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We discuss a novel worldline framework for computations of the chiral magnetic effect (CME) in
ultrarelativistic heavy-ion collisions. Starting from the fermion determinant in the QCD effective action, we
show explicitly how its real part can be expressed as a supersymmetric worldline action of spinning,
colored, Grassmannian particles in background fields. Restricting ourselves for simplicity to spinning
particles, we demonstrate how their constrained Hamiltonian dynamics arises for both massless and
massive particles. In a semiclassical limit, this gives rise to the covariant generalization of the Bargmann-
Michel-Telegdi equation; the derivation of the corresponding Wong equations for colored particles is
straightforward. In a previous paper [N. Mueller and R. Venugopalan, arXiv:1701.03331.], we outlined
how Berry’s phase arises in a nonrelativistic adiabatic limit for massive particles. We extend the discussion
here to systems with a finite chemical potential. We discuss a path integral formulation of the relative phase
in the fermion determinant that places it on the same footing as the real part. We construct the
corresponding anomalous worldline axial-vector current and show in detail how the chiral anomaly
appears. Our work provides a systematic framework for a relativistic kinetic theory of chiral fermions in the
fluctuating topological backgrounds that generate the CME in a deconfined quark-gluon plasma. We

outline some further applications of this framework in many-body systems.
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I. INTRODUCTION

The prospect of experimental access in ultrarelativistic
heavy-ion collisions to emergent CP- and P-odd phenom-
ena in quantum chromodynamics (QCD) has inspired much
interest. Some of this interest derives from the fact that
topology-changing sphaleron transitions [1-5], associated
with the quantum anomalies generating such phenomena,
are a central ingredient in models of electroweak baryo-
genesis in the evolution of the early Universe [6-9].
Quantum anomalies are also conjectured to play an
important role in the electronic properties of strongly
correlated condensed matter systems [10]. In general, the
real-time dynamics involving the effects of anomalies are
an excellent probe of the topological structure of gauge
theories. In the context of heavy-ion collisions, a major
advance is the conjectured existence of a chiral magnetic
effect (CME). The CME here corresponds to fluctuations of
axial charge imbalances in the strongly correlated quark-
gluon plasma (QGP) that generate electric currents in the
direction of the Abelian magnetic fields that exist in off-
central collisions of the heavy nuclei [11-13].

The CME has already been observed in condensed
matter experiments [14]. Observing its effects in heavy-
ion collisions however poses a significant challenge
[13,15]. It requires an understanding of the earliest times
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in the heavy-ion collision, as the Abelian magnetic fields
generated by “spectator” nucleons decrease very rapidly in
time [16,17]. Weak coupling frameworks applicable at high
energies indicate that, at these early times, the strongly
correlated quark and gluon matter is far off-equilibrium in a
highly overoccupied “glasma” state, which subsequently
thermalizes to a quark-gluon plasma (QGP). Recent studies
suggest that sphaleron transitions are far more frequent in
the glasma [18], than in the QGP [19]. Classical-statistical
real-time simulations that include the dynamics of chiral
fermions [20] clearly demonstrate the emergence of the
CME in background magnetic fields [21,22].

However this real-time description of the glasma breaks
down when, due to the spacetime expansion of the glasma,
typical occupation numbers become of order unity. In this
dilute regime of the glasma, classical-statistical methods
must be matched to kinetic descriptions that describe the
dynamics of the system as a weakly interacting gas of
quasiparticles. Real-time simulations studying the thermal-
ization process in the glasma [23] show that the classical-
statistical description matches smoothly onto an effective
kinetic theory [24], which in turn can be matched to
relativistic viscous hydrodynamics at later times. This
description, when extrapolated to realistic values of cou-
pling, gives values for thermalization times that are com-
patible with hydrodynamic descriptions of heavy-ion data.
Phenomenological studies in such a hybrid framework have
now been extended to photon production, whose yields are
sensitive to all spacetime stages of a heavy-ion collision [25].
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Similar considerations apply to the classical-statistical
description of the spacetime evolution of the chiral mag-
netic current through the glasma. The development of a
chiral kinetic theory that interpolates between classical-
statistical glasma dynamics of axial charges at early times
and hydrodynamic descriptions of such dynamics in the
QGP [26-30] at late times is therefore essential for
systematic phenomenological analysis of the CME in
heavy-ion collisions. There has been a significant amount
of work in developing such a chiral kinetic theory both in
the context of condensed matter systems and for a decon-
fined QGP [31-43]. In several of the treatments, systems
with large chemical potential are considered. The dynamics
includes a Berry term corresponding to the Berry phase
[44,45] that arises in such systems in an adiabatic limit,
valid for excitations near the Fermi surface. While such
treatments may be appropriate for systems containing large
chemical potentials, they are problematic in relativistic
contexts such as heavy-ion collisions where the assump-
tions of adiabaticity may not apply and where chemical
potentials are not a priori large.

A further concern with chiral kinetic treatments is the
possible conflation of topological effects due to the chiral
anomaly and those arising from geometric phases in
adiabatic and nonrelativistic limits. Unlike the latter, the
topological effects due to anomalies are generic and
independent of kinematic limits. The connection between
anomalies and Berry’s phase, which has been made
frequently in the literature [46—48] (see Ref. [49] for a
review), is the subject of a critical series of papers by
Fujikawa and collaborators [50-52], where they pointed to
distinctions between the topology of Berry’s phase and
those of the anomaly [53,54]).

In this work, we will develop a novel framework towards
constructing a consistent Lorentz-covariant chiral kinetic
theory that is generally valid in relativistic contexts and
makes no requirement that the dynamics be adiabatic. To
achieve this goal, we will adopt the worldline approachl to
quantum field theory [57-64]. This worldline framework is
closely connected to the Polyakov path integral in string
theory [65]. These connections were very effectively
exploited in the work of Bern, Dixon, Dunbar and
Kosower [66,67] relating string amplitudes to multileg
Feynman diagrams in QCD. More to the point, it was
employed in the seminal work on quantum anomalies by
Alvarez-Gaume and Witten [68,69] where it was shown
how anomalies arise in the framework from the phase of the
fermion determinant, as anticipated in the work of
Fujikawa [70,71].

In a previous paper [72], we showed that a particular
worldline construction’ of D’Hoker and Gagné [73,74] is

"The original ideas can be traced all the way back to seminal
works by Feynman [55] and Schwinger [56].
%See also related work in Refs. [59,62].
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well suited to the construction of a chiral kinetic theory. We
sketched there how the coherent state formalism of
D’Hoker and Gagné gives rise to the Bargmann-Michel-
Telegdi equations for spinning point particles in external
gauge field backgrounds and Wong’s equations for their
colored counterparts. We further outlined how for massive
particles the corresponding Hamiltonian description gen-
erates a Berry phase when an adiabaticity condition is
imposed. The principal value of the D’Hoker-Gagné
worldline construction is in its treatment of the relative
phase in the fermion determinant which, as noted, is
responsible for the chiral anomaly. By an ingenious trick,
this phase can be rewritten as a path integral, with a point-
particle “action.” This action has an identical structure to
the action arising from the real part of the fermion
determinant, with the only (and critically important) change
being that the gauge fields are multiplied by a regulating
parameter which breaks chiral symmetry explicitly. In the
paper, we briefly outlined how the chiral anomaly arises in
the D’Hoker-Gagné construction.

We will here develop many of the ideas outlined in
Ref. [72] and provide an explicit derivation, adapted to
our QED/QCD framework, of the D’Hoker-Gagné formal-
ism. For the real part of the effective action, we explicitly
write down the point-particle action, and demonstrate that
the equations of motion for QED are the covariant
generalization of the Bargmann-Michel-Telegdi [75] equa-
tions for spinning particles in external fields. (For colored
particles in QCD, the counterparts are the Wong [76]
equations.) In particular, we will discuss the constrained
Hamiltonian dynamics of spinning particles [77-81] in the
worldline approach. This discussion is of considerable
importance in deriving the nonrelativistic limit for spinning
particles. As noted in our paper, this approach leads in a
clean logical manner to Berry’s phase after further assump-
tions of adiabaticity. We will here extend the latter
discussion to the case of systems with large chemical
potentials.

Another novel feature of this manuscript is an explicit
derivation of the chiral anomaly in the D’Hoker-Gagné
worldline construction. In their work, they used a pertur-
bative expansion to show how a Wess-Zumino-Witten
term arises [53,54] from the relative phase in the fermion
determinant. In our work, in addition to clarifying
some subtle points in the D’Hoker-Gagné construction,
we will instead employ a nonperturbative variational
method to derive the anomaly equation explicitly as
the scalar product of electric and magnetic fields. The
corresponding worldline anomalous axial current has a
structure we will find useful in constructing a chiral kinetic
theory.

This observation provides the segue to note that the
worldline treatment of the real and imaginary terms in the
effective action for the fermion determinant both provide
essential ingredients in a kinetic description of relativistic
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fermions in the background of Abelian or non-Abelian
gauge fields. The quasiparticle limit of the theory, and
furthermore the Liouville description of phase space, is
contained entirely in the real part of the fermion effective
action (continued to the Minkowskian metric), independ-
ently of the anomaly. The Hamilton evolution of the
corresponding equations of motion, formulated in proper
time 7, allow for a Lorentz-covariant kinetic theory. Spin
effects related to the definition of a Lorentz frame, such as
recently proposed “side-jumps” are natural outcomes of a
covariant description of spinning particles [35]. We showed
in our paper [72] that for a nonrelativistic limit correspond-
ing to massive particles, adiabaticity conditions on the
Larmor interaction energy, generate a Berry phase. Since
this derivation only involves the real part of the fermion
determinant, and the chiral anomaly arises from its imagi-
nary piece, our work is an explicit demonstration of the
prior observation by Fujikawa and collaborators [70,71]
regarding the distinction between the topological effects
arising from each part. For massless relativistic particles,
and for situations where the Larmor energy is large, the
topology of the anomaly alone is relevant.

An exception is the case of systems with large chemical
potential, the original focus of the kinetic theory con-
struction in Refs. [31,33]. We will extend our discussion of
nonrelativistic limits in Ref. [72] to this case. We will show
explicitly how the adiabaticity condition for the Larmor
energy arises in this case. However even though there is a
Berry phase in such situations, it is still distinct from the
effects from the anomaly. Our work provides a first-
principles framework to address the fascinating interplay
of these distinct effects. As noted in our paper, the real-time
formulation [82] of a semiclassical worldline kinetic theory
for spinless colored particles results in the non-Abelian
Boltzmann-Langevin Bodeker kinetic theory of hot QCD
[60,83-85] including both noise and collision terms. In
work in progress,3 the formalism discussed here will be
employed to derive the analogous “anomalous” Bodeker
theory [87]. The resulting generalization of chiral kinetic
theory can then be matched to results from classical-
statistical simulations at early times and to anomalous
hydrodynamics at late times.

The outline of this manuscript is as follows. In Sec. II, we
begin by giving an introduction to the worldline method
and we work out its formulation for a Dirac fermion
coupled to both vector and axial-vector gauge fields. In
particular, we introduce a 16-dimensional matrix formu-
lation of the fermion effective action. As we shall discuss,
this formulation is convenient for implementing a coherent
state formalism for spinning and colored fields. We will
show how the real part of the effective action is expressed in
terms of a Grassmannian path integral over a supersym-
metric point-particle action for such fields. We next discuss

3For another attempt, we refer the reader to Ref. [86].
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the D’Hoker-Gagné path integral construction for the
imaginary phase in the fermion determinant and show that
it has a similar structure to the path integral formulation of
the real part of the effective action. We use this construction
to derive expressions for the vector and anomalous axial-
vector current which fulfill the (anomalous) Ward identities
known from second quantization. We pay particular atten-
tion to the anomaly equation, which has novel features, and
provide a detailed derivation to expose these features. In
Sec. III we perform a saddle-point expansion to obtain the
pseudoclassical dynamics of spinning particles. These were
studied extensively previously in the literature and we
connect our results to this body of work [77-81] in
Sec. Il A. We note some parallels between our work
and those of Stone and collaborators [36,37,39] though
the derivations are different and employ different tech-
niques. We emphasize that the quantization of spinning
particles has been studied by Gitman and Gavrilov [88,89],
as well as Naka [90], in accordance with Schwinger’s
proper time method. In their approach, quantization of
the spinning particle on an open worldline reproduces the
fermion propagator, while our approach is to quantize the
particle on a closed loop. As we shall show, the dynamics of
the anomaly is related to the corresponding boundary
conditions and the emergent fermion zero modes. This
distinction highlights the need for careful ab initio
approaches such as the worldline technique to consistently
include the dynamics of the axial anomaly.

The pseudoclassical limit of the worldline effective
action leads to a Lorentz-covariant form of the “anoma-
lous” equations of motions put forward in Refs. [31-
35,41], when taking the nonrelativistic and adiabatic limit
in Sec. III B. A kinetic theory can be constructed from the
worldline framework for half-integer particles; as noted, the
equations of motion obtained from the stationarity con-
dition of the worldline path integral constitute characteristic
equations for the Liouville evolution of the phase-space
density. We investigate the case of massless particles in the
presence of a large chemical potential and discuss the
corresponding nonrelativistic adiabatic limit.

Our findings are supplemented by several appendices. In
Appendix A, we provide details of a derivation that is not
discussed in the main text. In Appendix B, we discuss the
symmetry properties of the worldline action for spin-1/2
particles, corresponding to a N = 1 supersymmetric quan-
tum mechanics. As our derivations generalize to arbitrary
internal symmetry groups, we give an introduction in
Appendix C to how color degrees of freedom can be
treated semiclassically using Grassmannian variables. In
Appendix D, we discuss the difference between covariant
and consistent anomalies. Finally in Appendix E, we
discuss in detail the meaning of the pseudoclassical limit
in the worldline framework, which is tied to a hidden
gauge symmetry and to constraints, which arise upon
quantization.
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II. THE WORLDLINE FRAMEWORK

A. Introduction

In this section, we shall derive in the worldline formal-
ism, the one-loop effective action for a Dirac fermion
coupling to vector and axial-vector gauge fields. We will
show that in the Euclidean metric the axial anomaly can be
understood as arising from the imaginary part of the
effective action [68,69]. This result is transparently related
to the violation of chiral symmetry. We begin by intro-
ducing the main ideas of the relevant worldline framework.
Some parts of our derivation parallel the work of D’Hoker
and Gagné [73,74]. We will however place special empha-
sis on some of the details in the definition of single-particle
path integrals. The careful treatment of these is relevant for
the realization of the axial anomaly. The expression for the
fermionic part of the action in the background of vector (A)
and axial-vector (B) fields is

S[A, B] = / &3 (id+ A + 7sB)w, (1)

where we allow the fermion fields to carry any internal
(gauge) symmetry. We introduced here an auxiliary
Abelian axial-vector field B because we are interested in
the color-singlet axial anomaly. We will treat B as a
variational parameter which we will set to zero eventually.
In the following, we have absorbed all couplings into the
definition of the fields for convenience and they can be
easily restored when necessary.

The fermionic part of the full path integral containing the
action in Eq. (1) is a Grassmannian Gaussian integral and
can be performed. This gives the determinant of the bilinear
operator, det(id + A + ysB), from which the fermion
effective action can be defined,

—W[A, B] = log det(), 0=id+A+ysB. (2)

We can now split Eq. (2) into real and imaginary parts,
WIA, B] = WA, B] + iW[A, B], (3)

which we discuss in detail below. We will continue with
massless quarks; the extension to massive particles is
straightforward and for the problems of interest will be
discussed explicitly later. Since the imaginary piece above
may be unfamiliar to some, we mention for future reference
that, albeit in the physical case one has W[A, B = 0], = 0,
the variation SW[A, B];/6B,, is nonzero even if B = 0. This
variation defines the anomalous axial-vector current. For
the sake of illustration, our final results will be given for the
QED anomaly, but we will discuss how our findings can be
generalized to non-Abelian theories as well. In Appendix A
we provide supplementary material and elaborate on some
intermediate steps in the calculation.

PHYSICAL REVIEW D 96, 016023 (2017)
B. Real part

In this section, we will derive an expression for the real
part of the fermion determinant, defined in Eq. (2) and
Eq. (3). The real part is related to the modulus of the
operator @ and can be expressed as

1 1
Wy = - logdet (0°0) = =S Trlog (6'0).  (4)

The main idea behind the worldline technique is to find an
integral representation for the logarithm of the positive-
definite operator 8'0. As we will show below, this is
equivalent to defining a quantum-mechanical path integral
for a relativistic particle on a closed loop, which is the
worldline. We will require a basis of states for the trace in
Eq. (4), which is over an infinite-dimensional space and
contains both spacetime as well as internal indices. For
spinors, this basis is related to the Clifford algebra of
fermions, but the basis can include possible further internal
symmetry groups such as color.

The spacetime trace can be turned into a quantum-
mechanical path integral for the bosonic coordinates of a
point particle, as was shown in Ref. [57]. The trace over the
Dirac matrix structure of spinors leads to path integrals
using a Grassmannian coherent state formalism. Such a
coherent state formalism was discussed in Refs. [73,74] and
requires an artificial enlargement of the dimension of the
space, in which the Dirac matrix structure is embedded,
from 4 x4 to 8x8. Interpreting 6@ as an eight-
dimensional matrix and making a similarity transformation
as outlined in detail in Ref. [74], the fermionic effective
action can be written as

1 ~ 1 -
We = —glog det(X?) = —gTrlog(Z2), (5)
where 37 is given by (cf. Refs. [73,74])

- A i
22 = (p - "4)2”8 =+ EFﬂFDFﬂu[A]’ (6)

—

and where we have defined p,=-i0, and F,, =
9,A, — 0,A,. Here we have artificially enlarged the rep-

resentation space of the gauge field to include the left- and
right-handed chiral fields,

)

whereby ¥? is a 16-dimensional (8 x 2) matrix. The six-
dimensional (8 x 8) gamma matrices I', are defined as
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0 0 0 il
F#:< Yy)’ F5:< 75)’ F6:( : 14>’
Yu 0 ys O —ily O
(8)

with an additional matrix I';, anticommuting with all other
elements of the algebra,

6

I 0
n——dIm—(4 ), Oy =0. ()
A=1 0 -l

Here y, and ys are the usual Dirac matrices.

This artificial enlargement of both the dimensions of the
Dirac matrices as well as the representation of gauge fields
may seem unmotivated. Indeed the splitting of Eq. (7) is
strictly speaking not necessary at all, but simplifies our
calculations significantly. The dimensional extension of the
Dirac matrices, on the other hand, as defined in Eq. (8) is a
necessity. The elementary idea behind the worldline
approach is to express traces, such as those given in
Eq. (5), in terms of quantum-mechanical single-particle
states. As observed in Refs. [73,91], this is not possible for
four-dimensional Dirac matrices; a set of coherent fermion
states, representing the corresponding Clifford algebra,
exists however for the extension given in Eq. @®).

With this path integral formulation in mind, we will
adopt Schwinger’s integral representation to write Eq. (5)
as (cf. Refs. [73,74])

1 oo dT £l
W == —T -1z 10
R SA T Tig€ (10)

where, by means of the T integral, we have introduced what
is commonly known as a closed worldline of length 7.
While Eq. (10) can be taken as the definition of the
worldline, its structure will be discussed in more detail
below. We introduced here an arbitrary positive real number
& called the einbein. As is well known, and as we shall
discuss explicitly in Sec. III and in Appendix B, £ is not a
physical quantity but rather a gauge parameter related to
reparametrization invariance on the worldline.

The trace in Eq. (10) includes the internal (Dirac) space
and it can be evaluated using a coherent state basis that

*We note that the use of eight-dimensional (reducible) repre-
sentations of the Dirac gamma matrices is not related to six-
dimensional spacetime, but is rather a mathematical necessity: as
was shown by Mehta [91] the use of a four-dimensional gamma
matrix representations results in inconsistent Green’s functions of
the Euclidean theory and a consistent fermionic coherent state
basis is only found using eight dimensions. In view of our
findings in the later sections of the manuscript, the importance of
the eight-dimensional representation becomes manifest, as the
operators I's, I'g appear explicitly as worldline insertions and I';
can be interpreted as the higher-dimensional equivalent of ys,
realizing periodic boundary conditions for Grassmann fields and
thus worldline supersymmetry.

PHYSICAL REVIEW D 96, 016023 (2017)

realizes the Clifford algebra of Dirac fermions. More
specifically, the spin part of the trace in Eq. (10) is turned
into a path integral over Grassmann variables [73,74],
employing the methods developed first by Berezin and
Marinov [77]. Towards this end, we introduce the fermion
creation and annihilation operators (a, r = 1, 2, 3),

1
ari :E(Friirr+3)’ {a:rva;} :5”7
{ar.af} ={a;.a7} =0. (11)

These operators a; span the space of the Clifford algebra
satisfied by the I" matrices. They define the coherent states
|6), |6) which satisfy

a7 |0) = 5,19), (12)

with the matrix elements between coherent states defined
to be

These satisfy the completeness relations

/|9><9|d39:/d39|9><é ~1. (14)

Note that while 0., 8,, d6,, dd, anticommute with (6|, |6),
they commute with |9), (9]. All states and variables
commute with the vacuum. With these definitions, traces
in the coherent state basis can be defined.

The trace over a generic operator has the form

Tt(0) = / 436(~0]010). (15)

This expression for the trace was discussed at length in
Ref. [92]. The negative sign in Eq. (15) arises from
transforming the coherent state basis to a Fock state basis.
As this includes anticommuting variables, the minus sign in
Eq. (15) can be interpreted as enforcing antiperiodic
boundary conditions for the Grassmann variables on the
closed worldline. We can therefore write the trace in
Eq. (10) as

Trige > =tr / d*7d%0(z. —0e™F|2.6).  (16)

The remaining trace (tr) on the rhs now contains only the
trace over the representation space Eq. (7) and other
internal symmetries such as color. If we proceed with
Abelian gauge fields alone, tr is only over the two-
dimensional representation space (7) and is in fact trivial:
it amounts to a simple sum over the two chiral
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configurations, as we will see below. Non-Abelian gauge
fields can be included straightforwardly, as we show in
Appendix C. For simplicity, we will discuss only Abelian
gauge fields for the rest of the manuscript; the extension to
QCD will be discussed in follow-up papers.

We will now express the matrix element on the rhs of
Eq. (16) as a path integral,5 with T playing the role of
“time” and the “Hamiltonian” represented by &3%/2
[73,74]. Our derivation, for this real part of the effective
action, uses the conventional time-slicing procedure to
construct the path integral. Splitting the time interval into N
discrete steps of length A = T7/N (the continuum limit is
defined as N - o and A — 0), we define the average
position between two time slices

o xk gkt
/]3 :%, (17)

and for later use combine the three complex Grassmann
variables @, @ into six real ones,

PHYSICAL REVIEW D 96, 016023 (2017)

ve=—72(04+0,) a=123

(045 = 05s)

a

a=456 (18)

S

Further, with these definitions, matrix elements containing
gamma matrices " are evaluated by making use of Eq. (11)
and Eq. (12) to read

@) = = [ 060 @020t

== [ @@ 2yl (19

Equation (19) can be generalized to higher matrix products
using the simple mnemonic I', = v2y,.

After these preliminaries, inserting complete sets of
coherent states, we obtain,

ok - _ g -
el

N k _ k=1 £ 1 _ i&
cepd-a |-t oL S - a e s V) B g |

EN/D)C Dwtrexp{—/TdTE(r)}.
P AP 0

In obtaining the second equality, we symmetrized the
“kinetic term” with respect to the variables 6, @ in order
to replace the complex variables & with ¥, using Eq. (18),
before taking the continuum limit of the path integral
[73,74]. Further, in the last step, we completed the
squares and shifted the p integration.6 Periodic boundary
conditions P for bosonic variables and antiperiodic boun-
dary conditions AP for fermion observables are imposed

respectively by identifying x = x¥ and y® = —y".

>This strategy highlights the fact that in the worldline ap-
proach, contrary to the conventional approaches in quantum field
theory, spin is not accounted for by means of a multidimensional
wave function (as it is done for fermion spinors) but instead as an
independent degree of freedom in the path integral.

°This  standard trick replaces  pk — pk— A, [¥] -
i(xk —xk1)/EA.

(20)

|
Expressing the Grassmannian integration measure by
the six-dimensional variables Dy = Dy, Dys Dy, gener-
ates a trivial Jacobian, which can be absorbed in the
normalization.

The real part of the effective action can thus be expressed
in path integral form as

We = %AMd_TTN/D P AP Dutrexp {_ /OTdTE(T)}
(21)

with the point-particle “quantum-mechanical” worldline
Lagrangian

21 . i€
E(T) = % + EWal//a - lx;vAu + TWuF;w[‘A]Ww (22)
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where

L) - (EOL EOR)

¥® o1 ..
LL/R(T) = 275 +§1//al//a - lx;t(A + B)y
i€
+ ?WMF/W[A + Bh//w (23)

carries the two-dimensional matrix structure of the helicity
representation of the gauge fields (7) and can be trivially
split into separate Lagrangians for both chiralities/helicities.
The path integral can further be written more explicitly as

We —%/OOOd—;./\/'/DDxéDyf{exp{—/onfﬁL(r)}
+exp{— A TdfcR(T)H. (24)

For a vector gauge theory, where B = 0, £; = L, as both
left- and right-handed massless particles couple to vector
fields identically. In this case, the trace in Eq. (21) just gives
an overall factor of 2. For the reasons outlined previously,
we will keep B # 0. The normalization in Eq. (21) is

N = N(T) = / Dpe s )y 4@ (25)

With this path integral definition of the real part of the
fermion effective action, one can begin to define currents
(and products thereof). For instance, one obtains the vector

7 .
current” (jy (v))
ol
6A,(y)

i [edT
=—= —N/Dx Dy jy!
8A T P ap

% (e—fgd‘rﬁL(T) + e_deT£R<T))’ (26)

(n )

- T .
= [ drlewnd, - 5040 - ). 27
It can be easily shown that
(M) =04 9, =0. (28)

In proving these relations, we first used the definition of the
total derivative for the divergence of the first term of

"Note that this expression is still written in a Euclidean
formulation. The continuation of this and similar expressions
to real time is straightforward as we will show in Sec. III.
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Eq. (27), employed our knowledge of the boundary terms
and used the fact that

T .9 T d
A deﬂa_))I,54(x(T> -y) = _/0 drgé“(x(r) -y)=0.
(29)

The second term in the four-divergence of Eq. (27) vanishes
by the antisymmetry of the Grassmann variables, when
interchanging the y and x(z) derivatives. We note further
that the worldline description provides us with a natural
regularization as discussed in Ref. [93], whereby T — 0
represents the ultraviolet limit of the effective action and
T — oo is related to the infrared limit.

C. Imaginary part

1. Worldline representation of the phase
of the fermion determinant

In this section, we will derive a path integral represen-
tation of the imaginary part of the fermion effective action,
as defined in Eq. (3). As noted in Ref. [68], the absolute
value of the phase of the fermion determinant is not well
defined (for fermions in a complex representation). On the
other hand, variations or relative phases (variation with
regards to an external parameter), are unambiguous. In the
worldline framework, the fact that the absolute value of the
phase in the fermion determinant is ill defined is reflected
by the lack of a heat kernel regularization for the imaginary
part of the effective action; the latter is only possible when
the action breaks axial symmetry explicitly.

We proceed with our discussion by expressing the
relation between the phase of the fermion determinant
and the corresponding imaginary part of the resulting
effective action as

W, = —argdet[d], (30)

where @ is defined in Eq. (2). Again, extending the
dimensionality of 8, we can write the above as

1 0 0
W, = ——argdet|Q|, Q= , 31
= - jaredelfo) () o) 6D

where Q is an 8 x 8-dimensional matrix which reads
Q= Fﬂ(pﬂ - A”) — iF7FﬂF5F6Bﬂ. (32)

The gamma matrices are those defined previously in Eq. (8)

and Eq. (9). A lengthy derivation, that includes a further

doubling of dimensions (discussed in Refs. [73,74] in full
detail) results in the expression
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R TR

where Q is given as

1

~ S S i S S
Q= E(Z_ X)iyers +§}’5}’6J/7)((2— Xiyers.  (34)

with
£ = 1,00~ Ay). x—<10)- (35)

We note that ¢ is the chiral conjugate of X, by setting
B — —B. As before, this expression allows one to represent
the phase of the fermion determinant as the trace of
logarithms. The crucial difference to the real part however
is that Eq. (34) does not permit a path integral representa-
tion analogous to Eq. (10). This is principally because the
operator Q does not have a positive-definite spectrum
(respectively, heat kernel expression).

Nevertheless this obstacle is overcome by a trick due to
D’Hoker and Gagné [73,74]. Inserting an auxiliary param-
eter a, Eq. (33) can be written as

w L g2 Lo ani%a_o
—ZWﬂ—4/_1d(xaa<Trlog[2(Q+Q)+2(Q Q)})

=i[?““ﬂ@+@%lj;_@n} o

Symmetrizing this expression with respect to a gives

1 QQ_QTZ
-/ daTr{ SR S } (37)
4/ (Q+Q")?+2a[Q.QT| - a?(Q* -Q™)

There is an identity that ensures that the denominator of this
expression is positive-definite and admits a heat kernel
regularization [73]. However, by keeping the numerator
separate and defining it as

M=o -Q7, (38)

in analogy to Sec. II B, the imaginary part of the effective
action can be expressed as

13 1 © “ -
W, :é—4 / lda /O ATTe{ e ). (39)

Remarkably the matrix i%a) coincides with * that enters
Eq. (10), albeit with the replacement of the axial-vector
field therein by B — aB. This result permits us to properly
interpret @ as the parameter regulating chiral symmetry
breaking in the effective action. The values a = +1
correspond to the coupling of gauge fields to left- or
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right-handed particles. Since Eq. (39) contains an continu-
ous integral over a, chiral symmetry is necessarily broken
for a # £1. There is a trace insertion of Eq. (38), in
Eq. (39) that is absent in the real part of the effective
action.® This can be split into two contributions,

M=yA,  A=AD+AD, (40)

which are given as

A = 2y576(0,, By|ls.
A = [y,.7,){0,. B, }rsr6l. (41)

Both contributions are linear in the axial-vector field B and
further are diagonal in the (two-dimensional) field repre-
sentation space introduced in Eq. (7). Just as in the case
for the real part of the effective action, the coherent state
basis (11) can be used to present the trace in Eq. (39) as
follows:

Tr{#e %0} = / d*z2d0(z, —0| e 0 |2,0).  (42)

Here the (trivial) subtrace over the two-dimensional field
representation space is implicit. From Eq. (42), a path
integral representation can be found; however the insertion
of the operator M in the trace requires care in the
discretization of the worldline, more so than for the real
case discussed in Sec. II B.

D. The axial-vector current

Our goal is to derive an expression for the global axial-
vector current, defined as

i5Wy[A. B]

U0 =55

|B=0- (43)

We will subsequently derive the famous anomaly equation
in our approach demonstrating that this current is not
conserved. Equation (43) can be written as

iSW,
(ay) =
g 5B/4<Y) B=0
1 oo V s
__f / da / dTTr{ oM e‘gmio}
64 0 0 5By(y) B=0
o 1 <2
__£ dTTr{ 0 e-%TZ‘} . (44)
32 0 5B;4(y) B—0

Note that the variation of the exponential with respect to B*
does not contribute when B* is set to zero. The surviving

¥This contribution is analogous to the ys insertion in “text-
book™ discussions of the anomaly [65].
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expression above contains both terms in Eq. (40). We will
discuss both separately. The trace in Eq. (44) is written as

Tr{ M _ g5 }
6B, (y) B=0

sM

—tr / a0 (. 6| Xe )e—%T22|x°,90>
SA .

=t / AP0, 0] o e |50, 69, (45)
M

Here, in going from the first line to the second, we made
use of (—0|y; = (0]. In particular, y, can be shown to be the
equivalent of (—1)F, where F is the fermion number
operator defined from the coherent states in Eq. (11)
(cf. Ref. [73]).

This has important consequences: due to this worldline
insertion, the path integral representation of the imaginary
part of the fermion effective action will contain an
integration over Grassmannian variables with periodic
boundary conditions. Consequently, fermionic zero modes
arise, which would not be present otherwise. By inserting a
complete sets of states, Eq. (44) can be written as

£ fo
(a)) = —3—2/ thr/d4x0d390d4de3¢9N<x0,6'0|
0
oA
% 550y ¥ O BT 6. (46)
u

Both matrix elements on the rhs of this expression can be
treated separately. We begin with the matrix element
containing the exponential. In analogy with previous
derivations, we get

(xN, 0| e »T22|x0 0°)

0,Tr (7/7 5(;/:((1;) e—%TiZ) _ —8/ (1:[ d4x1> <ﬁ

2n>;> <H "39"1390 (a 88 <

PHYSICAL REVIEW D 96, 016023 (2017)

We now proceed to evaluate the matrix element in Eq. (46)
that contains the worldline insertion. From Eq. (40), the
latter can be split into separate parts. We begin our
discussion with A1), which gives

SAW
6B, (y)

—2(8%9 (0 -y>) 50 — ) (lysrel6¥).  (48)

< 0 90| |)CN,9N>

The second worldline insertion « A is similarly

SA2)
6B, (y)

—{ (060 = ot =)

+ 2(88 5(x0 — xN)>5()"c0 - y)}

X (%11, 7,)757610N)-

(x0. 6] <. ")

(49)

Adding together Eq. (48) and Eq. (49), multiplying it with
the matrix element in Eq. (47), and inserting this expression
into the rhs of Eq. (46), gives us the complete worldline
expression for the anomalous axial-vector current.

1. Derivation of the axial anomaly

To determine the anomaly equation, we need to compute
0,(6iW/B,(y)) p—o- We should mention here at the outset
that only Eq. (48) contributes to the anomalous non-
conservation of the axial-vector current, while Eq. (49)
does not; this statement is illustrated in Appendix A. One
thus obtains

0N = O3 s

B=0

E [ SAD o o
=-— 79,T ik
32[) dTo, r<y7 5B”(y)e 2 ) (50)

where the trace is now written as

5(x° y))l//(s’wéV

N ) (G- 6
X exp{—A kz; [—zp’g, A - A
LA = AP + v Fg(h) + @ - 0}, 51)
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We have made use of Eq. (18) to write this expression in a compact form. We can now follow the same procedure as for the

real part and complete the squares for the p, (k =1, ...,

k k
Pa = Pa

We then find

SAWM
0, Tr(y
( 75Bﬂ(y)

T

- A(l[)_ck] -1

N) integration9

(xk —xk l)
AE ’

_Azk £ }

« / (11 d4xi> (ﬁ d391d39/> (ayf;xg 5(x0 — y>>wgwg exp {—A EN: £"}. (53)

The exponential factor in the latter expression is

k k— 1)2 (0[;

- o)

exp{ AZEk}—exp{ AZL&_(X _A);
+(69—0§V)9_9}.

. . . 82 0
By means of partial integration 3,000 S(xV—y) =

0 k (9 51
00 Oexp AZE ————2i a—ngﬂ(x )

Aa()‘co)+0(A)} A Iﬁke——exp{ AZﬁ"} (55)

2

0
Ox99x9

nYu

—i(xgq = x7)

—5(x" — y) 52

- @AM(X;O)> - i(x(z - X

(K — Xkt _ i€ B _
_i )3 + £yt F oy ()
A 2
(54)
Oa 7, we get

0 0? _
: S)WA{I(XI)

i

where the leading terms in the limit of kK — 7, A — 0 are kept. In the continuum limit and setting B = 0 we have

isW,
O 5B,(y)

where (wsy)(0) is an insertion of the respective
Grassmann variables at worldline “time” 7 = 0.

=2 ["arw(a) [ px [ Duwswi)066:0) - )

L | 1
X exp {_A dfﬁxz - lxaAa(x> - El/]ay/a + ?WﬂFﬂvU/p}v (56)
[
x,(7) = %, + x,(7), (57)
Wa(?) = Vo +wa(), (58)

We will now find an analytic solution for Eq. (56). To
this end, we remark that, as illustrated above, both anti-
commuting as well as commuting worldline variables are
defined with periodic boundary conditions. We can there-
fore write both respectively as a sum of a zero mode and a
proper-time-dependent contribution

This of course does not effect the integration variables in the
representation of the worldline insertion. We emphasize this
point, because in the compact notation in Ref. [73], this procedure
is unclear and may cause confusion.

where the zero modes are defined to be

X, = AT drx, (1), X, = x,(0) = x,(T), (59)

Vo= / “da D). e=va(0) =waT)  (60)
0

and similarly for ys, we. The latter two fields can be
trivially integrated in Eq. (56). The result is
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/ dyyre ™ Jo Y / v P L
P

(61)
where y stands for either w5 or yws. We will henceforth

define the remaining integral measure as Dy = Hﬁ:l Dy,,.
The result can be compactly summarized as

isW,
"6B,(y)

B=0

—2 A ¥ ATN(T) / DD’ / Dy Dy'5(% — y)

o1,
- dr— ' —
xexp{ A T5e”

i€ i€ _ _
+ ?W;Fyul/’;/ =+ EWﬂFﬂDWD}7

. r .
lx/aAa (x) - EWLV//Z

(62)

where the normalization N is as in Eq. (25).

Because this normalization has a strong power-law
dependence on 1/T [65], the path integral receives its
largest contributions from 7" — 0. As the nonzero modes in
Eq. (57) can be expanded in terms of eigenmodes with
frequencies T~', higher modes do not contribute to the
T — 0 limit. It is therefore sufficient to expand the
integrand around the zero modes, keeping nonzero modes
only up to quadratic order. To evaluate this, it is convenient
to use the Fock-Schwinger gauge,10 centered around X,
which is defined by

x,(7)A, (X + X' (7)) =0 (63)
This expression can be formally solved for A, which
results in

AM()"c—kx’)—x’/ dmF,,(x +nx')
- / dnnexp(nx,d,)F,, (7). (64)

As we are expanding around the zero modes, it is sufficient
to expand

1 1
Aﬂ()"c—l—x’)zix’,,F (x )—I—3x x,0,F,,(X)+ ... (65)
In fact, we only need to keep
1 =\,
A, (x) NEF ,(X)x (66)

0T his procedure was discussed in detail in Refs. [68,69].
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Exploiting the Fock-Schwinger gauge thusly, Eq. (62) can
be cast in the appealing form

iSW,
. Bu(y) B=0

=2 A " dTN (T) / DxDx' / DyDy'5(x - y)

X exp< — Tdrix2 ixF X, —ll,l//l/'//
0 28 27 2T HTH

5 (67)

i€ _ i€ _ .
FUE L+ ST
We proceed by performing the (quadratic) nonzero mode
integration in Eq. (67). The results of performing these
integrals are [61]

~Gre (M) o
and
/ Dy’ exp {— / ' (%w;u}’,, + iwﬁ,wl) }
— det (SIH;I;T)) (69)

Here “Det’” indicates the determinant acting on the space of
variables without the zero modes, while “det” is defined on
the reduced space on which the gauge field tensor F is
defined. Due to the N = 1 supersymmetry of Eq. (67), the
fermionic and bosonic integrals (68) and (69) cancel,

z X/Z 1 .
/Dx’Dy/exp{—A dTT-i—El//,/,l//M—ExﬂFW( X)x,
1 1

+ iWLFW()_C)l//L} = 1247 (70)

leaving us with the zero-mode integration alone:

As will become clear from our derivation below, Eq. (67)
carries in fact an N =1 supersymmetry, turning bosonic
into fermionic variables and vice versa. Details are given in
Appendix B.
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/DI/_ICXP{—/OO dTil/_/MFﬂu()_c)lpu}
0
:/d4y7€Xp{—iTlZ/;¢F,4y()_C)ll_/u}
2

T
=~ 5 & F, . (71)

‘We therefore obtain

isW,
g 5B/4 (y ) B=0
=g | AN D) [ Do) E (0
_ _# < A Y ATN (T)) P, (V)F (). (72)

The normalization can be set to unity giving us the well-
known result'

, isW
i) = Ou 5 (y”) o
u =

1
= - 1671'2 €”W”F;w (y)Fp(f(y) (73)

This is the central result of this section."” It nicely illustrates
that the axial anomaly can be understood as arising from
the phase of the fermionic determinant. Unlike many
derivations in the literature, we employed a variational
technique for the imaginary part of the effective action in a
Euclidean formalism. This also confirms that our result for
the axial-vector current in Eq. (44) is robust. The analytic
continuation to the Minkowskian metric will be straight-
forward, albeit the imaginary part of the effective action
will have a different interpretation.

In the upcoming Sec. III we will continue our worldline
path integral formulation to real time and we will make
contact with the results of Refs. [31-35] containing a Berry
connection. Our very general approach allows one to study
the origin and role of any geometric phases which arise
under certain approximations, such as those corresponding
to adiabatic variations in interactions with external fields.
We then give an outlook on how a chiral kinetic theory

"We note that the regularization and normalization of the
worldline path integral is nontrivial [57-59,61-64]. The nor-
malization can be inferred from the real part, by the requirement
that the free path integral should be normalized to unity. The (UV
and IR) regularization of worldline path integrals was further
discussed in Ref. [94].

3We note that in the literature a distinction is commonly made
between covariant and consistent anomalies [95,96]. In our
situation both definitions agree, as is argued in Appendix D.
However this distinction is of crucial importance, when deriving
nonsinglet anomalies or anomalies with both physical vector- and
axial-vector-background fields present.
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should be constructed, which is equivalent to a saddle-point
approximation of our worldline path integral. In this
context, we argue that Eq. (44) in the pseudoclassical limit
provides a consistent definition of the axial-vector current
and can be used in the construction of chiral kinetic
extensions of Bodecker’s effective theory [83,84].

For completeness, we note that the corresponding
definition of the axial-vector current in the continuum
formulation of the worldline path integral is given as

G = [T [ Dxpysix() - )

x {[¥ + X”wﬂl//u]lﬂs%}‘f:o exp <— A df£>,
(74)

where with B = 0 the Lagrangian £ = £; = Ly is given
in Eq. (23).

III. CHIRAL KINETIC THEORY

A. Pseudoclassical description of spinning particles

The worldline framework provides a consistent Lorentz-
covariant description of quantum field theory using the
language of first quantization. It is therefore well suited for
a pseudoclassical kinetic description of quantum many-
body systems. We will begin our discussion here with the
worldline Lagrangian (22) continued to the Minkowskian
metric (¢ = diag[—, +, +, +]). Henceforth we will consider
the coupling of fermions to vector gauge fields and set the
auxiliary field B = 0. We have

-2 . . .
X 1 l l

L T S
58 TRV VT WSV TS Wels + iy (x)

i€
- 7 WﬂF;wl//y’ (75)

and the corresponding worldline effective action, obtained
by the continuation of Wy from Eq. (24), is given by

o JdT . T
W:/ —/Dx Dy/exp{z/ drﬁ}. (76)
o T Jp AP 0

The discussion in Sec. II C translates into the Minkowskian
formulation directly. The emergence of the anomaly is
understood in the Minkowskian formulation as arising
from the fact that the path integral measure over the
Grassmannian variables in Eq. (76) does not contain zero
modes.

The path integral is accompanied by an integration over a
worldline of length 7, which is directly related to the
reparametrization invariance of the worldline parameter
-7 = f(r). In fact, Eq. (76) closely resembles
Schwinger’s proper time method, albeit in this case the
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worldline manifold is now an interval in proper time rather
than a closed loop. Consequently the worldline length T
and the einbein &, which is the square root of the
determinant of the worldline metric, can also be understood
to emerge from a Becchi-Rouet-Stora-Tyutin (BRST)
construction (see Ref. [93]). While reparametrization
invariance is a gauge symmetry (a redundancy in our
description), it is not related to any symmetry group in
the usual sense.

For particles with spin, yet another physicality condition
arises, which is not immediately obvious from Eq. (76):
longitudinal spin components should not be dynamical.
This restricts the integral measure Dy to a specific physical
hypersurface. In practice, this helicity constraint can be
implemented by means of introducing a Lagrange multi-
plier y in the Lagrangian,

Xyt

L—>L—1 e

x- (77)

To illustrate its role, we will proceed to the Hamiltonian
formulation by defining the conjugate momenta [from
Eq. (75)]

oL Xt oyt
H=—— = gt + AH, ith #o'=——-i—y.
p 05@, 4+ W1 b/ z 125;(

(78)

7+ iyt Fyt =0 (2 +ic"F,,)|®) =0
' =0 & ysy,a|®) =0

The generalization of Eq. (81) to the massive case is
straightforward, as one simply replaces

7+ iyt Fp’ =0 — a2 + iy'F oy’ +m? =0
& (B +io"F,, +m?)|®) =0, (82)

”;N’ﬂ =0 71'”1//” +mys =0<%& 75(7,/ATM =+ m)|(I)> =0,
(83)

as these then reproduce the massive Klein-Gordon and
Dirac equations.

Equations (82) and (83) are not independent. On the
operator level, Eq. (82) is the (operator) squared of
Eq. (83), whereas, on the level of the worldline phase-
space variables p,, x,,, ¥, /s, the constraints are part of a
N =1 supersymmetric (SUSY) algebra, with the super-
charge given by Eq. (83). This is discussed further in
Appendix B. In the latter case, both constraints are related
by the algebra of Poisson brackets. The action for a
spinning massive particle, including both mass-shell and
helicity constraints, is then given by

PHYSICAL REVIEW D 96, 016023 (2017)

The corresponding worldline action, equivalent to Eq. (75),
can be written as

T . i . . .
S = /) dr{p,,X" +5 [+ wsyrs + weire)

£, i i&
_Z - AV u v
57 +2(7r,,z// )V 4 F } (79)

The role of £ as a Lagrange multiplier is transparent in
the above expression. The constraints that are encoded in
Eq. (79) can be easily understood from their quantized
counterparts. Promoting the Grassmannian variables to
operators in a Hilbert space,

h h
W, — \[5757/,“ ws — \@75, (80)

the mass-shell condition and the helicity constraint in
Eq. (79) correspond to the Klein-Gordon and Dirac
operator equations respectively, defining the physical
subspace |®) of the theory,

(mass-shell constraint),

(helicity constraint). (81)

[
T L, . . .
S= A df{p,,X" 3 W " +wsirs + wes)

i

g 2 2
—E(ﬂ' +m) 3

i€
(.t +mys)y —TW”F,,DV/”}
T . i . . .
= /0 dT{pr”—Fz[l//y‘l/M‘l’WSWS+W6V/6]_H}’ (84)

where the Hamiltonian, sum of

constraints, is

being merely a

H= §<ﬂ'2 +m? + iyt F ) + é (" + mys)y. (85)
Since H does not depend on g, the dynamics of the latter
is trivial, ywg = const and we will drop it from our
discussion henceforth. Equation (84) serves as our starting
point for the determination of the Hamiltonian dynamics of
the worldline theory and ultimately leads to the equations
of motion in the pseudoclassical (kinetic) limit of the
theory.

The classical limit is not immediately apparent in
Eq. (76) as the T integration obscures its usual
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interpretation as the saddle point of a path integral with the
variables x, w. However, as described above, the T
integration is related to the gauge freedom of the einbein
parameter £. We will illustrate how this can be dealt with in
practice and refer the reader to Appendix E for further
detailed discussion.

One approach is to perform the T integral in Eq. (76)
explicitly. In this case, the worldline path integral can be
shown to be independent of the value of the einbein
parameter £ and the latter can thus can be fixed to any
value. The result of the T integration is a modified single-
particle action, different from Eq. (75). The resulting
pseudoclassical dynamics can be derived from this modi-
fied action, which now permits [93] only physical degrees
of freedom (those satisfying constraint relations) to evolve
via the equations of motion. An alternative approach is as
follows: instead of performing the 7 integral, Eq. (75)
might be taken as defining the single-particle action
directly, albeit explicitly keeping the 7 integral in
Eq. (76). In this case, £ cannot be fixed and must be
treated as a variational parameter.

We will here illustrate both approaches, starting with the
first. Fixing £ = 2 and defining the dimensionless proper
time as u = /T, Eq. (76) can be written as

dT/ . . =7 1 +2
W= / e'T /DxDl//exp lm, / du™—
7 Jo 4

/ du [2 (W + ysiirs)
0

+xA”—§<”;llﬂ+mw5>)(]}, (86)

where we further defined m* =m? +i [ duy"F,p".
Provided the kinetic term is large compared to the
interactions, the 7’ integral can be performed by the
stationary phase method around the stationary point T} =

m\/— [ dux. The result is
W= /DwaJ{/'

where N = \/ir/2im(— [ dui?)3, and the corresponding
worldline action is

i
=—m dux +i du 2 [ + ysiirs + welse)

i _-[ ! P) (88)

2
\/— J& dux?, the equations of

expiS (87)

Using the abbreviation Y =

motion are obtained by varying this (nonlocal) action,
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LW o b+ i =0, (59)
Y 2m 4
y :
y = —Fy W”—%J(:O, (90)
. my
is=—5-=0. (1)

while, as noted previously, the dynamics of g is trivial.
These equations of motion, for an appropriate choice of y
(as we shall shortly discuss), provide the covariant gener-
alization of the well-known Bargmann-Michel-Telegdi
equations [75] for spinning particles in external gauge
fields. The extension of these equations of motion to
include colored degrees of freedom, generalizing thereby
the Wong equations [76], was already discussed a long time
ago in Ref. [97].

As we show in Appendix E, an identical dynamics is
obtained in the other approach when £ is treated as a
variational parameter and thereby eliminated from the
action. This approach will be particularly beneficial when
we take the nonrelativistic limit of the action. In this
variational approach, the Euler-Lagrange equations applied
to &, using Eq. (75), give the consistency relation

Xyt
E=myg! <Z—l 2 )(), (92)
where z = vV—i* and
my = m? + iy*F " (93)

This consistency relation allows us to eliminate £ by
inserting the relation into Eq. (75). The resulting equations
of motion agree with the dynamics in Egs. (89)—(91),
provided the constraints are fulfilled.

Therefore a saddle-point expansion of Eq. (76)—under
the proviso that all constraints are respected—provides the
correct pseudoclassical limit with the corresponding action
given as

T
S = / dtLl, (94)
0
where the Lagrangian in Eq. (75) can now be expressed as

2 .
Mgz m 1 . .
=—— |1+ — — H
> ( +m%> +2(l//”l// + wsirs)

img (X" m? m
_ R A
2 < z { 2m% * mp3 )*

. i
+ X, A*(x) = mzwﬂFﬂyy/”. (95)

This Lagrangian, explicitly implementing the mass-shell
constraint, will serve as the starting point for the discussion
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of the nonrelativistic limit in Sec. III B. We can now use
Eq. (95) to define the conjugate four-momenta of the
constrained phase space; these are

pﬂ =,
Ox,

where 7# = p* — A#

gt =R (N g
= mg 22 ) Y e
(96)
where the four-velocity is defined as
i+
ut = —. 97
: 1)

Equation (96) is easily inverted and gives

: 2 Vo
. Z l m Ty
R Y R R | W (98
" 2( 2’”%) [W my }){ (58)

The equations of motion in this setup, respecting all
constraints, are completely equivalent to Egs. (89)—(91).
This point is illustrated with a specific example in
Appendix E. We note a few additional points: the
Lagrange multiplier y is an anticommuting Lorentz scalar,
which means that the structure of expressions that can be
assigned to it are very restricted [77]. A vanishing y = 0 is
trivially consistent with this requirement; it turns out that
the only other choice' is y o« e gty yye [77).

Our considerations here are essential ingredients in
deriving a consistent relativistic chiral kinetic theory.
The explicit derivation of this kinetic framework is fairly
involved and will be left to forthcoming work [87]. In the
following subsection, we will discuss the role of y in more
detail and we shall fix it explicitly. Our focus in Sec. III B
will however be on the nonrelativistic reduction of Eq. (95)
with the helicity constraint imposed. We will comment on
some interesting features of the corresponding Kkinetic
theory that are complementary to those discussed in our
recent paper [72].

B. The nonrelativistic limit

In this subsection, we shall derive the nonrelativistic
limit of the single-particle action defined by Eq. (95). We
will carefully discuss the role of the mass-shell and helicity
constraints and their related Lagrange multipliers. Based on
an adiabatic approximation of our result, we make contact
with the geometric action put forward in Refs. [31,32]. As

"“Note that y cannot be linear in y, as this cannot be combined
to form a Lorentz invariant. Even powers in y result in y being a
commuting variable, rather than an anticommuting one.
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in those works, we showed in our accompanying paper [72]
how a Berry term arises in the massive nonrelativistic and
adiabatic limit. However in Ref. [72], we only considered a
massive system with a small or vanishing chemical poten-
tial. We will extend the discussion here to a system with a
large chemical potential.

We will begin by writing Eq. (95) with all factors of ¢
specified:

mpcz m i . .
L=-—=% <1+—2> + 5 (Wi +wsis)
mp

imge (X" m? m
— 1— i
2 < Z [ 2m% * mpg Vs )X

7 e

- 99
c 2mpgc (99)

The nonrelativistic limit can be derived systematically in an
expansion of the particle’s velocity over the speed of light.
The adiabatic limit corresponds to taking the interaction
energy of the particle with the external electromagnetic
fields to be small relative to its rest energy. To proceed
further in deriving these limits from the relativistic
Lagrangian, we choose, without loss of generality,
x = 0. It follows thence from Eq. (91) that w5 =0 and
hence w5 = const.

We will next use the supersymmetric properties of the
worldline action (discussed in Appendix B)

x RV
WDVt S Ws oW X o, i
(100)

where 7 is an anticommuting parameter generatinga N = 1
supersymmetric transformation. Since w5 = const, we can
perform a time-independent transformation such that
ws = 0. Thereby eliminating s from the dynamics
entirely, the Lagrangian can be written as

2 : - AH
mgcz m i, . . X, AH (x)
L=- l+— ) += -
) ( +m12e) +2(‘Iﬂl/ Woyo) + p
i . i . .
——— 2y F gy’ — 2y Fiyd. (101)
mgc 2mgc

This expression does not contain any approximations yet.
To take the nonrelativistic limit, we identify the world-
line proper time 7 of a “particle,” with the physical time 7 as

t
r="=en/1-(dx/dr)?, 20 =, (102)
14

where v is the nonrelativistic velocity, v = dx/dt. From the
spatial components of the Grassmannian variables, the
conventional spin vector is defined as S’ = —iekydyk.
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Using B =1eU*F/k and E' = F%, we can therefore
express

) . S (txE
—iyFyyt = S ), (103)
CcTt
—éwaijwf —S-B. (104)

Furthermore, in the nonrelativistic limit, the electromag-
netic “Larmor” energy is small compared to the mass; we
can therefore approximate

=m(l + X), (105)
where we introduced the abbreviation
S-(xxE)/(ca’)+S-B
X=- . 106
2m?2c? (106)
The Lagrangian, which is defined by
S= /dt[,’, (107)

can be written as

mpc? m? i . . 4
L£=--F <1+W>+_(W_WOWO)_AO+Z'A

2y % 2

1 (S -(xxE
+ ( (m )+S-B)

mpey cTw
= x )  i— i) — a0
T Ty 11 x 2W Yo¥o

2
Yoaome X (108)

c y 1+X°

The nonrelativistic limit is found when x o (v/c)? is small.
Thus we expand the expression in terms of X and v/c and
keep only terms at most quadratic in the latter. This gives

>We note that due to the Grassmann nature of X there is only
one further nonzero term in this expansion «X>. Due to the
nilpotency of the Grassmannian variables this term is antisym-
metric in four Lorentz indices and thus reminiscent of the
discussion in Sec. II C. We note however that in Sec. II C, the
emergence of the anomaly was tied to the existence of Grass-
mannian zero modes and thereby resulted in the well-known
anomaly relation (73). The order-X? term here corresponds to a
field configuration «E - B; however it is not a sign of the
presence of the anomaly and not related to the nonconservation
of the axial current. See also Ref. [80], where such a term was
seen in the equations of motion.
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1 AP . v
E’z—mc2+—mv2+i(w—y/0y/0)+A0—E-A

2 2
S-(zxE) S-B
(wxE) S B (109)
mern m
Since in this limit
Al A
->p’——  and wop-——, (110)
c c

our final form for the nonrelativistic Lagrangian is

1 i . . 4
Lyr = —m02+§m"2 +§(W—l//ol//o) —AO+;'A

+S- ([v/c—z;ln/c(mcz)] x E) +S’;13‘

(111)

Here v, i =1, 2, 3 are the dynamical spin degrees of
freedom. Since y is not dynamical, we shall drop it from
now on. To obtain the corresponding nonrelativistic
Hamiltonian, we proceed just as we did in the Lorentz-
covariant case, by introducing a nonrelativistic conjugate
momentum

oL . Al EUKETSK
p=TMR i 2 0 (112

Ox' c me?

We can then compactly express the nonrelativistic action as

Sz/dl(p-i—l—%l]ﬂli/—H),

where the nonrelativistic Hamiltonian (in SI units) is

(113)

P-4y

H=mc* + ch —|—A0(x)
(S (b= Al xB) BoS gy

This expression is of course the well-known expression for
the Hamiltonian for a fermion in an external electromag-
netic field [98]: the penultimate term is the spin-orbit
interaction energy from Thomas precession, while the last
term is the Larmor interaction energy.

In the accompanying paper [72], we showed in some detail
that in an adiabatic approximation the system described by
Eq. (113) and Eq. (114) contains a Berry phase with a
monopole form, also postulated in Refs. [31-34]. In the next
subsection, we will repeat part of our derivation for the case
of a massless particle in the presence of a large chemical
potential. This was the case discussed for instance in
Refs. [31,32] and several other works.
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C. Chemical potential

The limit that we derived in Eq. (114) is different from
the one in Refs. [31,32], as the latter contains an effective
description for (massless) particles near the Fermi surface,
which is well defined for large . We will here explore how
this limit appears in the worldline framework. As suggested
by Eq. (81), a chemical potential can be introduced by
adding a term to the Dirac operator equation

ysr'm|®) =0 = ys(y'm, + u°)|®) = 0. (115)
The corresponding worldline expression is
my’ =0 =z’ + uy’ = 0. (116)

The mass-shell constraint is modified by the introduction of
a chemical potential to read

7+ iy F gy’ + p? = 0. (117)

The worldline Lagrangian for massless fermions in the
presence of a chemical potential is then'®

¥ €&

i i€
- _Z = ;a ¥ A — W F p
€ 2,u —|—21//0,1// + Xg 21// apV

_§< aga 0),(, (118)

which we emphasize is a relativistic expression. The path
integral we have to evaluate is

,4):/d—TT/Dx/Dy/exp{i[dm(ﬂ)}. (119)

As previously for Eq. (92), a consistency relation can be
derived here as well. In this case, we will proceed by
performing the 7 integration in Eq. (119) directly. The
integral in Eq. (119) can be performed by the stationary
phase method. Fixing £ = 2, we obtain

1 12 i .
L(p) :/) du{4T—,u <1+ﬂ2y/(lFaﬂl//ﬂ)T+xaA

i L (X 0
Wl 2( A )){}

We further rescale T — [} duu®(1 —I—ﬂizl//”sz//”)T =
m2,T to obtain

L(u) =

(120)

"For simplicity, we have omitted the kinetic terms for w5
and .
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2
W(u) /— "T/Dx/Dy/exp{ eff/ du "
e[l
x [R—
| du 24/,,1// 2 2 x

(121)
For large chemical potential the integral is dominated by
the first term in the exponent. Therefore, using the sta-
tionary phase method, the 7' integral can be performed

around the stationary point Ty = M1/ — fo du . The

result is

W(x) /Dx/Dy/\/;eff< /dux )_i

1
xexp{—imeﬂ» —/ dux?®
0
1 . [ A o V/ad
i [ d A%+ — == 0 .
[ (s - )

(122)

For a large chemical potential, we can Taylor expand

i [
Mg NM<1 +2—ﬂ2/0 dul//aFaﬂWﬁ>a

(= [ dux?) =3

(123)

so that, using the abbreviation N = 2m "

we finally have

_ I
W(/,t)z/Dx/Dl//Nexp{—iy —A dux?®
+'/1d L E P 4 kAT 4 Ly
L u\ — - .
0 2/41” aﬁw a 2Wal//

(124)

This effective action describes excitations near the fermion
surface for a massless theory with a large chemical
potential. In obtaining this form for the action, in analogy
with the previous section, we chose y = 0. Equation (124)
can be directly compared with the result in Sec. III B: as
might have been anticipated, the role of the mass parameter
is effectively taken over by the chemical potential. The
nonrelativistic limit is thus identical upon this identifica-
tion, as is the adiabatic limit in Ref. [72]. It was shown there
how a Berry monopole is found when level crossings
between spin states are suppressed.

A closer look at the individual terms in the action of
W(u) illustrates these points nicely. While the first square
root term is the conventional kinetic term for a particle with
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effective mass p, the second term is a Larmor-interaction
energy, with the effective mass u. For large chemical
potentials, excitations around the Fermi surface behave
nonrelativistically. Further, the adiabatic limit corresponds
to  W'Fuw’/u~0. The effective description of
Refs. [31,32] is thus straightforwardly understood by
taking the appropriate limits in the worldline framework.

The aforementioned nonrelativistic and the adiabatic
approximation may not be applicable to ultrarelativistic
heavy-ion collisions. Instead, the general Lorentz-covariant
worldline framework, which we have established in
Eqgs. (89)—(91) is ideally suited for the description of the
anomalous transport of axial charges in the hot fireball
created in a heavy-ion collision.

IV. CONCLUSIONS

In this manuscript, and in an accompanying paper [72],
we developed a worldline framework in quantum field
theory to construct a Lorentz-covariant chiral kinetic theory
for fermions. In the first part of the paper, we obtained a
worldline path integral representation of the (Euclidean)
fermion determinant in the background of vector and axial-
vector gauge fields. This was achieved by using a heat-
kernel representation of the (infinite-dimensional) operator
logarithm. We exploited a fermionic coherent state formal-
ism whereby spin is not treated as part of a wave function
but rather as an independent degree of freedom in the path
integral. This powerful construction can be extended to
include other internal degrees of freedom such as color.

We then investigated how the axial anomaly arises in the
worldline quantization. As is well known [68], the axial
anomaly is related to the phase of the fermion determinant,
which is ill defined for fermions in a complex representa-
tion. The fermion effective action is thus understood to
contain both a real as well as an imaginary part, the latter
being related to the violation of chiral symmetry. Using a
path integral construction due to D’Hoker and Gagné
[73,74], we obtained a representation of the real part of
the effective action in terms of a Grassmannian path
integral over spinning variables. Remarkably, there is a
very similar path integral representation for the imaginary
part, wherein an integral over a regulating parameter
represents the loss of chiral symmetry. This path integral
representation includes an operator insertion, which in this
framework is responsible for the fermion zero modes in the
spectrum of the theory. Following the discussion by
Alvarez-Gaume and Witten [68], we demonstrated in our
framework how these modes are responsible for the axial
anomaly. In particular, we employed a variational method
to obtain a nonperturbative expression for the axial-vector
current in first quantization and thence derived the anomaly
equation. The emergence of the axial anomaly in first
quantization crucially depends on a hidden supersymmetry
between bosonic and fermionic degrees of freedom induced
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by periodic boundary conditions for the fermion variables
on the closed worldline.

Motivated by our findings in Sec. III, we derived the
pseudoclassical kinetic limit of the worldline effective
action. Continuing our prior discussion from the
Euclidean to Minkowski metric, we established that the
Liouville dynamics of spinning particles arises from the real
part (in the original Euclidean formulation) of the fermion
determinant alone. This contribution to the kinetic dynamics
is independent of those arising from the piece in the path
integral containing the fermionic zero modes that are
responsible for the anomaly. However in a chiral kinetic
theory, anomalous contributions to the dynamics, in a
covariant formulation, will be manifest through the axial-
vector current.

A part of the impetus of our work was to understand the
origins of the Berry term in kinetic descriptions from first
principles in quantum field theory and to establish thereby
its relation, if any, to the chiral anomaly. In our accom-
panying paper [72], we showed how such a term arises
from the worldline action for massive spinning particles in
external background gauge fields. We demonstrated explic-
itly that we needed to take the nonrelativistic limit of large
masses, as well as an adiabatic limit wherein the Larmor
interaction energy of the spinning particles was much
smaller than the rest energy. In this paper, we addressed
the problem in the case where the spinning particles are
massless but the system possesses a large chemical poten-
tial. This is the case for quasiparticle excitations near the
Fermi surface in a number of condensed matter systems.
We showed explicitly in the worldline framework that the
chemical potential replaces the role of the mass and the rest
energy in a manner that is exactly the same as in the case for
massive spinning particles. An analogous nonrelativistic
and adiabatic limit for these excitations can therefore be
taken, and it can be similarly demonstrated how the Berry
term arises upon taking these limits.

This exercise also suggests that away from the adiabatic
nonrelativistic limit, the Berry phase is not robust and its
effects are implicit in the relativistic dynamics of spinning
particles. As such, we have arrived at the same conclusion
as the previous observation by Fujikawa and collaborators
[50-52]. In contrast to the Berry phase, the effects of the
anomaly are robust and manifest in a relativistic kinetic
description. More generally, the semiclassical worldline
construction we obtained here can be incorporated in a real-
time Schwinger-Keldysh framework to describe the evo-
lution of a chiral current in a gauge field background.
A similar construction was performed in Ref. [60] for
spinless colored particles. It was shown in that case how
one recovers in the worldline framework the non-Abelian
Boltzmann-Langevin “Bodeker kinetic theory” [83—85] of
hot QCD. This framework can be extended to construct an
“anomalous Bodeker theory” which can then be matched to
classical-statistical simulations at early times in heavy-ion
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collisions and to anomalous hydrodynamics at late times
[28,29,99,100]. This work is in progress [87]. We note that
there has been a recent discussion of the anomalous
Bodeker kinetic theory in the literature [86,101] in a
different approach and it will be useful in the future to
compare and contrast results in the two approaches.

The framework presented here is not only applicable in
the QCD framework of heavy-ion collisions but is poten-
tially applicable to a number of many-body contexts where
topology is important and the dynamics is relativistic. One
such example is that of the transport of chiral fermions in
astrophysical situations [102-105]. In this context, our
framework provides a first-principles perspective that can
be used to address situations where masses and chemical
potentials are not large and nonrelativistic and adiabatic
assumptions are no longer valid. Another intriguing pos-
sibility is to apply this framework to helicity evolution in
QCD at small x [106]. In QCD at small x, semiclassical
concepts provide fertile ground [107,108]; a semiclassical
worldline description was previously employed [109] to
derive the well-known Balitsky-Fadin-Kuraev-Lipatov
(BFKL) equation for unpolarized parton distributions
[110,111]. The worldline construction developed here for
spinning particles therefore shows great promise for a wide
variety of many-body problems and will be pursued in
future work.
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APPENDIX A: DETAILS OF THE
CALCULATION OF THE IMAGINARY
PART OF THE EFFECTIVE ACTION

In this appendix, as promised, we will show that the
second term in the worldline insertion, does not contribute
to the nonconservation of the axial-vector current. Writing
out the relevant expression,

2

- / (lli d4xld391d3é’> (H g‘ﬂ)’ ) (07, 7.]r57610™) K 8yfax2 5(x0 — y))ﬁ(xo —xM)
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(A1)

In the final expression above, we observe that while the expression containing the commutator of gamma matrices is
antisymmetric under the exchange of y and v, the derivative of the exponent is clearly symmetric under this exchange.

Therefore

SA?
aﬂ Tr (]/7
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0B, (y)

(A2)
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which completes our proof of the statement following
Eq. (40) in the main text of the paper.

APPENDIX B: SUPERSYMMETRY
AND GAUGE FREEDOM OF THE
RELATIVISTIC SPINNING PARTICLE

The Lorentz-covariant formulation of the spinning par-
ticle action given by Eq. (75) posses two important
symmetries respected by the worldline path integral.
First, the physical content of the theory is invariant under
reparametrizations of the worldline parameter ,

-7 = f(1). (B1)
This gauge symmetry corresponds to the mass-shell con-
straint or ‘“charge”

H=(m,a" +m?* + iy"F "), (B2)

N[ =

[with 7z# defined as in Eq. (78)] which upon quantization is
a constraint on the physical states in the Hilbert-space
equivalent to the Klein-Gordon equation. It is also closely
connected to another invariance of the action in terms of
proper-time-dependent quantum-mechanical supersymmet-
ric transformations. Assuming () to be an anticommuting
parameter, these supersymmetric transformations are

Xu

Wy = W, +—E=1,

VA

Ws = Ws + 1],

(B3)

xﬂ—>xﬂ—|—l—.

These transformations correspond to the supersymmetric
charge,
Q = ﬂ:ﬂl//ﬂ + mys. (B4)

This charge, along with the constraints (B2) and (B4),
generates a N = 1 SUSY algebra,
{Q.Q} = —2iH. (B5)

In generating this algebra, one employs the fundamental
Poisson brackets:

{x*.p,} = él, (B6)
{v'.w,} =-id,, (B7)
{ws.ws} = —i. (B8)
{w".ws} =0. (B9)
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We refer the reader to Refs. [68,93] for more details on the
use of SUSY models in the context of path integrals and
index theorems, as they are used, most prominently, in
gravity. A discussion of a covariant fixing of the gauge
freedom (reparametrization invariance under 7 — 7’) in
terms of a BRST construction can be found in Ref. [93]
and gives a nice illustration of the structure of the worldline
path integral. These techniques will be particularly helpful
in implementing the phase-space constraints satisfied by
the relativistic dynamics of spinning and colored particles.

APPENDIX C: INTERNAL SYMMETRIES

Internal symmetries, such as color, can be represented
via Grassmannian path integrals in the same manner as we
have done for the spin degrees of freedom. These were
discussed in Refs. [77-81] and their path integral formu-
lation was worked out in Refs. [73,74]. The essential
elements are anticommuting color degrees of freedom that
combine to give the color charges, which in classical
representations satisfy the Wong equations [76]. It was
shown in Refs. [73,74] that path-ordered exponentials of
the form

T
trPe_fO HLl), (C1)
where £(7) is a N x N Hermitian traceless matrix, can be
written as

/ DADAT (A1)

T 2 1 .
xexp{—/ dr <%+§y/u1j/a+,1u—,ﬁ£imi> }, (C2)
0

where L;, is the interaction part of the Lagrangian and
J(A12) = (PN, explip(AT2 + N/2 = 1)]. If the matrix
structure of £ is that of fermions in the fundamental
representation of SU(N ), then simply N = N.. In a similar
fashion, an insertion of w into the trace gives

wPawe Jo ) — / DADAT (AT 2){ATwi}

e
x ¢~ Jo ettt i-A Lnd) (03

It can be shown that defining the worldline path integral for
colored, albeit spinless, particles reproduces Wong’s equa-
tions in the pseudoclassical limit [60]. The equations of
motion for spinning colored particles were already written
down 40 years ago in Ref. [97].

APPENDIX D: CONSISTENT
VS COVARIANT ANOMALIES

It has long been known that the definition of axial-vector
currents is ambiguous in some cases, allowing for two
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anomaly types, termed consistent and covariant respec-
tively. It was pointed out [95] that this difference arises
when one derives the nonsinglet anomaly either from the
variation of an effective action (which yields the consistent
anomaly) or from Fujikawa’s method via variation of the
measure (which gives the covariant anomaly). The first type
was called the consistent anomaly, as it fulfills the Wess-
Zumino consistency conditions thereby predicting the
correct anomalous physics of effective hadronic theories.
The second type is obtained from the first type by adding a
local counterterm, which makes the nonsinglet anomaly
transform covariantly under group transformations.

For the singlet anomaly, and in QED, this issue is much
simpler, as in this case one has manifestly gauge-invariant
expressions for both vector and axial-vector currents.
Therefore the possibility that a current is not covariant
never arises. However as was discussed by Bardeen [96],
care has to be taken when deriving currents, when there are
both nonzero vector as well as axial-vector fields. In this
case, there is an ambiguity regarding whether the anomaly
should be contained in the vector or the axial-vector
currents (or even both). Physics dictates that the vector
current is related to the baryon number and so it better be
conserved. Hence by the introduction of local Bardeen
|
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counterterms this physicality condition can be enforced.
We note however that if there are no physical axial-vector
gauge fields present, as in our case, this ambiguity does not
exist. The vector current is conserved by construction and
hence the only possible form of the anomaly is given
by Eq. (73).

APPENDIX E: SADDLE-POINT EXPANSION
IN THE WORLDLINE FRAMEWORK
AND GAUGE INVARIANCE

We will discuss here two different approaches to the
fixing of the gauge symmetry determining £. Our deriva-
tion is based on the fact that & is related to the reparamet-
rization invariance of the proper time

-7 =f(7). (E1)
where f is an arbitrary continuous function. For the sake of
simplicity, we will neglect here spin-dependent pieces of
our action and write down the worldline path integral for a
scalar particle. We will then subsequently generalize the
discussion to particles with spin. The worldline path
integral for the spinless case is

% dT T £
= —_— 7 - ¥ H —_ 2
W scatar A T / Dx exp (1 A dr [25 + Xx,A* (x) 5 m ] )

= [T [ presa(; [ [ L g T ],

where in the second line we have replaced u = z/T. From
Eq. (E2) it is clear that 7 and £ are not independent. Setting
£ to a constant value does not affect the result of the T
integration. Therefore we can simply set £ = 2 and rescale
m?>T — T. The path integral is then given as

o dT
w =/ —/Dx
scalar 0 T
1

X exp (1/0 du [m2W+LZfA”(x) —TD.

(E3)

The T integration can now either be performed explicitly
(see Refs. [112—114]) or via the method of stationary phase
around the expansion point

m 1 dxﬂZ%
=g (- elal)

(E4)

‘We obtain

dx, ET

[
i 1 dx, 12\ 4
om0
1 dx, ]2\ 3 I dx
] - du|—£ du—2L A+ .
xexpz{m( [) u[a’u} ) —I—A udu (x)}

(ES)
We now derive the equations of motion from requiring the
invariance of this action under variation. The result is

1 1
<—/ du)'c2> zm)'éﬂ =X, F". (E6)
0
We can write this, defining 7 = vV —i?, as'’
mx
—F =%, . (E7)
Z

""Multiplying this equation through by #*, one observes that
¥? = const.

016023-21



NIKLAS MUELLER and RAJU VENUGOPALAN

One can alternately start from the Lagrangian in
Eq. (E2). Instead of fixing £ and leaving the T integral
explicit, we can work with the single-particle action

S—/Td 2 i) =S (ES)
= A 725 xﬂ X 2m

directly. Since £ is kept explicit, there are two variations to

perform: one for £ and one with respect to x. Variation with
respect to & gives

-—m*=0. (E9)

Solving this equation for &, one obtains the consistency
relation

(E10)
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Note that Eq. (E10) does not fix the gauge, as z has yet to be
determined. It rather is an equation that allows us to
implement the constraint in the action directly. Plugging
Eq. (E10) into Eq. (E8) eliminates the dependence on the
einbein parameter and yields

S = /OT dt[mz + x,A" (x)], (E11)

from which the equations of motion follow directly. Not
surprisingly, they coincide with Eq. (E7). This derivation
shows that Eq. (E8) can be interpreted as a single-particle
action, under the premise that all constraints are imple-
mented correctly and the consistency condition (E10) is
fulfilled. The latter is satisfied if the einbein & is treated
as a variational parameter. This equivalence generalizes
easily to the case of spinning particles as discussed in the
main text.
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