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Massive photon propagator in the presence of axionic fluctuations
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The theory of massive photons in the presence of axions is studied as the effective theory
describing the electromagnetic response of semimetals when a particular quartic fermionic
pairing perturbation triggers the formation of charged chiral condensates, giving rise to an
axionic superconductor. We investigate corrections to the Yukawa-like potential mediated by
massive photons due to axion excitations up to one-loop order and compute the modifications

of the London penetration length.

I. INTRODUCTION

The origin of axion physics can be traced to the existence of the quark chiral condensate in QCD.
Chiral spontaneous symmetry breaking leads to the naive prediction of certain quasi-Goldstones bosons
associated with the U(1) chiral symmetry that does not materialize in observations [I]. 't Hooft [2H4] was
able to explain away these spurious particles observing that the chiral anomaly could lead to an explicit
symmetry breaking (as opposed to spontaneous) due to instantons contributions, thus solving the U(1)
problem. But, once instantons are considered, one has to deal with the ensuing violation of parity P and
time-reversal T symmetries associated with the 6 term ~ 0FF. The lack of observational proof of these
symmetry violations in QCD experiments is historically known as the strong CP problem since charge
conjugation C'is preserved. In order to make sense of this, one has to fine-tune the offending  parameter
to be sufficiently small. A solution to this undesirable fine-tuning was proposed by Peccei and Quinn [5, [6]
(see [7] for a review) that promoted the parameter 6 to a dynamical field introducing an associated abelian
global symmetry, dubbed U(1)pg by Weinberg [8], and a new particle, a pseudoscalar named Axion by
Wilczek [9]. Since then there have been many investigations, both theoretically and experimentally
[10, 1], of this hypothetical particle. Even though the original Axion construction of Peccei-Quinn-
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Weinberg-Wilczek is ruled out by experiments there have been other constructions demanding different
extra fields such as the “invisible Axion” models that are still alive as viable options [I12-14]. Axion
physics has been revisited time and again over the years upon the expectation that it can serve as a good
description of a variety of phenomena. Most notably it has been associated with a promising candidate

for dark matter components having relevant contributions to cosmology (see [15] for a review).

Theories constructed with Axion-like particles have some “universal” properties due to their unique
coupling with the gauge fields. For example, P and T symmetry breaking and the sensibility to the
topological structure of gauge fields, exemplified by instantons in the QCD context, makes it clear that
this kind of coupling is bound to show up in effective field theories that share these properties. Another
aspect of this is the fact that Axion-like particle will couple to any gauge field with respect to which
the anomalous fermions have charge, since this is a consequence of the chiral transformation of the
integration measure (Fujikawa method). In QCD, for instance, Axions couple with the gluon fields and
also with the electromagnetic field, since quarks are electrically charged. This gave rise to the study
of Axion electrodynamics phenomenology [16] leading to some interesting insights about deformations
in the electromagnetic wave propagation as a source for detection of astrophysics signature of Axions.
Recently, a whole new avenue for investigations was opened steaming from the discovery of topological
materials [I7H20]. Most of these materials display a nontrivial response under P and T' transformation.
Also, effective emergent chiral symmetries appear in their mathematical modeling, which has been shown
to lead to the unavoidable introduction of effective axion-like excitations. The curious behavior of axion
electrodynamics [16] has encountered numerous applications in condensed matter phenomenology of
topological materials, playing an important role in the effective description of the electromagnetic response

in those systems, where axionic couplings have appeared in many guises.

The preceding discussion led us to believe that is necessary to investigate further the interplay between
Axion-like excitations and gauge field dynamics. To this end, we will focus on the phenomenology
of topological superconductors by constructing an effective theory in a Dirac semimetal with quartic
interaction. The result is an abelian Proca field theory with axion-like interaction. We will study
the resulting modifications in the propagation of the massive vector particle when subject to axion-like

fluctuations by computing the 1-loop corrections to the two-point function of the Proca field.

This work is organized as follows: In section II we motivate the model by relating it to an effective

description of a superconductor obtained by perturbing a Dirac semimetal with a four fermion inter-



action. In section III we define our notation and the action of the model with all its coefficients and
renormalization factors. This will set the stage for the discussion of the (massive) photon self-energy in
section IV. In section V we present our main results concerning the modified Yukawa potential between
static charges induced by the axion dynamics. The analysis of the results are discussed in section VI
and the limit of large relative masses, and the connection with the phenomenology of London’s length,
is examined as well. Finally, in section VII we present our conclusions and the appendix provides some

details of the computation.

II. A SUPERCONDUCTING MODEL FROM SEMIMETALS

The introduction of axion-like interaction for the effective electromagnetic description of topological
materials was developed in [2I] for the case of topological insulators. The non-trivial phenomenology

originates from a spacetime dependent Axion-like field, as can be seen from the modified Maxwell’s

equations
2
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Here, a normal insulator is characterized by # = 0 (mod 27) while a topological time-reversal invariant
insulator is described by having 6 = 7 (mod 27). The interface between these two phases must be a
smooth transition between the two defining values of 6, so one expects a spacetime varying Axion field
interpolating between 0 and 7m where the dynamics are described by Axion-Maxwell electromagnetism
. This setting describes various phenomena, v.g. a constant magnetic field leads to a charge density
proportional to the applied field. Also, there is the possibility of currents with components perpendicular
to an applied external electric field (Quantum Hall effect [22]) and parallel to an external magnetic one

(chiral magnetic effect [23]), both with a quantized proportionality coefficient.

Axion-like terms are also relevant for the description of Weyl semimetals [24] 25], i.e. systems whose
band structure intercepts at two or more points in momenta space around which a linear dispersion

approximation is valid. This description leads to fermionic excitations with a definite helicity, that is,



projection of the spin along the momentum direction, thus defining Weyl fermions. Helicity coincides
with chirality for massless fermions and the chirality of these excitations is measurable by the flux of the
Berry curvature in the Brillouin zone. Furthermore, for topological reasons, the total flux must be zero
inside a Brillouin’s zone (Nielsen-Ninomyia theorem [26] 27]), which explains why Weyl fermions always
appear in pairs of opposite chirality. When two Weyl fermions are at the same point in momentum space,
they build up a Dirac fermion, which arises, for example, in the description of the electronic structure of
graphene (a type of Dirac semimetal). Experimental investigations of Weyl metals have been undertaken.
It was shown, for instance, in [28] that Weyl fermions appear in Bi,_1.5b, near the critical point of the

topological phase transition when magnetic fields are applied.

An interesting setting occurs when two Weyl points are separated in momentum and energy but are
close to the Fermi surface. The theoretical description of this situation can be conveniently expressed

by a Dirac action where the right and left Weyl modes are arranged on a Dirac spinor ¢ = <Zﬁ;) with

P =Ty = (v} o}
5= / Az d(z) (id + By° + ied(x)) v(a), 2)

and an interaction with an external electromagnetic gauge potential A, was also included. The 4-vector
b, is constant and represents the separation in the energy-momentum space of the Weyl points. Chirality
of the Weyl components means that 75(%{ ) = (:;Z;L) and thus one can clearly note in that left-
handed and right-handed fermions are shifted in opposing directions along b, in energy-momentum space.

As described in details in [29], one can eliminate b, by performing a (local) chiral transformation

b(x) = 20Oy () (3)

with 0y(x) = 2b,a*. This is, of course, not a symmetry of the action, but just a change in the fermionic
variables. In the quantum path integral formulation, this transformation gives rise to a non-trivial
contribution from the jacobian of the fermionic integration measure, well known from the chiral anomaly.
Thus the effective action for the electromagnetic response becomes

2

5= 3272

/d4x Oo(x)e"" P’ Fju Fpy — ilndet (id + ied(z)), (4)

where F,, = 0,A, — 0,A,. So, in essence, the Weyl semimetal system naturally displays an Axion-like
term that encodes the energy-momentum separation of the Weyl nodes. This term is responsible for

the phenomenology described by equations . In this particular setting, the axion-like field has linear
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spacetime dependency that leads to a constant external 4-vector that was thoroughly studied in the

context Lorentz violating field theories [30].

One can go further and consider the case where the Axion-like field is dynamical. As pointed out in
[B1H33], this seems to be a fruitful endeavor since chiral symmetry can be dynamically broken due to the

formation of a chiral condensation induced by the four fermions pairing interaction

N (0(2) Prip(z)) (4 (2)Pri()) (5)

where Pp, = %(1 —~%) and Pg = %(1 +~°) are chiral projectors and the coupling A has mass dimension —1.
Note that this pairing connects left and right handed fields. In fact, ¢ (z)Pry(z) = ¢'(2) Pry° Pro(z) =
Tﬁ%(xﬁﬁ (). |'| One can formulate the description of the system by including this four fermion interaction

in (2), written with the help of a Hubbard-Stratanovich auxiliary complex field ®(x)
_ 1 1
S = /d4x () [(z(}? + By° +ied(x) — A@(w)iao ® (11 +1i12) + )\(I)T(.TJ)§JO ® (1 — iTg)) P(x) + \@(m)|2] ,
(6)

where we introduced the matrix structure o ® 7, such that o and 7 are Pauli matrices (o is the identity)
acting on spin degrees of freedom and helicity, respectively. The auxiliary field is determined by its

extrema in the action and results in

O(x) = Ap(z) Prip(z) = Mph(2)yr (x) (7)

It is argued in [31}[32] that the strong coupling dynamics of the theory favors the formation of a condensate
(®) # 0, resulting in the dynamical break of the chiral symmetry following the Peccei-Quinn mechanism.

In this context, small fluctuations around the condensate (1[)};(1‘)¢L (x)) = v® can be approximated by

zG(T)

d(z) = e’ T (8)

where f is a mass scale and v® has mass dimension 3. After redefining the fermion field v (z) —
—il 0(z) )5
e Z2(90($)+ s )7 Y (z), where (again) 0y(x) was included to cancel the b term. Finally, taking into

account the Jacobian of the transformation, the effective action becomes

e2 0(x) Voo . . . @H(ac) '
7 o /d4x <00($) " f)gu 7 By Fpo — ilndet <’“3 +i = died(@) + A%?’) 9)

! Throughout this paper we use the van der Waerden notation of dotted and undotted spinor indexes: i, and % are
the left and right spinors. Spinor index contractions are defined as ¥l (x)vr (z) = i (@)ra(z) = ¥k () Prs(x).
And similarly for other billinears we shall encounter, for instance, Y r(2)Wr(z) = Yrat)s = 1/)%%31&@ and Y ()Y (x) =

YF(2)YLa(r) = Yra(x)e® Yrs ().



This effective electromagnetic theory displays a dynamical axion-like field §(z), its bilinear kinetic term
originates from the derivative expansion of the fermionic determinant and set to the canonical form by
imposing f ~ A?v3. Furthermore, the condensate provides a mass for the axion of order )‘T”J ~ %, which

is analogous to the charge density waves.

() = (50 PLs(o)) + (50) P} = 5 (8(0) + (")) ~ 20%cos (du(a) + 222 ) (10

The resulting effective theory is the same proposed as a description of a topological magnetic insulator in
[34]. This signals a possible transition from Weyl semimetals to topological magnetic insulators induced

by the vacuum instability resulting from the four fermions interaction.

The pairing just discussed establishes an inter-node connection that breaks chiral symmetry resulting
in an electromagnetic theory with axionic fluctuations. Following this idea, in order to construct a super-
conducting state with axionic fluctuations, it is necessary to seek a pairing that breaks charge symmetry
and chiral symmetry. The important question about the leading mechanism for the superconducting
instability and the different pairings that can lead to it in a Weyl semimetal system has been a subject of
intense investigation during the last few years. Pairings such as intra-node FFLO pairing [35H37], which
involves a nontrivial center-of-mass momenta dependence [38] and inter-node BCS pairing [37, B39, [40],
which connects fermionic excitations in the opposite Fermi-surfaces, and therefore with opposite chiral-
ities, have attracted attention. More general BCS-like pairings, like the triplet [35] [39], the p-wave [39]
and pairings in different superconducting scenarios, leading to unconventional superconducting states, are
also of interest [41]. Since the desired effective theory is essentially fixed by the general requirements of
chiral symmetry breaking and charge symmetry breaking, we will construct a specific pairing (intra-node
s-wave) that, once condensed, results in an effective theory of a superconductor with dynamical axion
interaction. One can expect that the phenomenological features of this model, such as the penetration
length to be discussed later, are shared with any model that displays the same symmetries and symmetry

breaking patterns.

Considering the formation of condensates that breaks charge symmetry as well as chiral symmetry,
one expects the system to be characterized by four active degrees of freedom (two charges and two

chiralities).A simple choice is to encode those degrees of freedom in two complex fields that represent two



possible condensates.

Dp(z) = Ar(PePrY) = Arbr(2) YR (2) (11)
Or(2) = AL(YePrip) = A (@)r () (12)
1
Where Ar and Aj, are couplings of mass dimension —1 and v, = ( JWJ} ) is the charge conjugate spinor
—oa)

field. Note that ®r(x) and @ (z) carry the same charges (2e if e is the fermion charge) but have opposite
chirality.

The condensation of these operators is supposed to be implied by the four fermions interactions

N4 (D PrY) (D PLe) + A2 (0 PLi) (9 Pribe) = Aabrr btk + A2 wpordl ol (13)

It is a dynamical question whether these couplings are able to give rise to the condensates. If this happens
the system will develop a superconducting phase once ®r(x) and @, (x) are charged. The fermionic action

can be written as
1 ) ) N N )
S = /d4x §\Il(x) [(2({79 + By’ + zeA(:c)pg) + (ARPLPr + ALPRPL) (p1 — ip2)
+(ARPLPR + ALPRPL) (p1 +ip2)] ¥(2), (14)

Where we define the enlarged spinor ¥ = ( Jf’c ) and ¥ = (4 ¢ ) and also added another layer of matrix
structure, the Pauli matrices p, acting on “charge space”. Thus, the total matrix structure schematically

is
F=o®17®p (15)

with o, 7, and p acting on the spin, handiness, and charge, respectively. In this notation, the relevant

matrices are given by

7 = 00 ® 71 ® po (16a)
Y = i0i ® T2 ® po (16b)
75— —00 ® T3 ® po (16c)



In matrix notation in p space the action is

S/dA‘fU;\P(x)( Do A AR(I’LPR“L‘DRPL) W),

AR®] Pr + ALPLPL i + by° —ied(x)
The system may be characterized by the following transformations:

e U(1) gauge symmetry
U(z) — e @y (g)
A, — A, — é@ua(x)

Pr/r(x) — fﬂa(x)@R/L(m)

U(1) (global) chiral symmetry (anomalous)
U(z) = e P (2)
O (z) = e 2D, (x)

Dp(z) = e2Pdp(x)

Charge conjugation (C)
U(z) = p1¥(x)
A, — —A,

Pr/r(z) = @7 p(2)

Parity (P): Pz = (t,—x, —y, —2)
U(z) — im U(Px)
Au(z) = (Ao(Pz), —Ai(Pr))
Pr/(x) = @p/r(Px)
o Time reversal (T): Tz = (—t, 2.y, 2)
U(z) = —o0(Tx)
Au(x) = (Ao(Tz), —Ai(Tx))

Qr/(x) = —Pr/(Tz)

(18a)
(18Db)

(18c¢)

(19a)
(19Db)

(19c¢)

(21a)
(21Db)

(21c¢)

(22a)
(22b)

(22¢)



The term Why> ¥, where b, is a background vector, explicitly breaks P (T) if b, is time-like (space-like).
In the main part of this paper we will consider only the case b, = 0, but in this section we keep it for

completeness.
Upon condensation we have

(Pr(x)) = Agvken (23)

(@r(2)) = Apvie (24)

Any choice of parameters breaks T once the system undergoes condensation. If )\RU% = )\Lv% then we

have the following choices:

e 0p =01, P is preserved and C' is broken;
e 0p = —0r, C is preserved and P is broken;
e 0p = 6r =0 then C and P are preserved.
The chiral symmetry is anomalous, which means that it is not a true symmetry of the theory, and the

gauge redundancy undergoes a Higgs mechanism. The effective action can be constructed by considering

fluctuations of the phases around the vacuum values dr and J,

3 iﬂﬁR(x)

Or(z) = Agvpe 7k (25)
3 I ACH

O (z) = Apvre L (26)

where ¢r(z) and ¢ (x) are the fluctuations. We also perform the redefinition

z‘l("’R(w’—“’L(”’)wf’
U(z) > e\ Jr 3 U(x), (27)
Taking into account the non-trivial Jacobian of the fermionic measure and considering for simplicity

Ar = A, = A and vg = v, = v we obtain

_ 62 4 1 ¢R($> ¢L([E> vpo

R (ia . (d’;f) - ¢§fj>) ot iemm)pg) W ()

A3 _ _1(%r@® ¢ 1 (op@)  op(@)
—|—/d4:v2v\11(m) <e ZQ( R T >(P1—’L’p2)+612< iR )(P1+102)> U(z), (28)




Performing now yet another redefinition

1 (dR(z) | dp(@))
U (z) ENEE(G )prI:(g;), (29)

the action becomes

S [aed (45 ¢L<x>)gww,

167 4\ fr fr
+/d4:1:;\1/(:v) (2(?-!- by — (? <¢};](% z) ¢L(L )> v
Fieyt <A (z) +1i Zea <¢§; )) —|—2)\2v3p1> U (z) (30)

or

62 4 9(.%’) vpo
S = 327‘(2 /d <f +00(.I)> 5“ P F/“’FPU

+/d4x;\il(x) (z& - 21]039(3;)75 + dey* (AM(.I) + i

1
'%f,aue’> ps + 2)\21)3;)1) U(x) (31)

0’ .
where we defined ( ) + 6, (r) = 3 (¢’;§;> %f)) and ;fj) = %(¢’;§> + ¢;§m)), with Op(x) = 2b 2"
Note that €'(x) is the would-be Goldstone boson that is combined with the gauge field in the Higgs
mechanism to furnish the gauge invariant piece A,(x) + iffﬁlﬂ’ representing a longitudinal term for
the vector field, thus leading to a consistent mass term for the photon, characterizing the Meissner effect.

We also note that a mass term for the field §(z) will be induced non-perturbatively due to the fermionic

condensate, explicitly

(U(z)p1¥(z)) = 403 cos? (f‘ + 90> (32)

In the previous derivation, since we have ignored the compactness of the fields 8(z) and 6'(z), we are
not considering the contribution of singular states such as vortices that can be described by multivalued
fields [42]. These non-perturbative effects are indispensable if one is interested in a comprehensive
characterization of the system. In the present case, the vortices associated with 6’(z) are the usual ones
from a superconductor and carry quantized magnetic flux. The vortices of #(x) are more interesting
and were called chiral vortices in [43]. They don’t carry magnetic flux but are responsible for a non-
conservation of the naive supercurrent of the superconductor [44], see also [45]. Both kinds of vortices
must be taken into account if one is interested in the topological features of the superconducting state

and, in fact, one can construct the corresponding effective topological field theories by reasoning about

10



the dilution and condensation of such configurations [44]. However, since our goal is the perturbative

analysis of the resulting effective theory, such non-perturbative effects are not relevant.

Computing the fermionic field integration (where the fermionic determinant may be evaluated as a
derivative expansion of gauge-invariant terms) and taking into account the non-perturbative mass term

leads us to the general form for the electromagnetic response of the system

1 1 1 1 1 0 -
Syp = / d*z <_4 F, F™ + §M2ANA“ + 504000 — §m202 + 39 (9 + go) FWF“”> (33)

3 . . . .
where g ~ % ~ /\2—11}3 and M ~ X203, m ~ ’\% ~ % These relations make contact with the microscopic

theory we have been developing in this section. They set the scaling behavior of the parameters of the
effective theory as function of the ones of the microscopic theory. In what follows we will not adhere to
these relations and instead consider, for the sake of computations, M, m and ¢ as independent quantities.

However, later in this paper we will comment on the relations with the microscopic theory.

The effective action [33] describes the electromagnetic response of a microscopic system characterized
by chiral and charge condensates, whose fluctuations give rise to the dynamic of the axion field and to the
photon mass, through the Higgs mechanism. The same effective theory can be obtained by dimension
reduction from a 5D theory [43] and also from general reasoning about condensation of charges and
defects guided by symmetry considerations [44]. But it is important to point out that we arrived at this
action considering an interaction that makes contact with usual superconducting couplings in doped Weyl
metals [35]. This goes back to our initial considerations regarding the possible pairings. From the point
of view of the resulting effective theory (that can originate from different pairings, i.e. instability in a
Weyl semimetal system) the main point is that if one is interested in the identification of the relevant low
energy degrees of freedom, including possible defects, and the ensuing non-trivial topological features of
the superconducting states, the answer seems to involve topological BF theories, as discussed in [46] for
the usual superconductor, in [47] for a p-type superconductor and in [44] for the axionic superconductor.
The different possible pairings, in this case, will enter the analysis because they are responsible for defining
the low energy degrees of freedom that are relevant for the topological description of the system. But, if
one is interested in the general features of the electromagnetic response, as we are in the present work,
the answer has less freedom and is essentially fixed by symmetry with the microscopic theory furnishing

the parameters of the effective theory, as discussed above.
Our task now in the next sections is to compute the modifications on the Yukawa potential and,

11



via the analysis of quantum corrections to the London’s length, the Meissner effect induced by axionic
fluctuations. For the present work, we will set 8y = 0, which will simplify, considerably, the computations,

meaning that we will be analyzing the physics of a Dirac semimetal (b, = 0).

III. AXION-PROCA ELECTRODYNAMICS

The model is defined by the following action (in natural units and diag(g,.) = (1, -1, -1, —1))

~ 1 1. 1. - - 1 5= 1 -
S = / d*z <—4 Fanf™ + §M2a,ﬁ“ +50.,00"9 5#92 + 590w f’“’) (34)

This effective action describes the dynamics of a massive vector field (Proca) @,(x) and a massive
pseudo-scalar field 6(z), displaying an axion-like interaction. Envisaging the renormalization analysis to
follow, the field strength tensor is written in terms of “bare” quantities, so f,, = 0,a, — 0,a,, with the
dual tensor fuv = %ewap f°P. The coupling constant g has a mass of dimension —1, so power counting

indicates that this theory is nonrenormalizable. This Lagrangian must be understood as describing the

physics at energies much lower than the cut-off Ayy ~ 1/3.

Since we will focus on the computation of the vector field propagator up to 1-loop order, some
particular simplifications can be model using symmetry characteristics. For example, the lack of gauge
invariance allows for terms like M7 (a?)? to be included at order g2, but an odd number of @, will not
contribute because this would break the discrete symmetry a@,(z) — —a,(z). The same does not apply
to the case for the scalar field because the coupling does have an odd number of §’s. One contemplate
possibility is (a2)2, but such a term will give a six photon vertex that is only relevant to the propagator if
taken at 2-loops. One algorithm that describes a similar process, for Proca-electrodynamics, can be found
in [48]. Lastly, the most general contribution must include terms composed with the dual field strength
fW but, since we are only interested in the contribution to the massive photon two-point function, they

will be zero after we impose momentum conservation at the vertex.
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All workable terms of order g2 can be organized in three new Lagrangian pieces

— 12 2 1— —\ 2 1 — —

Loge = =50 mi+ 5Cg(ao) + ﬁ(aue)m(a#e) (35)

7 .-t le.pey Lly 11@

Lage = oM = 4 CrJ7+ 2my, 017+ 37 Cs 4'4*2]0 (36)
1 2

Lopg2 = — =00 @ 410 —f? (37)
2 Amg,

These modifications can be divided further into two groups by noticing that some terms can be absorbed
in parameter redefinitions in the process of normalization since they are of order g?. The other terms
with higher derivatives (i.e. (9%f) and (9,0)0(9"0)), will generate ghost contributions to the free field
propagator. Nevertheless, in this model, it is possible to eliminate this kind of non-physical contribution
performing field redefinitions so that the free propagator will remain well behaved and unitary. Most of
the discussion is based on [49] and [50} [51], and the mathematical detail for our case that deviate from

those works are described in appendix [A] The Lagrangian with redefined parameters reads

1 1 1 1
Lp= jzgﬁ + fMQZMZgA2 + §Z9(80)2 — mengQHZ
Zg y O dgh
gGF“ Fo+—= (8 OHd(0"0) + —5— (8F) + Ly + Loy 20 (38)
4 2m?2 2m gh ’
with the new interaction terms
175 A2, 1 9 9
£4'y 4' 2 404 A1 4 MQQ & ‘CZ%QG a@CaH + 4 t9f gf (39)

of order g2 (since Cy, Cqp, M and my, f € (9( )) All these interactions will furnish 1-loop contributions

to the massive vector self-energy.

IV. PHOTON SELF-ENERGY

We want to compute quantum corrections to the massive vector self-energy introduced by axion
fluctuations. The dressed massive vector propagator will include 1-loop contributions that originates
from the axion coupling (O(g)) and from L4, and Loy29 (O(g?)). The exact Green function for the
photon G*(p) is given by the geometric sum of 1PI graphs

iGW(p):W+W+W+m§?MM+... (40)
=iGy" (p) + iG" (p) (illsp(p)) iG™ (p) + O(g") (41)
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where G§”(p) is the free massive vector propagator, defined as Gh”(p) = —iP*"(p)/(p* — M?) with
Pw(p) = g — pupy/M?, and ill,,(p) is the 1-loop contributions (consult figure [1| for exact Feynman’s

diagram anatomy) with the additional factors given by counterterms.

l l

VREEREN
\
l—p '\ )

3 3> 3 3
> > > >

p1 l D2 D1 D2 D1 D2

FIG. 1: Sum of Feynman’s graphs that contribute to the photon self energy in axion-Proca

2)

electrodynamics. In order from left to right: axion loop K ,(ﬁ,), photon-axion loop K ,(W and

photon-photon loop K,(jj)

dgh
ZK(Z Z3 - 1)(p Gop — papp) + Z(ZM - 1)(23 - 1)M Jop + lm b (p Gop — popp)
gh

(42)
A. Loop integral

The axion coupling introduces a momentum dependent vertex that can be written schematically
as Vi (p1,p2) = (ing)eumgpj"pg where the vector line carries ingoing momentum p; and outgoing

momentum ps. The vertex construction results in

4
KfY = [ ey Vie (=1 DGE @) 80l = 2)Viu L —p2) (13)

where Ag(p) = i/(p? — m?) is the free massive pseudo scalar propagator in momentum space. Since

Zy =14 0[g? (so that (igZ,4)* ~ —g*) we can write the contribution from the azion loop graph as

d4 Yo (p, 1) 1
K(l) 2y 2/ Y\ 44
v (p ) g (27’[‘)4 l2 _ M2 (l _ p)2 _ m2 ( )

with Y#(p,l) = g (12 2 -p)2) + I (p”(l -p) —p2l”) + pH (l”(l p) — l2p”). Using the standard
Feynman parametrization, the expression becomes

K (2 92 2 d4q ld q2 4
D0 == o =) | 55 || A )
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with A(s, p?) = m%s — M?(s — 1) — p®s(1 — 5). Even though gauge invariance is explicitly broken by the
mass term, the longitudinal component is effectively decoupled and the result can still be written using

the usual transverse operator

ED 0% = (gup® — pupn) kD (0%). (46)

This can be formally established by a Ward identity ([52]) showing that only the transverse part will
contribute to the final result. Now we must extend k(") (p?) to D—dimensions and redefine the dimensional
coupling as g — gu% (p is an arbitrary parameter of mass dimension 1 so that the coupling g is
now dimensionless). Also, this rescaling must be followed by a redefinition of the Wilson parameters
by — bm% so that b; is also dimensionless. Integrating over ¢ and expanding for D =4 — € with ¢ — 0

we obtain

. 2 2 2 2 1
W2y 9~ |2 (m>  M" p~ _/ Aloe D 4
EEw) 167r2[6<2+ 2 6 | dsalos s (47)

with the usual definition i? = e Y47pu? (7 is the Euler-Mascheroni constant). In this computation, any
part that is not divergent or that don’t have any kind of discontinuity can be ignored since they will

simply be absorbed by a finite redefinition of the original action.

The same process is used to compute K fﬁj?’) resulting in

i 2 m? 2 2 M? 2+ M?
HE) KO0 = m!m< ~es(%)) (C‘“ i) (2o ) <3C4+pzMz>]
of 2

(48)
B. Renormalization
Using equations , in results in
il (p) = A1) g + (Pupy — terms) (49)
1 0
(p?) = —— (IO + p?I® (p?) + p' I — p255 + (s + d3) M2 + p* 2= (50)
167 mgp,
The exact Green’s function at one loop, in this context, is given by

Gy (%) = —i - + (pupy — terms) (51)

P+ I?) — (A2 —TO) + p IO ?)
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2 m? 2 M? M?
oo = (2 _jog( — 2000 — M2( 2 —log| — )+ M2 2
<€ 0g<ﬂ2>>m Cap -~ log P 3Cy + N2 + M=oy (52)
2/m? M 1 A 2 m2 m2 2 M? M?2
@ = 42 == /d Alog = Z log| = ) ) = — (21 -
I e\ 2 T )T e )t e 2 m3  \e o\ /)23
B
@ — 2L, Oon (54)
€6 mey,

2
mgh

This expression is correct up to O(g4) (with the exception of Ogn ) and any finite ter
Before proceeding with the renormalization process, it should be clear that this expression results in
the one found in [49] once we set M? = 0. As a consequence of the restored gauge invariance, no term

~ T1 can be found (note that C,g would not be included in Lypg2 in from the beginning).

We would like to draw attention to a characteristic of our model regarding the subtraction scheme
choice, but first, it is interesting to comment on the potential felt by a test charge in the massless photon
limit. Axion fluctuations are responsible for a correction of the Coulomb electrostatic potential, felt by

a test charge e, that can be written as

Var—o(p?) = ;Z [1 + p12 (M@ () 1 (%) + (8] - pQ)H(A‘))] +0le*y'] (55)
in momentum space evaluated at p concerning it’s value at the scale pg. Note that II*) is constant at
this order and can be set to zero by imposing M .S scheme. It is then physically sensible to make contact
with the measured electric charge by defining the potential to have the Coulomb form at spatial infinity,
or equivalently at py = 0, where the axion effect should be negligible. That is, to fix pg is sufficient to
impose that the potential is of the usual Coulomb type at pyp = 0 resulting in e being the observable

electric charge. This works as a renormalization condition fixing the ambiguity in II(2),

The electrostatic potential felt by a test charge in this massive photon setting can be written as

2 217(2) (2 4717(4) 217(2) (12 477(4)
5oy €R 1 P11 (pg) + poll p 119 (p?) + p*1l 2 4

Note that here the scale pg is defined as the scale where the potential is of the Yukawa type. But now

one can not use the asymptotic charge to define a physically motivated renormalization condition as done

2 All § ware redefined to include the 1672 factor

16



above in the massless case. The potential of a massive photon is null asymptotically as a result of the
screening due to the superconductivity. Physically, due to the massive nature of the photon, test charges
will feel no force at spatial infinity. This is a setback for the use of the MS scheme because there is
no simple way to fix the remaining ambiguity. This problem can be avoided if we impose the so-called

on-shell (OS) conditions.

1

It is clear from equation that it will be necessary three conditions to fix the singular ¢~ contri-
butions that are proportional to p°, p? and p*. They will be
I(M?) =0 (57)
Ol (p?
(Z ) =0 (58)
ap p2=M2
O*11(p?
gp 2) =0 (59)
(ap ) pQ:M2
but before we apply these conditions we must make a (’)(94) modification
Ogh 1 Ogh
' = (07— M) (60)
myy, mgy,

The first two conditions fix the mass pole location and the residue (so that the physical photon mass is
M? with residue 7). The third cancel any contribution from 1I® by fixing the ghost counter-term. Now
we can impose these restrictions, resulting in a physically consistent potential clear from any infinities

and free parameters. The counter terms obtained are

1 2 2 2 2 2 2
+ M=(s—1
= —g* [ ds (mds + (s - 1?) log(m s+ M s 1) ) - bg(ﬂ ) <c;; n ;j)
0

M m?2 26
L[ 2m*Cuy 1 5, o o 2m?*  2M>Z u? M?
~ - 6Cs — —g*(3 AM?) — -+ = | +log( ~= | (3Cs + — 61
+6< Az +6C 3g(m+ ) m§f+M22 +log| 17 4+M22 (61)
1 2 M2(s —1)2
53292/ ds (m2s+M2(51)(251))10g<m i 2(8 ) >
0 K
(1 9,0 o o 2m?  M? m? u? 1/ 5. o 3M? u?
- -=4%*(3 5M?) — — + — | — —-log| =5 | + = ( ¢*°M log | +—
+e( 39 (3m” + 50L%) mg, M) g, B\ ) Te\ T T

dgh = —3 . + 39 Mgn — 9 mgh/o ds M2(s —1)2 + m?s +2s(s — 1) log 2

(63)
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so that the result is

) = — g 7 ) [ DS COMPs 2 A i AP (067150 2)

2
32727 m?s + M?(s —1)?

9°p* /01 ds A(s, p°) log< Als,p") ) (64)

* m2s + M?(s —1)2

1672
with the previous definition A(s, p?) = m?s — M?(s — 1) — p?s(1 — s). This is our result for the quantum

correction using the OS re-normalization scheme.

Note that the log integrand gives rise to an imaginary part when p? > (M + m)?
Im{TI(p?)} — 1 gj 2 _ (g 2Y (2 _ (M 2113
m{Il(p*)} = 567 2 [(p* = (M = m)?) (p* — (M +m)*)] (65)

marking the threshold for multiparticle production, with the corresponding spectral function proportional

to Im{TI(p?)}.
V. POTENTIAL

The quantum correction computed in allows us to investigate the corresponding correction for

electrostatic interaction potential. The full photon propagator is

4
@A) = [ (‘;&ewwiaww) (66)

where GH¥(p) is the exact propagator, i.e., the propagator for the massive vector field with all its quantum

corrections. Up to 1-loop, we can write

v g H(Pz) 4
GH (p) = —Zm <1 — m + 0(9 ) + (p“pl, — terms) (67)

These corrections generate a dressed four potential Au(x)lﬂ given by

4 . ~
Aule) = =i [ G Ee G )i ) (63)
Using [67] results in
d'p . J T1(p?
Au(z) = —/ (27:))4 e_lp.xpzju_(]j\)/p <1 T2 Ep]\/)[2> (69)

3 This is the same relation used in [49]. The factor —i follows from the definition of the free propagator (that influences

the 4’s in the exact propagator). Another convention is presented in [53].
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Now to compute the Yukawa’s corrected law we need to use a stationary current j,(z)

Julz) = 653(5(')5”0 — ju(p) = 2med (po)duo (70)

where e is the electric charge, so that]

&Bp sz 1 (- |p|*)
Ag(X) = 6/ e'P* 1+ ——— 71
o®) @23 [pf + M2 ( B2 + M2 ()

This gives the Fourier transform of the corrected Yukawa potential [54] felt by a negative charge —e

> i —e’ 1(—|p|*)
V(p) = —eAo(P) = 1+ (72)
) B = 5 Bl + M2
so that the potential between two identical charges of opposite signs reads
By L. 1 II(—|p|*
V(%) = _62/ Poepx 1 2eD) (73)
(2m) B|* + M2 B|° + M?2
With this in mind, we can separate this into two contributions
Bp .. 1 Bp . T(—|p
W(X) = —62/ p3 eP*—3 & oVy (X) = —62/ p3 e'’Px ﬁg ) (74)
(2m) Ip|” + M? (2m) (IB? + M?2)2
The computation of the Yukawa potential is well known and results in
2 ,—Mr
e“e
1% = —— 75
V() = - (75)

with r = |X|. To compute 0V3-, we consider the analytic continuation |p| — ig € Z, which structure is
displayed in fig2a] (the integrand has a pole at ¢ = =M and a cut that starts at ¢ = (M + m)). The

complex path, represented in fig]2D] is a “half-disk” that avoids the branch cut. Here, the integral along

1 is 6Vy (r), that after a variable exchange and the identification ¢ = —i|p| is
% e? q (q2)
o I
OV (r) 4m2ri /_oo dge (g% — M?)? (76)

, and a jump of the cut that can be represented by
(g% + ie) — I(¢* — ie) = II(g* + ie) — I(¢* + ie)* = 2i Im{TI(¢* + ic) } (77)
Therefore

0Vy (r) = (Res 6Vy ) (iM) —

& r a ImlT(q> +i€)] _,,
oy (2 — M2)?

4 Remember that p-x= pOZEO -p-X
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(a) Complex plot of the poles ¢ = =M and the cut (b) Closed contour know as “half Pacman”.
q>m-+ M.

FIG. 2: Complex plane with Re{q} x Im{q}

The residue computed over the path I' = ) v is zero. Utilizing this result along with the imaginary part

the previous expression takes the form

W) = ot [ a T (- P = @) (e - (7)
19273 Sy a(g? — M?)?
Finally, the corrected potential is (¢ = t(M + m))
e2 [ e~ Mr gQ(m + M)2 1 [® ) 3/2 e—(m+M)rt
V(r)= —47r< . e r/l dt F(m/M,t)(t* — 1) — (80)

with

F(m/M,t) = <t2 - <%;Z>2>3/2 <t2 - (Mj\ﬁmf) N (81)

It is not clear how to compute the ¢ integral in full analytic form, but some doable simplifications can

extract analytical information in some limiting cases.
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VI. ANALYSIS OF THE RESULTS

Equation [80] can be rewritten as

62 e—Mr
V(r):—ﬂ " OP(Mr,gM,m/M) (82)
(gM)? (1 4+ m)* oo 379 e~ Mrlt(1+m/M)—1]
sp(utr, gm0 = 1+ I [ qopnjag, e -1y (59

where dP(Mr,gM,m/M), which corresponds to deviations from the Yukawa potential introduced
by quantum fluctuations of the axion field, is organized in terms of three dimensionless parameters
(Mr,gM,m/M). We remark that all the computations so far do not rely on any specific relationship
between these three parameters but, since this is an emergent description of the system, these are effective
parameters that are related to each other and fixed by the microscopic physics as previously discussed
in section II. Yet, for the sake of simplicity, we will continue to treat these parameters as independent
for now. The graphical representation (for a set of self-consistent parameters described in section of

the quantum deviation (namely 6 P — 1) is given in figure 3| To develop a physical picture, it is useful to

Mg = 0.4
OP(r)—1
0.020 - -
i
i — 2 -0.01
i3 M
i m_
00150 & =0
|
: N m _ 4
|. -l‘ M —
!
[ i)
0.010 | !
!
!
!
!
!
0.005 -
' Mr
0.0

FIG. 3: Graph of the exact expression of 6P — 1 (equation for varying values of m/M. The used
values are gM = 0.4 and Mr € (0.02,1).

analyze the result imposing large mass hierarchies (large axion mass m > M and large Proca mass
M > m).
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Each approximation will provide an estimated result that, for additional verification, will be compared

against the numerical integration.

A. Asymptotic Approximations

1. Small Azion mass

Applying a small axion mass approximation (M > m) at zero-order in the mass ratio {}, the expres-

sion equation [83] simplifies to

2472 foo —Mr(t—1)

g‘M 9 e m

PMr,gM) =14+ *¥— —1)————+ 0O — 4
SP(Mr,gM) 487r2/1 dt(t ) ; (’)( ) (84)

Evaluating the integral we obtain

SP(M M)~1+92M2 Lo LY o, (85)
naM) = 4872 M?2r2 ~ Mr c i

where T'(0, M) is the upper incomplete gamma functionlﬂ The asymptotic approximation results in

2 2
1-'—924]7\1_42 W7 fOI' M"">>1

OP(Mr,gM) ~ (86)
2772
1+ 948]:[2 (W + 5= + log(eVMT)); for Mr <1
Figure [4a] and [4b] compare the results with the numerical integration without approximations.
2. Small Proca mass
In the case of a small Proca mass, in comparison with the axion mass (M < m), eq. gives
2,2 oo 2 3 2 2012
g*m (2 —1) M (#—1)"(* +2)
OP(Mr,gM,m/M) =1 dt | ———+2—
(Mr. M/ =1+ 57 [ ( R
2 2 6 3
+%2 (t _ 1){2 + 3"+t } efmrthr(tfl) +0 % (87)
m? t7 m

5 Defined as I'(a,z) = f;o t*“te7tdt. The asymptotic expression of T'(0, Mr) for Mr > 1 is %, this cancels the
possible problem of the positive exponent e™" in
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This integral, that can be computed analytically, but does not bring any valuable insight, is expressed in

the appendix Employing the asymptotic expansion in these expressions results irﬁ

2,2 —mr

(m+M) (m+M)3r T m?2 4(m+M 72
SP(Mr,gM,m/M) ~ ¢ 1 + 12:’:22 ((m1r)2 + 3+ ML _3) 4 3log (e”(m+ M)r) (88)

+27 (15 +log (7(m + M)r))) . for mr < 1

The graphs [Ad and [Ad] represents the comparison between the full numerical integration and the ap-
proximations. Note that this result is consistent with the massless photon limit that was examined in

[49].

5 Note that every term in this expression can be expressed in terms of (Mr,gM, m/M).
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(a) Approximation valid up to Mr ~ 0.2.
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(b) Approximation valid starting at Mr ~ 8.
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0.010

0.02 0.04 0.06

Mr

0.08 0.10

(c¢) Approximation valid up to Mr ~ 0.002 — mr ~ (d) Approximation valid starting at Mr ~ 0.06 —
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mr
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FIG. 4: Plot of 0P(r) — 1 (the deviation from the standard value) as a function of Mr with gM = 0.4.

The red line is the numerical integration plot of Respectively; |4a] and |4b| represent the approximated
function [86 with Mr < 1 and with Mr > 1. Moreover, [id and [Ad] represent B8 with mr < 1 and with

mr > 1 (the relation

m

M

region of validity of the approximations is read directly from the graph.

B. Mass relations and London penetration length

= 10 is also used to express all functions in terms of Mr). The estimate of the

Considering the results depicted in figure |5| (the variation of the quantum correction as the mass ratio

changes) we see that as m becomes larger than M quantum corrections becomes less and less important.

One can also note that for large distances the corrections are very feeble for any values of the masses.

This means that we expect noticeable deviations from the usual London results, due to axion effects, at
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small penetration distances and large photon mass (M/m > 1). In fact, we can explore in more details

Mg = 0.4
5P-1
i
i
08t ! | .
! 0.0004 | e
1 e
| | . -
\ 0.0003 | I
| o
06 | 0.0002 v
: Mr = 0.02 o
! 0.0001F ./ |
! Mr = 0.05 Lo
! " 1 L
04 : Mr=0.1 1 2 3 4 5
I Mr =
|
|
|
0.2 \
|
I
l
I
.................... reaereaeereaeeneaeneseneaeneseaneseaneneae s eae et s eas s e s s s s eannennns
-* L L . -
1 2 3 4 5 m

FIG. 5: Graph of the exact expression of 0P — 1 as a function of M/m for varying values of the
distance scale with fixed Mg = 0.4. The inserted graph is the zoom of the curve Mr = 1. The red

vertical red line M /m = 1 separates the region with M/m < 1 and M/m > 1.

the variation in the London screening generated by quantum fluctuations of the axion background. To

do so, it is useful to redefine [82| with an effective mass by

e2 e—rMEH(M'r’,Mg,m/M)
Vir)= —— 89
(r) 47 r (89)
so that
logd P oP -1
ME(Mr, Mg, m/M) = M — Ogr =M - =——+0(s") (90)

where 0P = dP(Mr,Mg,m/M) is given by and the expansion log (1 + ax) ~ azx was used. The

0 e~ M7

——, defines the London length A; as the damping
,

e

Yukawa tree level interaction, i.e Vy(r) = —¢

1
—MAL — =1 or equivalently, A\, = —. We can expect that this term

coefficient of the exponential via e U

receives quantum corrections that can be writtten in the form
rIIMET (1) = 1 4 O(g?) (91)
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that is a transcendental equation, but it is possible to solve by considering that
reff =2, +6r + (’)(94) (92)

where 0r € O(gQ) and M Ap = 1 resulting irﬂ

M 2 1 m 2 0o 7t(1+m)
aor = WMP(L+ 5) el/ th(m/M,t)(tZ—l)Sm%
1

8572 +0(g") (93)

This is the term 0(92) (leading contribution) expected in and is independent of the scale Mr. We
can see in graph [] the shift 6 (in units of M) in the London penetration length as a function of the mass

ratio % As stated before, the axionic effects are more relevant for large photon mass.

orM
1
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I
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: Mg = 0.4
|
| Mg = 0.3
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oo hmemr == | m
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FIG. 6: Plot of the expression Mdr as a function of M/m with different values of Mg. The red

vertical red line M/m = 1 separates the region with M/m < 1 and M/m > 1.

VII. CONCLUSIONS

In this work, we investigated the axion-electromagnetic theory obtained from the electromagnetic

response of a Dirac semimetal with a quartic pairing instability. The pairing effectively induces the

" This expression was obtained by expanding e~ MreI Tt +m/M)—1] (with the use of equation and keeping terms of O(go)

since the whole integral is of O(gz). Note that this follows the same spirit of the renormalization of the charge in QED.
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dynamical formation of a charged chiral condensate whose phases fluctuations give rise to an effective
axionic excitation along with a longitudinal mode for the photon excitations through the Higgs mecha-
nism. As mentioned, the Axion mass is related to charge density waves of the fermionic condensate, and

the resulting fully gapped system describes an axionic superconductor.

We also investigated the two-point function of the massive photon excitation considering one-loop
axionic corrections and found that these corrections naturally induce a modification of typical electro-
magnetic interaction at short distances. Consequently, in the asymptotic limit, the effective theory is

Yukawa-type (Proca) representing an usual superconductor.

To be more precise, based on the discussion of section VI-B, these modifications should play a role for
average lengths below r ~ 1.25 nm in systems with characteristic electromagnetic interaction length of
M ~ (50 nm) ™" [55]. We remark however that this is an educated guess based on average experimental

values to illustrate the range of parameters that would give a physically significant effect.

The maximum possible value for the correction occurs when the axion mass is lesser or equal to the
photon mass. Oppositely, as the Axion mass becomes larger, i.e. the field becomes harder to excite, the
quantum fluctuations become closer to the non-perturbed value (M eff ~ M ). This reasoning is based,

partially, on the fact that axion emission, by a decay process of v — 70, is not possible.

As stated before, in the course of our calculations we regarded the effective parameters m, M, and
g as unrelated quantities. However, if we take into account the microscopic origin, as discussed in
section II, we must consider the connection between them and the microscopic parameters A and v. The
scaling relations are g ~ ﬁ, M ~ X\?v3 and m ~ %, that can be reduced to g ~ ﬁ and m ~ %
These relations are compatible with the range of values considered in our analysis since the perturbative

computations are valid for gM < 1. Our results also indicate that Axionic effects are more prominent

when M > m.

In conclusion, that since the order of magnitude of distance adopted in section VI-B is appropriate to
thin-films physics, the electromagnetic screening properties (by the corrected London length) of thin-films
constituted by superconducting Dirac materials could be sensible to the described effects in preceding
sections. This is a possible probe to the quantum effects due to axionic coupling. However, it is important
to stress that, at this stage, the explicit connection between our findings and the aforementioned discussion

as well as the practical applicability or even feasibility to real condensed matter systems is lacking, being
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a topic for further investigation.
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Appendix A

1. Renormalization

The “bare” field and parameters must be replaced by the renormalized ones, that is, we must replace

the following quantities in equations (34H37)).
a, — Ay fuw— Fu 09— 60
M — M m—m g—g
m—my Cp—Cy s — my
MQ — M> 6]0 — Cf Mgh — Mg,

Ci—Cy My— My Cag— Cop Tgp — my,
The renormalized action becomes
Sk = / d*% (Lproca + Laxion + Linteraction + Log2 + Lag2 + Lagg?)
with the Proca and axion Lagrangians being
Lbroca = —iZgFWF”” + %ZMMzAMA“
Laxion = %Zg@,ﬂ@“@ - % 6>

, the interaction term (O(g'))

1 -
Linteraction = ZZgQQFWFW
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and the next-to-leading (O(g?))

Los = 2 ZanM2A2 — 27,0 52 4 2ot (OF)* + L gicuat - A—F2 (A6)
ag? = o AM2H1 athe) m2, 474 i M2
1 02
Lopge = aGCa6’0 A? + Z@fiF (A7)
Moy

Some terms in the last equation can be incorporated in the free section plus a modification (’)(94) and

can be ignored since this is outside the scope of our 1-loop computation. The redefinition is

Zs— (1= Cy)Zs, M?*Zy — (M?* — M3?)Zy

(A8)
Zop— (1= Co)Zg, M*Zy — (Mm* —m3) Zny,
This changes the g2 part to
Zs Iz
Logo = o 2(8 0)0(0"6) (A9a)
4 A%
L2 (8F) + Z4C4A ——Z5 (A9b)
= m 2 4177 M2
1 2 0> o
,Caggz = —4 Za9Cae0 A? + 4ZQf7F (AQC)

Moy

2. Parameters relation

Now we can derive the connection between the “bare” parameters and the renormalized ones. Using

the kinetic prescription, A* = Z5 Y200 and 0 = Zy Y 25, results in the following relations

. 1/2 1/2 1/2
Z Zm
M:M(—A;’) , _m<Ze> , Mgh = Mgh (Zg3h> 7
1/2 _ -
ms = Mg (%) ) Cy=0Cy Zzl%a My = MQWﬂ (A10)
vl 5

_ 3 / — 1/2
Mof = Mgy (ZZ“QZfG> , Cap=Cup (ZZS‘E’G> , g=9 1/2 72

3. Ghost elimination process

The action composed of [A3] and [A9]|still exhibits the problem of higher derivative contributions to the

free sector. These contributions can not be an oversight because they will modify the free propagator by
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introducing a new “mass pole” for the pseudoscalar and massive vector field causing the introduction of
non-physical states. These terms can not be absorbed in a parameter shift because they carry a 0% (or
in momentum space, p*) dependency. It is possible to eliminate these terms using a field redefinition

o

9—>9—2m§

0 A, A, — A, (A11)

2
ngh

, any extra term will be of order ¢* and can be ignored as it is outside the wanted perturbative accuracy.
This process is described in the appendix of [49] (and reference within it). The final product is the original
Lagrangian minus the ghosts generating terms but with the reward of retaining their counter-term. This

is crucial to the renormalization process in section IV.B. The resulting action is

Os 1)

£R = £Pr0ca + Eaxion + Einteraction + 2 P} (auﬂ)D(aug) + gL2L (aF)Z + £4'y + 52%29 (Al?)

ms 2mgh

with
Lo = L 7,0, A% 1ZA2F2 A13
4y = g éabads = o 5@ ( a)
1 9 9 1 0

Lonog = —~2agCapld” A + ~Zgs—5F (A13b)

’ 4 4 mg

along with equations [A3] and [A4]

Appendix B: Mathematical details

1. Graph numerical integration

In order to analyze how the effective theory changes as the parameters are modified is convenient to
introduce a set of dimensionless combinations. The dimensional parameters (m, M, g,r) can be arranged
in in three dimensionless terms: Mr (distance scale), 7; (mass ratio scale), and gM (coupling scale).
Notice that in this parametrization a larger (smaller) axion mass, than Proca mass, translates to m/M > 1

(0 <m/M < 1).

This results in the polarization [83| taking the form 6 P(Mr,gM, m/M) =1+ f(Mr,gM,m/M) with

—Mr[t(14m/M)—1]

t

2 m
4872

3/2€

f(Mr,gM,m/M) := (B1)

)
/ dt F(m/M,t)(t* — 1)
1

30



Any specification of (Mr,gM, m/M) must be consistent with the perturbation theory and physical ex-

perimental ranges. To be compatible with perturbation theory they must obey
f(Mr,gM,m/M) <1 (B2)

This inequality can be studied graphically using numerical inputs of phenomenological characteristic

scales.

The outline of the analysis is; It is possible to define a f(Moyro, (M )erit, mo/Mo) with some M geyit -
In order to keep the perturbative analysis consistent in a given range Mr € [(M7)min, (M7)mas] and
m/M € [0, (m/M)magz), it is sufficient to choose a value Mg < (Mg)ait that can be determined either

numerically or graphically using the values of (Mr,m/M) = ((M7)min,0).

Considering a separation in the order of nanometers and take the London length usually found in
superconductors (that ranges from Az, ~ 50 nm to ~ 500 nm [55]) as a representative scale for the photon’s
mass. Theoretically, this setup is experimental feasible since it consists of a thin film of superconductor.
Now consider length scales running from r ~ 1nm to 7 ~ 50 nm. This choice of M ~ 1/50 nm~! lead
to Mr € [0.02,1]. In order to get a consistent value of Mg for any Mr greater than the lower bound
it is sufficient to solve for (Mr,m/M) = (0.02,0). Graphically it can be read from figure [7a| ) that
this is true for M g‘m ., ~ 0.43. This sets the typical length scale above which the perturbative analysis
breaks and our model is not reliable anymore.

Mr=0.02 m=0
f(Mr.gM,m/M) f(Mr.gM,m/M)

Base .
25 / 25
_____ m=0 /

Base

————— Mr=0.02
Mr=0.03

——— Mr=0.04

miM=10 y

20 ————— mM=20 S 20
/

——— mM=30

(a) The numerical plot of left and right hand sides (b) The numerical plot of left and right hand sides
of (B2)), for Mr = 0.02. Note that, the critical  of (B2)), for m = 0. Note that the critical values of
values of gM that keeps the perturbative analysis gM also increases considerably as one makes

valid increases with 7. slightly modifications on Mr.

FIG. 7: Numerical analysis of the inequality (B2]). The black line in 1 represents the upper bound and

the vertical dashed line is the critical value Mg = 0.43.

31



2. Full expression

The full integral of [87] is

2

Ml
dP(r) =1+ % [e_mTFunl + eMrFun2] + O <m ) (B3)
™

with

Funl — r3(m+ M)? (156m? — 60mM +17TM?)  r?(m + M)? (5m? — 20mM + 7M?)
e 17280 5760

r(m+ M) (85m? — 160mM + 81M?) 1 2 2
- — (15m? — 24mM + 11M
2880 + g (19" = 24mAM o+ 1AM
M?%*5(m+ M)>  M?*r*(m+ M)4 m+M+ 1
17280 17280 48r ' 48r2

ri(m+ M)* (m? — 4mM + M?) Ei(—(m+ M)r) 1 ,
1152 ~ 32"

(B4)

(m2 — M2)2Ei(—(m + M)r)

M?rS(m + M)SEi(—(m + M)r)
17280

Fun2 =

+ % (3m* + M?) Ei(—(m + M)r) + (B5)
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