectors used to
decompose the dressed propagator can be related to the
polarization vectors,

P = —¢tHe?

- C—

) W
Py =—elel, Py =—eper.  (40)

= Q* — Ty + h(Ilp + 52 [(Q - 0a)(u - Q) — Q*(u - 9a)])”

(39)

[

where we introduced the longitudinal polarization vector
as [25]

. (41)

Thus, we may write the dressed propagator in terms of the
polarization basis vectors,

vV
€n En

Ay :K_ 6/262
G(0) = Gra i, T A T, T A TE Q- a)(a 0) = 0% 3"

h=%+

Let us now assume a QED plasma at very high temper-
ature, such that one can neglect the electron mass. The
Debye mass is then m?, = ¢>T?/3 where e is the electron
charge so that the momentum of the collective modes is
of order O, ~ eT. The values of the longitudinal I1; and
transverse Il; polarization tensors components are then
well-known, and given by the so called hard thermal loop
(HTL) expressions [10]. Certainly, the axion background
also affects the polarization tensor through its coupling to
electrons. We ignore those contributions here, but they
would be required for a more complete analysis. Then,
assuming I1p = 0 and moving to the rest frame of the

(42)

|
plasma u* = (1,0), the dispersion relations associated to
the two transverse collective modes are obtained as

solutions to the equations,
2
_@) im<w+ lql)}
®* ) 2lq] \o—lq|

2 2
ol =2 1= 1
£ g, llalova + 0(3 - Va)] = 0. @3)

2lqf?

where we used the notation Q* = (w, q). The effect of the
axion background then comes in modifications of order
eTg,,0a to the dispersion laws. While these have to be
solved numerically, it is possible to find simple analytical
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solutions in some cases. For instance, in the long wave-
length limit mp, > |q| we find the solutions,

2
0}~ 2 0T (4. V), (44)

3 V3

implying that right- and left-handed circularly polarized
collective modes oscillate with different plasma frequen-
cies, and at this expansion order also different from that
of the plasmon mode, which is w; = mp/V/3 = wy [10].
On the other hand, in the regime mp < |q| < T one finds

wi ~|q]> + m%) F 9uy(0pa +q - Va), (45)

so that the axion produces a different shift on the effective
asymptotic masses for right- and left-handed modes. It is
also interesting to study the limit @ < |g/, as in this regime,
and due to Landau damping, there is an additional family of
poles in the transverse modes which are purely imaginary.
Let us assume without loss of generality that §(w) > 0
where 3 denotes the imaginary part, then one finds the
solutions,

4|q 2,0
Wy = —i ‘q|2 (1 ¥ Jar Oa) = —iy;. (46)
mmy, lq|

This has the same form of the chiral instabilities that are
found in chiral media characterized by an imbalance in the
population of right- and left-handed fermions [32]. In fact,
it has the same form, after identifying the chiral chemical
potential us with g,,dpa/2a [32,33]. The collective modes
evolve in time as exp (—iw,7) ~exp(—yyt), and they
would become unstable if y,. becomes negative. As the
sign of dya can be either positive or negative, this leads to
the conditions +g,,dpa > |q|, however, in this article we
assumed that [d,a|/|a| < Q,, as the axion is treated as a
background field. Therefore, taking this assumption into
account and due to the smallness of the axion-photon
coupling constant g,,, we conclude that y, remains positive
and there are no unstable modes in this case.

IV. DISCUSSION

We have developed a quantum kinetic theory in the
collisionless limit for photons with the presence of an
axion background, which is summarized in Egs. (7)—(9).
Performing a gradient expansion of the operators and the
Wigner function (or phase-space distribution), we derived
their classical limit and projected the resulting equations on
a basis of polarization vectors, yielding Eqgs. (12) and (13).
A considerable advantage of this last projection is that the
components of the Wigner function in polarization space
can be directly related to the Stokes parameters, thus having
a clear physical interpretation. Then, using a circular
polarization basis of vectors, we derived the transport

equations obeyed by the on shell distribution functions
f** and f*7 in the rest frame of the medium, given by
Egs. (28a) and (28b) respectively, which is the central result
of this article. Those equations properly encode features
of axion electrodynamics, such that right- and left-handed
circular polarized photons obey different dispersion rela-
tions, or the phase rotation of the polarization plane, which
have been explored before in the literature.

A similar transport equation for photons in an axion
background was derived in Ref. [14], there the authors
derived a transport equation for the Stokes parameters in a
time-dependent axion background. Our treatment is more
general and fully covariant, and allows for the incorpo-
ration of different sort of corrections. For the comparison
with Ref. [14] see Appendix B.

There are several ways in which our work could be
extended, for instance, we could include the effects of
collisions of photons with the quasiparticles of the thermal
bath or compute quantum corrections to our classical
transport equations. Another interesting generalization
would be to consider that photons propagate through a
nonflat space time, as considered in Ref. [23], as the
presence of the axion background could provide new
sources of B mode polarization.

We have also addressed the effects of the axion back-
ground on the photon collective oscillations within the
medium through the photon-axion interaction. As
expected, the axion background breaks the degeneracy
of right- and left-handed circular polarized collective
modes, while the plasmon remains unaffected. The con-
tribution of the axion background is of order eg,,T(da),
where da is the scale associated to the variations of the
axion field. We also considered limiting cases for the
dispersion relations of the transverse collective modes;
in the regime mp > |q| the axion produces a shift on the
oscillation frequencies of right- and left-handed polarized
collective modes, see Eq. (44), while in the regime
mp < |gq| < T the axion modifies their effective asymp-
totic masses [cf. Eq. (45)].

It has been argued that specific photon modes in chiral
media may not propagate and experience instabilities [9].
However, under the considerations of this work, we have
shown that if the chiral media consists of an axion
background, both right- and left-handed photons are
propagating modes, since the assumption that the axion
field acts as a background prevents those instabilities to
occur. We stress that the situation would change if the
axions are considered as quanta, interacting with photons
through the Lagrangian of Eq. (1). A similar reasoning
and conclusion applies for the collective modes, that we
have elaborated in Sec. II.

A relevant scenario, that we have not considered in
this work, is when the variations of the axion field are
comparable to the momentum scale of the collective modes,
as in that case interactions between axions and collective
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modes can occur, leading to interesting phenomena and
possible windows for detection [34-37].
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APPENDIX A: KINETIC EQUATIONS

In this section we give some details on how to derive the
kinetic equations Egs. (7a) and (7b). We start by defining

4

the Wigner transform of the sum and difference of the
equations of motion given by Eqgs. (4a) and (4b) as

(1) = / 560 ( G000 = oy €0y (°a)0) GV, (x. )
+ (g/wD - gayeyyaﬁ(aaa)aﬂ)y(;/lﬂ (X, y)} (Al)

Then, we move from configuration space variables x* and
y* to Wigner space variables X# and s* using the relations

Where we defined the following operator, acting on the Wigner function,

Now we perform a gradient expansion of the axion field,

and after the Wigner transformation, we find

TR
XH = xf—; Y , sH = xF — yH, (A2a)
1 1
KOt K=ld-d  (A2)
Doing so, we can write
|
. 1
(10 = [ #serr{[0(0.-00+ B+ 38R ) =~ geusat®(X.0)| G4 X+ 5/2.X =572
1
+ {gﬂy (—6S <0y + 02 + —0%) - ga},eﬂmﬁA“ﬂ(X, —s)] G'y(X+s/2,X — s/Z)}. (A3)
A% (X,s) = Eax+as a(X+s/2) 3 v+ 05 . (A4)
a(X +s/2) = i— S %)y (x) (AS)
L\ 2 ’
. 1
(I1+), = { {gﬂz <—tq Oy —q* + ;ﬁi) = Jay€uaapA (X, q)] G", (X, q)
. 1 .
o (1000 4 1R ) = dapt (X, 0] G (X 0) . (6)

where now A% (X, q) is given by Eq. (10), in which we neglected the arguments for simplicity. So finally, we find for the

dispersion relation,

1
(I+)i1/ = <_2q2 + 5 0)2() G/h/ (Xv CI) - gayeylaﬁAaﬂ(X’ q)Gﬂzx(Xv q) - gaye/waﬁA*'aﬂ(X’ Q)Glﬂ (X’ q) =0. (A7)

While for the transport equation,

(I—)ﬂzx = _2l(q ' aX)G/Iu (X’ CI) - gayeulaﬁAaﬁ(X’ Q)G”U(X9 q) + gayeﬂuaﬂA*‘aﬁ (X’ Q)G}»M (X7 Q) =0.

(A8)
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Now we divide both Egs. (A7) and (A8) by a factor of -2,
also rising the indices in the Wigner function and the Levi-

Civita tensor using the property ¢€,,,, = —€*** we reach,

1

(iq - 0x)G* — 2L (44075 G — VA3, GH,) =0,

(A9)

which exactly give Eqs. (7a) and (7b) after relabeling
some indices and using the antisymmetry property of the
Levi-Civita tensor.

APPENDIX B: CLASSICAL
TRANSPORT EQUATION IN THE
LINEAR-POLARIZATION BASIS

In this section we give the classical kinetic Eqs. (12a)
and (12b) in a linear polarization basis and then write them
in terms of the Stokes parameters. We start by introducing a
linear-polarization basis vectors € = {€}, ¢}, satisfying
€€, =08, and (€;)* =€, The relation between the
components of the Wigner function and the Stokes param-
eters in a linear polarization basis is [24]

b G'' G\ [ G'+G? GV-iGY B1)
\G? 62) \GU+iG" G'-Gg2 )’

so that, after using the identity

1
e}ltelé - 6‘/561{ = EeﬂuaﬁuﬂQa’ (BZ)

the dispersion laws for the Stokes parameters may be
written as

_ Yay

£G' =22 ((q-0a)(u- q) = ¢*(u-0a)G" = 0. (B3a)
$G" =22 ((q- da)(u-q) - ¢*(u - 0a)|G' = 0. (B3b)
¢*G% =0,  (B3c)
GV =0.  (B3d)

A problem with this formulation, that was not discussed in
Ref. [14] is that the equations for G and G" are coupled,
so that they can not be treated individually as propagating
modes. Instead, the propagating modes are the

combinations G' F G", corresponding to right- and left-
handed photons, respectively, whose dispersion relations
can be obtained by solving,

(@£ 221000 0) - 2(u-00)] ) (6"  6*) 0.
(B4)

which yields to the solutions of Egs. (25a) and (26a) in the
rest frame. The transport equations in the linear polarization
basis read,

(¢-9)(G' £G")=0. (BSa)

(4:0)G2+2[(q-0a) (u-q) = ¢*(u-0a)]GV =0, (BSb)

(4:0)GY ~2[(g- 0a) (u-q) ~ ¢*(u-04)|G2 =0.  (B5c)

The coupled equations for G¢ and GY can be solved by
applying the operator (g - ) on each equation and neglect-
ing terms with two derivatives acting on the axion field.
Thus, we find

(4:0°G2+%((q-0a)(u- ) = *(u-0a)PG2 =0, ~(B6a)

(4:0°GY =% [(g-0a) (u-g) =4 (u-0a) PGV =0

(B6b)
Now, the general structure of the Stokes parameters
is  G2Y(X,q) = 4n5(q*)sgn(u - q)f¢Y(X,q), being
f2Y(X, q) the corresponding off shell distribution func-
tions. Moving to the rest frame and imposing the on-shell
condition, we reach to

[(v-0)* + Q]f2(X.q) = 0. (B7a)

[(v-0)* = Q]fY(X.q) = 0. (B7b)
where f¢V(X,q) are the on shell distribution functions
for the positive energy solutions, also we introduced
the velocity vector o = (1,4) and the frequency
Q = g,,(v - da). Note that Q coincides with the frequency
defined in Ref. [14] when neglecting the gradient of the
axion field (there is a difference of a factor of 2 due to our
distinct definition of the dual of the electromagnetic
tensor F*Y).
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Chapter 3

Results and discussion

Here we summarize and discuss the results obtained in the works presented in this
thesis. In our first work [23] we computed small mass m < T" corrections to the
retarded component of the photon HTL polarization tensor. The computation of the
mass corrections is non-trivial, as new IR divergent terms appear due to the small
m expansion, which require regularization'. We used dimensional regularization
(DR) to inspect these divergent terms, as it is a regularization method respectful
with the Lorentz and gauge symmetries. After a subtle cancellation of the radial
IR divergence with vanishing angular integrals, we found that the apparent IR
divergent terms give a finite contribution to the mass corrections. Those last finite
pieces are ultimately needed for the Ward-Takahashi identity to hold and can not
be correctly reproduced using other regularization methods e.g a sharp cut-off for
the radial IR divergent integral. We found that the longitudinal and transverse

components, are corrected in the presence of a small mass as

2,2 2
Lim _em® £
m? by + |£]
TZ™ (0, ) = <0 20y (20 3.1b
R (07 ) 27_[_2 2|£| n EO_|£| ) ( )

Many authors use Eqs.(5.51) in the book [19] for the small mass corrections to the HTL
polarization tensor. Note that in those expressions the angular integrals have been carried out in
d = 3 spatial dimensions. Expanding them for small mass m < T produces ill-defined integrals
that require regularization. A cutoff regularization would then violate the Ward-Takahashi
identity.

7
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where ¢y — £y + i0" for retarded boundary conditions. The above corrections
should be compared with other corrections computed in the literature, e.g power
and two-loop corrections (see Eq.(62) in [23]). While the HTL contribution is
proportional to €72, the mass corrections, even if they do not depend on the
temperature, should be viewed as a a correction of order m?/T? with respect to
the HTL. Similarly, the power corrections are of order ¢?/T2, while the two-loop
results are corrections of order e2. These three corrections are of the same order if
m,{ ~ eI, and should be equally considered. However, if the mass is such that
el < m < T, then the mass corrections are dominant at soft scales (¢ ~ eT"). A
simple example can be found in Eq.(63) of [23], where we evaluate the impact of
the mass correction on the screening mass. Let us recall that Egs.(3.1a-3.1b) can
also be generalized in the presence of a chemical potential. In addition, the mass
corrections to the gluon HTL polarization tensor give the same result, after taking

into account some color factors

In our second work, we evaluated the impact of including small mass corrections to
the collisional energy loss experienced by a heavy and highly energetic fermion, i.e
E, M > T, that traverses the EPP or QGP [25]. The first correct evaluation of
the collisional energy loss was done by Braaten and Thoma (BT) [34], assuming
massless fermions (m = 0). There the authors showed how to effectively separate
the contributions from the hard and soft sectors, by introducing an intermediate
cutoff separation scale ¢* (satisfying 7" > ¢* > ¢T') in the momentum transfer
integrals. The hard sector was evaluated using the bare theory, while the evaluation
of the soft sector required the use of HTL resummed propagators. Notably, the
momentum transfer integrals of the hard and soft contribution were shown to be
IR and UV divergent respectively, but when the two contributions were added
both divergences and the dependence on the cut-off separation scale ¢* canceled
exactly, which led to a finite result. The separation of scales between the hard and
soft sectors can also be implemented using DR without the need to introduce a
separation scale ¢* [39]. We also used this last method, because from the expertise
gained in our first work [23] we knew that the Lorentz and gauge symmetries needed
to be respected for the correct evaluation of the mass corrections. The inclusion of
a small mass (m < T') in the evaluation of the collisional energy loss is involved,

as new IR divergences appear in the radial integrals of the hard contribution, and
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the mass corrections to the HTL polarization tensor computed in our first work
[23] are necessary for the evaluation of the soft contribution. Nevertheless, after a
careful analysis of the IR divergent radial integrals of the hard contribution, we
showed that they can be rendered finite and the only IR divergence that survives in
the hard contribution comes from the momentum transfer integral, which in turn,
vanishes with the UV divergence of the momentum transfer integral in the soft
contribution. In the case of an EPP, we found that in the regime E < M?/T, the
leading order result of Braaten and Thoma (BT) [34], is corrected in the presence

of a small mass (m < T') to logarithmic accuracy as

4,2 2 1 1
L em (3_“ 31n1+”>1n(), (3.2)
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where v € [0, 1] is the velocity of the heavy fermion. In Fig.3.1, we show the plot
of the collisional energy loss for different values of the fermion constituent mass.
Note that the mass corrections seem to be quite relevant already for values of
m = 0.37. This suggests that the mass effects in the regime m ~ T, where our
approximations do not hold, could have a huge impact on the collisional energy loss
in an EPP. Notably, we provided in [25] all the necessary tools for the evaluation
of the collisional energy loss in that regime. Let us remark that the plot of Fig.3.1
should not be trusted neither in the v — 0 or v — 1 regions, because of the
approximations used in the evaluation of the momentum integrals, both in the
BT result and the mass corrections. Taking into account those limits can be done
after a proper modification of the kinematical constraints [34, 40]. Although our
computation was performed for an EPP, it can be extended to the QGP case.
In fact, as we explained in Sec.(2), in the context of the QGP created in heavy
ion-collisions, it may be reasonable to disregard the masses of up and down quarks,
but neglecting the mass of the strange quark may not be such a good approximation.
At leading logarithmic accuracy the corrections associated to a massive quark to
the QCD collisional energy loss are also given by the QED result, replacing e? by

g% and taking into account a color factor of 2/3. More explicitly

4,2 2
gm* (3 v -3, 14w 1

e 1 In{-| . 3.3
2473 (v 202 nl—v>n<g (33)
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~dE/dx / (e* T?/24 )

Figure 3.1: Values of the collisional energy loss in QED for different values of the
mass of the plasma constituents. The black line corresponds to the massless case
(BT), the red dashed line for m = 0.17T, the blue dashed line for m = 0.27', and
the orange dot-dashed line m = 0.3 7.

We have evaluated the impact of including strange quark mass corrections to the
collisional energy loss of a charm and bottom quark [41], when 7" = 250 MeV, and
assuming that the strong fine structure constant is o, = g?/4m = 0.2. Taking the
strange quark mass as m = 100 MeV, so that m = 0.4, we note that in this case
the mass corrections are in the 1 to 2 percent level. The effect is certainly not as
large as in QED case because of two reasons. First, the gauge coupling constant g
is larger in QCD, and second, the contribution of one parton, no matter whether
it is massless or massive, can never be too big as compared to the contribution
associated to all partons.

In our third work [26] we successfully developed the OSEFT for photons. The
formulation of the OSEFT for photons requires a careful treatment of the physical
(transverse) and nonphysical (longitudinal and scalar) degrees of freedom of the
gauge field. Notably, we showed that the OSEFT Lagrangian can be finally
formulated in terms of a gauge invariant vector field without the need to introduce
gauge-fixing. Specifically, the nonphysical degrees of freedom can be eliminated from
the Lagrangian employing well established EFT techniques, such as integrating out
and using local field redefinitions. In addition, we demonstrated the reparametrization

invariance (RI) of the theory, which basically means that the theory is respectful
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with the Lorentz symmetry. Further, in this thesis we have also developed the

following applications of the OSEFT for photons, summarized below:

1. By including interactions with soft and hard fermionic fields one can study
properties of the EPP. For instance, one can reproduce the HTL fermion

self-energy?.

2. Together with the Schwigner-Keldysh (SK) formalism, the OSEFT can be
used to construct a quantum kinetic theory for photons. We showed in [26]
that the OSEFT allows to systematically compute quantum corrections to the
classical Wigner function, in particular, we correctly reproduced the leading

quantum correction (~ h) found in the literature.

3. Exploiting the RI symmetry of the OSEFT, we provided a first principles
derivation of the so called side-jump effect, and checked that it coincides with

that found in the literature.

4. We elaborated on a proper definition of the Stokes parameters [42] in the
context of kinetic theory. The classical definition of the Stokes parameters
needs to be modified in the presence of small (side-jump) quantum effects, so

as to preserve the Lorentz invariance of the polarization ratios.

As we anticipated in the introduction, we also generalized the OSEFT by including
an axion background. We then used the resulting EFT to construct a quantum
kinetic theory for photons. However, as explained in Sec.(2), we decided to present
in [27] the derivation from the full theory. In this last work, we computed the
general Kadanoff-Baym equations obeyed by the photon Wigner function, assuming
a collisionless medium. Then, resorting to a gradient expansion, we derived the
classical limit of the Kadanoff-Baym equations. Subsequently, by decomposing the
photon Wigner function onto a polarization basis, whose components can then be
directly related to the Stokes parameters matrix, we derived the dispersion relation
and transport equation satisfied by each polarization space component. These last
step allowed us to check that the classical kinetic equations captured well known
features of axion electrodynamics, such that right and left handed photons obey
different dispersion relations and the rotation of the polarization plane, driven

by the time evolution of the so called £ and B modes. We commented on the

2This is not published in our works, but we elaborate it in App.A.
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equivalence of our results with those obtained previously in the literature using
other methods, and discussed on the suitability of our kinetic theory approach
to the topic, as well as how it could be improved. Finally, by considering a high
temperature EPP at thermal equilibrium, we addressed the impact of the axion
background on the photon collective modes. As expected, the presence of the axion
background breaks the degeneracy of the transverse collective modes, as it affects
differently the right and left handed many-body excitations in the medium, while

the plasmon mode remains unaffected.



Chapter 4

Conclusions

In a first stage of this thesis, we have studied the physical consequences of
assuming that the masses of the fermionic constituents of an EPP or a QGP
at high temperature and/or density are not strictly zero. As a first approach
to address its impact, we have established in [23] how to include small mass
corrections m < T' (and/or m < p) to the HTL photon/gluon polarization tensor.
Then, in [25] we evaluated the impact of the mass corrections to the collisional
energy loss experienced by a heavy fermion that traverses an EPP or a QGP.
Our results indicate that the mass effects can have a significant impact on the
collisional energy loss. Notably, we have also paved the way to assess the impact
of assuming fermionic masses when these are not small compared to temperature
and/or chemical potential, as our results suggest that the mass effects can be large
in those regimes.

On the other hand, a certain theoretical methodology has been ubiquitous during
the course of this thesis, that is the use of effective field theories. We have seen
that these theoretical methods provide a robust framework for the study of the
diverse phenomenology exhibited by high temperature and/or density plasmas.
In particular, we learned that the effective degrees of freedom governing the
physics at the hard scale of a plasma behave like quasiparticles of finite size,
thus admitting a description in terms of the OSEFT. We gained expertise on
employing the OSEFT for fermions to systematically determine key quantities,
e.g the photon/gluon polarization tensor, that are necessary for the evaluation

of many thermodynamic plasma properties. A remarkable goal that we achieved

83
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in this thesis is the construction of a new effective field theory: the OSEFT for
photons [26]. In the context of an EPP, the OSEFT for photons can successfully
characterize the effective bosonic degrees degrees of freedom operating at the hard
scale. Applications of the OSEFT for photons in the context of an EPP have
been presented, namely, in quantum kinetic theory and perturbative computations,
which allows us to affirm the validity of the effective field theory. Remarkably, we
also studied the effect of an axion background on the photon transport properties
and the photon collective modes that occur in an EPP, employing the OSEFT for
photons and also the full theory [27], leading to the same results in both cases.
Thus, the OSEFT for photons can also have relevant applications in astrophysics
and cosmology, as it provides an adequate framework to study the propagation of
photons through the use of semi-classical transport equations.

An important objective that we had set ourselves at the beginning of this thesis
is learning how to use and develop effective field theories in general, especially in
the particular contexts where the medium effects are relevant. Thanks to the work
carried out, we can therefore conclude that we have successfully achieved these

objectives.



Appendix A

HTL fermion self-energy from the
OSEFT

When constructing the OSEFT, one usually starts from the QED Lagrangian
_, 1
EQED == 1p (ZlD - m) w - EF F#V 3 (Al)

where () is the fermion field and m its mass, also ) = v*D,, with D* = 9" —ije A
the covariant derivative and F* = gt AY — 0¥ A*, being A* the photon field. The
fermion and photon fields are then split into hard and soft parts. In the HTL
fermion-self energy (see Fig.(A.1)), the vertex contains a hard photon and both a

hard and a soft fermion, so that the relevant Lagrangian for its derivation is

Lorr = 0, (i = m) 6y — (0" A7 — P AL +e (A, + D, Am) . (A2)

being n(z) and 1, (x) the soft and hard part of the fermion field respectively and
Al (x) the hard part of the photon field. Then, for positive energies, one performs
a momentum decomposition for the hard fields, e.g K* = Ev* + k¥ where E is
the energy, v* a light-like vector and k* the residual momentum. Also, assuming
that Ev* > k*, the dependence on the hard momenta can be factored out as
Py (z) ~ e Ev (1) and A#(x) ~ e Ev2EH (). This last expressions are plugged
into the Lagrangian of Eq.(A.2) and then, by further decomposing the fields ¥ (z)
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K—-L
L
L K L

Figure A.1: Fermion-self energy diagram in QED. In the HTL approximation,
K ~ T is hard and L ~ €T is soft.

and &*(z) using projectors, one can integrate out from the Lagrangian the heavier!

components. Details on the construction of exact effective OSEFT Lagrangians
can be found in [9, 26]. Here, we just need the leading order terms in the OSEFT
Lagrangian, to derive the required effective vertex. For the positive energy sector,

the leading order terms needed to reproduce the HTL fermion self energy are just
Lerr ~ X, 0 - Oxy + ETLug“”iv 20T, +e (Yﬂﬁn,un + ﬁvﬁTLMXU) , (A.3)

being y,(z) and 7/'(x) respectively the effective fermion and photon field. Note
that in the above Lagrangian there are only transverse photons, which reflects the
gauge invariance of the HTL fermion self-energy at leading order. Also, contrary
to the computation of the HTL polarization tensor from the OSEFT, at this order
there are no tadpole diagrams, which however appear at subsequent orders in the
energy expansion. Let us explain the main steps in the computation. The general
structure of the retarded fermion-self energy in the real time formalism can be
found in [20, 29]. In the OSEFT, an analogous expression holds, obtained by
replacing the full theory propagators and vertices with the corresponding ones in

the OSEFT. Explicitly, one can write for the positive energy sector
i d*k uw uw
Sosert(L) = 5 3 [ (5myiVel®) Ss(IDL ) + Sw(W)DF G Volw) . (A)
Ewv

where V, (k) is an OSEFT vertex which generally depends on momentum, also Sy (k)
and DY (p) with X = A, R, S are the fermion and photon propagator components
in the Keldysh representation respectively. Note that k* is the resiudal momenta
and p* = k* — L* where L* is the external (soft) fermion momenta. The sum over

all £ and v* is needed because of the decomposition performed in the full theory

'Each projected component has different power counting in E™ (n = 0,1,2...) and by heavier
we mean those with the highest n.
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momentum K*. The general form of the fermion propagators in the OSEFT can
be found, for instance, in our first work [23] and the general expression for the

thermal photon propagator in the OSEFT is [26]

v B P 1
Diyr(p) = — ZJE o — F(p) Fi0+ (A.5a)
DA (p) = T=izmd(on — F(P))[L + 2n5(E + po)] (A.5b)

where P{" is a transverse projector and f(p) is the OSEFT dispersion relation.
Although in practical computations the general expressions for the propagators
need to be expanded at a fixed order in 1/F, it is recommended to keep them
unexpanded for the seek of general expressions for the self-energies [10]. Using the

definitions of the OSEFT propagators one can write Eq.(A.4) as

Yoserr(L Z/ d4k ¢P’“’V( )

Xl{i27f5(ko — flk,m))[1 = 2np(E + ko)] | 12m0(po — f(P)IL +2n5(E + po)] }
2k '

po — f(p) —i0F ko — f(k,m) + i0*
(A.6)

The HTL fermion self-energy can be obtained by expanding the general vertex in

1/E and keeping the leading order term. Precisely
1
VI(k) = V(g + EV{{)(k) - (A7)

with Vg, = ey, as is derived from the Lagrangian in Eq.(A.3). Then, integrating
over ko and subsequently expanding the expression inside the brackets of Eq.(A.6)

to leading order, one reaches to

d? k: n —l—n Yoy
E}(l)téEFT Z/ r 5(E) t)“-%LL . (A.8)

Resorting now to the general form of the fermion self-energy?, one notes that there

are only two independent scalar functions, given by

d? k E
Tr (LZ}CI)%EFT = 4’ Z/ e E”B( ) : (A.9a)

2That is ¥ = AL + B~ [20], where the scalar functlons A= A(L?) and B = B(L?) are given
by A= —5 [Tr (LX) — £Tr (1°%)] and B = — 5z [£*Tr (1°%) — 6oTr (LX)] respectively.
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Tr (1S5 (L)) = 4622/ E — . (A.9b)

Before computing the integrals, in the OSEFT one usually moves back to the full
theory variables [9, 10]. At leading order in 1/F this step is trivial, for instance,
using the notation K* = (Kjy, K) for the full theory momentum, one has £ ~ Ey,
v* ~ vl and npp(E) ~ npp(Ek) being Fx = |K| and vy = (1, K/Ek). In
addition, one uses the association [10]

Z/dgk :/d3I){3.

2

(A.10)

After moving back to the full theory variables one can perform the required radial
and angular integrals, which are finite at this order. Hence, after also adding the

negative energy sector contribution, which gives an overall factor of two, one gets

Tr (LXM(L)) = 4m}, (A.11a)

Tr (702111;1@)) - |£| 1 (ﬁz J_r :ﬁ:) , (A.11Db)

with m% = €2T?/8 the QED fermion thermal mass. The above result coincides
with that found in the literature (see e.g [20, 29]). Recapitulating, we have shown
that by including interactions with soft and hard fermionic fields to the OSEFT for
photons one can reproduce the HTL fermion-self energy. Thus, we conclude that
the OSEFT for photons can successfully characterize the effective photon degrees
of freedom operating at the hard scale (~ 1) of an EPP.
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