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Abstract. We compare the massive Kalb-Ramond and Proca fields with a quartic self-
interaction and show that the same strong coupling scale is present in both theories. In
the Proca theory, the longitudinal mode enters the strongly coupled regime beyond this
scale, while the two transverse modes propagate further and survive in the massless limit.
In contrast, in case of the massive Kalb-Ramond field, the two transverse modes become
strongly coupled beyond the Vainshtein scale, while the pseudo-scalar mode remains in the
weak coupling regime and survives in the massless limit. This indicates a contradiction
with the numerous claims in the literature (see eg. [3-21]) that these theories are dual to
each other.
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1 Introduction

On the first sight, the massive Kalb-Ramond field theory and the Proca theory may seem
completely unrelated. The Kalb-Ramond field is an anti-symmetric two-form [1], whereas the
Proca field is a massive vector field [2]. Despite this, a number of claims of duality between
the two theories have recently appeared in the literature (see eg. [3-21]). In other words,
both theories are said to describe the same physical system [22]. Over the past fifty years,
dualities have been shown to hold the promise of greatly improving our understanding of
physical models. From the effects of bosonization and magnetic monopoles to the exchange
of weak and strong coupling, and the dynamics of topological solutions, the study of dualities
has flourished in quantum field theory, string theory, and condensed matter physics (see
eg. [23-32)]).

Although Proca and Kalb-Ramond fields are intrinsically different, they both propagate
three degrees of freedom. One is a longitudinal mode and two are transversal. Moreover,
the actions of these theories are related via the dualization procedure [3-6]. Starting with
the Kalb-Ramond action, it is possible to construct a parent action where the Kalb-Ramond
field as well as its field strength are each independent fields, and with which one can restore
the equations of motion of the original theory. Integrating out the Kalb-Ramond field and
expressing its field strength in terms of its dual, one obtains the Proca theory. Using a
similar approach, it is possible to return from Proca to Kalb-Ramond theory. Given these
considerations, it might be tempting to argue that both theories describe the same physics.
However, this is not the case for their corresponding massless theories. While the massless
Kalb-Ramond field includes only one degree of freedom, the longitudinal mode, the Maxwell
theory has two degrees of freedom, the transverse modes. Furthermore, the dualization
procedure which would connect the actions of these two theories doesn’t exist. Rather,
while the massless antisymmetric two-form is dual to a scalar field, the Maxwell field is
self-dual [1, 3, 33]. To show this, one would start again from the parent action which now
contains a kinetic term and a Bianchi identity implemented by the Lagrangian multiplier, as
opposed to a massive case. As we integrate out the field strength tensor of the theory which
we dualize, the resulting action only becomes a functional of the Lagrange multiplier. This
is the dual theory, in which the Lagrange multiplier takes the role of the dual field [22]. The
contrast among the massless theories raises the question about the behavior of the massive



theories in the massless limit. Will the transverse and longitudinal modes behave in the
same way? In order to gain an insight, we will alter the theories by a self-interaction and
compare the behavior of the degrees of freedom. We will notice that these theories share
similar properties with massive gravity and massive Yang-Mills theories.

Both linearized massive gravity with the mass term of the Fiersz-Pauli form [34], and
massive Yang-Mills theory with a mass added “by hand”, suffer from a very peculiar property.
If we perturbatively evaluate these theories, and take the massless limit, we would find a
deviation with respect to the prediction of the respective massless theories [35-39]. This
is known as the vDVZ discontinuity. The reason for the discrepancy in both theories is
the longitudinal degree of freedom, which is absent in the respective massless theories. In
the massless limit, it does not decouple from the remaining degrees of freedom. Thus, it
makes an additional contribution to the experimental predictions of the theories that is not
available in the massless case. But, we shouldn’t ignore the fact that these theories are
non-linear. According to Vainshtein, there exists a scale, known as the strong coupling scale
(or equivalently, the Vainshtein scale), where the nonlinear terms become important. On
the level of equations of motion, it is the scale at which the nonlinear terms become of
the same order as the linear terms. As soon as this scale is reached, perturbation theory
breaks down, and the field enters a strongly coupled regime. By considering these nonlinear
terms, Vainshtein has shown that for both theories the longitudinal mode enters the strong
coupling regime, where it remains for scales smaller than the Vainshtein radius [40-42]. As
a consequence, it decouples away from the rest of the matter up to a minor correction which
disappears in the massless limit [43, 44]. When the mass is set to zero, the Vainshtein radius
turns infinite, and so both general relativity and massless Yang-Mills theory are recovered.

The purpose of this paper is to study the way in which the Vainshtein mechanism applies
to the Kalb-Ramond and Proca theories. This comparison is motivated by the assertion
of duality of the two theories, which is frequently found in the literature. By adding a
quartic self-interaction to each of the theories, we shall find that the two theories suffer
from a discontinuity in the massless limit. In the case of Proca theory, the source of this
discontinuity is the longitudinal mode, which is absent in the Maxwell theory. This mode
is similar to the one of the massive Yang-Mills theory. The massive Kalb-Ramond theory
also includes a discontinuity in the massless limit. However, the source of that discontinuity
are the transverse modes. In the example of mimetic massive gravity, it was demonstrated
how the strong coupling scale can be evaluated by the minimum quantum fluctuations of the
fields [45]. Such fluctuations are a direct consequence of Heisenberg’s uncertainty principle,
which we can evaluate through the equal-time two point correlation function [46]. With
their help, we will find that the same Vainshtein scale is shared by both theories. However,
the distinction between them still remains as there are different modes entering the strong
coupling regime. For the Kalb-Ramond field, these are the transverse modes. Therefore, for a
non-zero mass, this theory will propagate just the longitudinal modes beneath the Vainshtein
scale. In contrast, the Proca theory will propagate only transverse modes since longitudinal
modes will enter the strong coupling regime. Although these theories are massive, they differ
in their characteristics. We will see that this is indicated by the minimal level of quantum
fluctuations at the level of free theory. This casts a doubt on the existence of the duality
between the two theories.

The duality claim was also extended to Stueckelberg theory, massive p-forms [47-49]
and curved spacetime [9]. In particular, in the case of Stueckelberg theory for a p = 3 form,
the theory was considered with an arbitrary potential [50]. Similarly to the case we have



considered in this paper, it is reasonable to suspect that a similar confusion might occur for
massive p forms. They are said to be dual D — p — 1 forms, whereas massless ones are dual
to D —p — 2 forms [3, 22, 51]. In the appendix, we will demonstrate on how the analysis
presented in this work applies to a massive three-form.

2 Comparison of the free theories

In this section we will study and compare the free theories of massive Kalb-Ramond and
Proca fields. The action for the massive Kalb-Ramond theory is given by

1
5= / d* (Hyuwp H™ — 3m’ B, B™) 2.1)

where
Hywp = Buppu + Bppw + By (2.2)

is the field strength tensor for the Kalb-Ramond field B,,,, which is anti-symmetric in its
indices. We will use commas to denote the derivative with respect to the corresponding
coordinate z* throughout the paper. This theory will be compared with the Proca theory,
whose action is given by

s— [a(-1F F“V+m—2A AP (2.3)
B 4= 2 ’ ‘

where

Fw/ = Au,u - Au,y (24)

is the field strength tensor for the vector field A,. Now will we analyse the content of
these theories. Following [52] we shall decompose the spatial and time components of the
Kalb-Ramond field as follows.

By = CiT + i, cl =0

2,7

Bij = eijBr, Bi = Bl +¢,, Bl; =0

(2.5)

where ,j,k = 1,2,3. We will refer to the pseudovector BiT as the transverse mode, and
a pseudoscalar ¢ as the longitudinal mode. Substituting this decomposition into (2.1), we
obtain

1 .
S = 3 /d4:): {C’iT(—A +m?)Cl — 25ijkCiTB,€j —m2uAp 26)
+B] Bl = m?BI B — $A¢ — ApA¢ +m?6A¢| .

Here, the point corresponds to the time derivative. We can see that CZ-T and p do not
propagate because there are no time derivatives acting on them. As we are only concerned
with the physical degrees of freedom, we will integrate them out as follows. If we vary
the action with respect to C! and u, we find that they satisfy the following constraints,
respectively:

(—A+m*)CT = EijkB]zj and Ap=0 (2.7)
whose solution is given by
T _ _ Sijk  pT _
Ci = mBk’j and n = 0. (28)



The operator acting on the transverse modes in the first solution should be understood in
terms of Fourier modes. If we would express it as

BT = / &PEBT (k)e*® (2.9)
this operator would act as
1 T 3 1 ST (1 ,ikE
S = = B; (k)e™. 2.10
—A+m2 ¢ ‘k|2+m2 ¢ ( )6 ( )

Substituting these solutions into (2.6) results in the following action:

1 2
—§/d4:z: lBiT(DerQ)_AmWBZ-T+¢(D+m2)(—A¢) (2.11)

This action only contains propagating fields. We can notice that the fields are not canonically
normalized. In terms of the canonically normalized variables

2
BT = ,/#WBK and ¢ = V—A¢ (2.12)

/d4 [BL(O+m*)BL + 6(0+m?)gn) (2.13)

the action is given by

The operators in (2.12) are again to be understood in terms of Fourier modes with wave
number k. To see how this field changes with a length scale L ~ E? where k is the magnitude
of the wavenumber, we will now consider what the minimum fluctuations for the field are. In
general, for a normalised quantum field, the typical amplitude of the quantum fluctuations

1
is of order (g) ?, for scales k corresponding to length scales L as k ~ % [46]. Therefore,

the minimal level of quantum fluctuations at scales % > m? for normalised transverse and
longitudinal modes is given respectively by

1 1
6BL, ~ + and  0gap~ — (2.14)

Using (2.12,) we then find for the original transverse mode:

1

oBT ~ —
L mL2

(2.15)
As already pointed out in [52], we can see that the amplitude of the quantum fluctuations
for the transverse modes grows faster than the amplitude for the longitudinal modes in case
of a small mass. This implies that the transverse modes enter the strong coupling regime
ahead of the longitudinal modes, once one considers an interacting theory.

We shall now consider the free Proca theory. We will decompose the spatial part of the
vector field A, as

Ai=A] +xi,  with A, =0. (2.16)



The transverse modes are now given by A7 and the longitudinal ones are given by the field
x. If we substitute this decomposition into (2.3), we obtain

S = % /d% [AO (—A + m2) Ag + 240A% — (xAx - m2XAX)

-2 (2.17)
+ (ATAT — Al Al; - m2a7AT)].

Compared to the Kalb-Ramond field, which had two non-propagating fields, Proca theory
has only one component that does not propagate. It is the Ay component. Using the same
procedure as before, we now integrate it out. Varying (2.17) with respect to it, we find the
following constraint;:

(—A+m*)A° = —Ayx (2.18)
Its solution is given by
A

Plugging it back into the action, we obtain the action consisting only of the transverse and
longitudinal modes,

m?(=A)

—=X] - 2.2
“A+m2X (220)

S = _% /d4x [AZT(D +m?) AT 4 x (O + m?)

We can notice that the kinetic term of the longitudinal mode is not canonically normalised.
Defining the normalised variable as

—-A

Xn =M m% (2:21)

we can express (2.20) as
1
5= —§/d4x [AT(@ + m?) AT + (@ + m?)xa) (2.22)

Let us see how the original fields evolve in terms of mass and scale. The fields in (2.20) are
canonically normalized. Therefore, that the minimal level of quantum fluctuations at scales
% > m? is given for them by

1 1
Using (2.21), we obtain that the minimum of the quantum fluctuations for the original

longitudinal mode is
1

oxL ~ — (2.24)
If we divide it by the length scale L in order to compare it with the transverse modes, we
can see that it grows faster than these when the mass is small.

Up to now we saw that both theories propagate the same number of degrees of freedom.
Nevertheless, the difference between these theories lies in the minimum quantum fluctuations
for the original modes. The quantum fluctuations associated with the longitudinal mode of
the Proca theory depend on mass in the same way as the transverse modes of the Kalb-
Ramond field. Then again, the transverse modes of Proca theory and the longitudinal modes
of the Kalb-Ramond field both grow in the same way when the length scale decreases. We
shall see in the next section how this difference among the same kinds of modes leads to
different properties of the theories as soon as we modify them by an interaction.



3 Above and beyond the strong coupling scale

Now, we will modify both of these theories by adding a quartic self-interaction. For the case
of the Kalb-Ramond field, we will consider the action

— 4 1 ne) m2 7% 92 pr2
S = d*x EH/—LVPH + TB‘UJ/B + E (B/,LUB ) y (31)
which we will compare with the interacting Proca theory
T I L ELay W TR AW

We will assume that the coupling constant satisfies g < 1, and will consider these theories on
energy scales k2 > m?. First we will perturbatively analyse the theories. We will demonstrate
how both theories suffer from a discontinuity in the massless limit. With the help of the
quantum fluctuations which we have found in the previous section, we will determine the
Vainshtein radius. This will be followed by an analysis beyond perturbation theory, where
we will study the corrections to the modes appearing in the corresponding massless theories.

3.1 Proca field

As a first step, we will reformulate the Lagrangian in terms of physical modes, proceeding
as in the free theory. Since there is no propagation of the Ay component, let us integrate it
out. Varying the action (3.2) with respect to it, we find a constraint satisfied by Ag

(—A+m? + g>A;4;) Ag — 9> A} = —Ax, (3.3)
where A; is given by (2.16). Under the assumption that
72 < 1, (3.4)
which will be verified aposteriori, we can resolve this constraint for scales k2 ~ % > m? as
2

= ot i [(F e - 2l - ATAT) o

o (gQ(mL)2><3,g4X5> | (3.5)

A

L L

Here % denotes a derivative acting on x. Substituting this expression back into the action,
we arrive at the Lagrangian density

L =Ly + Lint, where (3.6)
1 m2(—A) 1
= ——x(O+m?)———Lx — AT @O+ m? AT
Lo 2x( +m)—A+m2X 5 i (O+m2)A; and

2

2
g 2 g 2
Line = 5 (™) = XAl = Sxoct AT AT + g7 (xaal)

+ O <g2m2§,92§ (AT>3> )



In L;x we have only kept the most relevant terms. It is clear from the kinetic term that
the longitudinal mode needs to be properly normalised. Using the normalised variables y,,
defined in (2.21), we obtain for scales 7 > m?

L=Ly+ Lint, where now (3.7)

1 1
Lo = —ixn(D + m2)xn — iAiT(EI + mQ)A;fF and

§ w2 9 " r_ g p AT 4T . 9 T\?
Tt X)) = S XX X Ai — 5 g Xn Xt AT AL (enad?) "
The interacting terms indicate that there exists a discontinuity in the massless limit. However,
we should not forget that this theory has so far been treated in a perturbative way. In order
to find the scale at which the interacting terms become relevant, we first need to identify the
most dominant term among them. This will be done with the help of the minimal level of
quantum fluctuations, which we have found in the previous section. Then, we determine the
Vainshtein radius by finding the scale for which the most dominant term is of the same order
as the kinetic term. If we estimate the derivatives as 9, ~ % and the normalised longitudinal
and transverse modes as x, ~ % and AlT ~ %, respectively, we can evaluate the interaction
terms as follows:

Eint ~

’ 2 9 9 T g9’
AmA (XnpuXit)™ ~ (mL)AL*’ ﬁXT%MX#Xn,iAi ~ (mL)3LA and
3.8
g2 ,;J,ATAT 92 'AT 2 92 ( )
22 Xn,uXn A A5~ m2 (Xm i ) ~ (mL)2L*

Evidently, for a small mass, the first term will be the most dominant. It becomes of the same
order of magnitude as the kinetic term for the longitudinal modes at length scales

Lo ~ Y9 (3.9)
m

At this scale, the longitudinal modes enters the strong coupling regime. This scale agrees
with that of [53], where it was obtained by introducing a Stueckelberg field and identifying
the interacting term with the largest singularity in the massless limit. On the other hand,
the most significant contributor to the transverse modes is the second term. It is of the same
order of magnitude as the kinetic term of the transverse modes at scales

§2/3

LT ~2 . 3.10
- (3.10)

Because this scale is smaller than the strong coupling scale of the longitudinal modes, we

cannot claim that the transverse modes enter the strong coupling regime as the perturbation

theory for the longitudinal modes is no longer reliable. Therefore, to find out what happens to

the transverse modes, we must analyse the theory beyond the strong coupling scale. However,

before we do that, we will verify the strong coupling scale on the level of the equations of

motion which define it.

The equations of motion for the longitudinal and transverse modes on scales % > m?

with the most important terms are given by
2
(O+m?)x ~— % O X pOX 4 2x e X ™)
m (3.11)

292 T w AT o T
t3 (i ATOX + 2x 0" AT + xMxAT,)



and
Ok,
(O+m?*) A ~ —g* (5;%- N ) (aand® + A " = 2xxi47) (3.12)

To find the Vainhstein radius, we will develop the perturbation theory as we expand the
longitudinal and transverse modes in powers of g2

x=xO+xW+..,

(3.13)

AT = ATO L ATO

where x(© and A;TF(O) satisfy the linear equation of motion
@O+m?)x©@ =0 and  (O+m?)AT® =, (3.14)

the solution of which are plane waves. For simplicity, we will omit the exponent (0) associated
with the free fields. The corrections to the longitudinal modes satisfy

2 292

m?2

29

O+ mz)x(l) ~ WX,#X,VX’W + (QX’Z.#XWAZT + X,MXJ.AZM) ) (3.15)

By estimating x ~ ﬁ and AT ~ %, we find that the first nonlinear term is more dominant

than the second one. Thus, we can calculate the corrections to the longitudinal modes as

2.3 2
w9 g .
X L ™ L) (3.16)

The perturbation theory in the longitudinal mode breaks down when the nonlinear term y®)
reaches the order of magnitude of the linear term. This happens at the Vainshtein radius
V9

+=, as can be observed already from the Lagrangian. We can estimate the corrections
to the transverse modes from the longitudinal modes as follows:

Lstr ~

AT(l) 92X3 92

~ ~

b L (mL)3

(3.17)

Even though these corrections seem to be troublesome at very high energies, leading to
divergences in the massless limit, one cannot trust them. This is because they become of the
same order of magnitude as the linear term at scales lower than the strong coupling scale for
the longitudinal mode.

Lastly, we can see that the assumption (3.4) is violated at scales L ~ £ which are also
smaller then the strong coupling scale. As a result, the expansion of the Ay constraint can
be carried out safely below the strong coupling scale.

As soon as the longitudinal modes enter the strong coupling regime, the most dominant
term for the longitudinal modes in the Lagrangian will be

2

g
*Cxint = Z (X,,uX”u)2 . (318)

This term specifies the new canonical normalization, where the canonically normalized vari-
able is given by

9 x*
2 L~



Hence, the most dominant term can be written as

1
ﬁxint ~ §Xn,,uX#' (320)
The minimal level of quantum fluctuations for the normalised mode is dx,, ~ % and therefore,

for the original mode they become
1
opx ~ ——. (3.21)
V9

Since g < 1, it is easy to see that the assumption (3.4) will always be satisfied.

Even if the perturbation theory for longitudinal modes fails for scales L < Lgt,, it is still
possible to use it for the transverse modes. The most important terms for the transversal
modes are given by

1 X2 2
Lar ~ 5 AT (O +m?) AT — gx " viAl +0 <g2L2 (a7) ) : (3.22)

If we now estimate the longitudinal mode as y ~ ﬁ, we can see that the interaction term,
which was troublesome in the massless limit for scales L > Ly, will always be smaller than
the kinetic term:
2 T g
I X uX XA ~ % (3.23)
In other words, as soon as the longitudinal mode enters the strong coupling regime, the
transverse mode corrections due to the longitudinal mode scale as

ATO VI (3.24)
L

We have thus seen that due to the strong coupling of the longitudinal mode, any divergences

that occur in the massless limit disappear. Below the strong coupling scale, only the two

transverse modes continue to propagate. The Vainshtein mechanism has also been considered

in the context of generalised Proca theory with derivative self-interactions, where it led to

the suppression of the longitudinal mode [54].

3.2 Kalb-Ramond field

Following the approach similar to the one used in the first part of this section, we will
now study the theory of the self-interacting Kalb-Ramond field. First, we will express the
Lagrangian only in terms of the propagating degrees of freedom. Decomposing the Kalb-
Ramond field as in the free case, we find that this system has two constraints. Varying the
action (3.1) with respect to C{', we obtain

1

(~A+m)Cf = ey BY; — ¢* P [CTCTCF + 20T CF puy + CF CF i+ 2CT i

T T T T T (3.25)
+C; pjpg — (C; + i) (Bi B +2B; ¢+ ¢,z¢,i) + /%th/hj} ,
where 0.9
Pl =6 — lAJ (3.26)



is the transverse projector. The constraint satisfied by u is given by

—mEAp = G20 i + 2 CF + ppgCF + piClCT + 2p 507 Cf

(3.27)
~(ni+CT) (BIBY + 2876 +,0,) + clofcl).
Up to O(g*), the first constraint can be resolved as
C’iT = g1 D (Bg])
e Ll (5g) [(57 + 0.)' — e () 0 (8)] ).
where )
D(B;) = A2 [Bi] . (3.29)

The solution of the constraint satisfied by u up to O(g*) is given by

_ ‘iif 0. {D (BL;) [BIBI +2BT6s + 6,56, — csaveseaD (Bia) D (BI) |} (3:30)

Substituting these into the action and keeping only the most dominant interactions we obtain
the Lagrangian density

L=Ly+ Lint, where (3.31)
Lor 2y m? r_ 1 2
Lo=—3B/ (O+m®)—3 Bl 6O+m’)(~A¢)  and
Lo = 942 { [eijueasD (BE,) D (BL)]" ~22ineusD (BE;) D (BL) BYBY + (Bngf)Q}
—g? [eijneasD (BL,) D (BL,) BY ¢, — Bl BT B ¢ ]
_922 [gijkgusD (B1,) D (BL) épbp—BIBL 60,2 (BF ¢,i)2} +0 (921}2?3) .

As in the free theory, the longitudinal and transverse modes should be canonically normalised
according to (2.12). This determines the minimum level of quantum fluctuations for the
original modes. We can use either the original or the normalised modes for finding the strong
coupling scale, and the result will be the same irrespective of the choice. Since the normalised
modes make the terms appear more complicated, we will present the search for the Vainshtein
radius using the original fields. By considering the scales k? ~ % > m?, we can estimate
the derivatives as 0, ~ % and the operator (3.29) as D ~ L?. Then, the terms in each row of
Lint are proportional to one another. Representative terms of each row can be evaluated as

92 (o1 o\ 2 2 (pT\* 2T RpT RT g2(BT)3¢

T BB~ (BT) A A
2 (pr)? 42 |

g2 (BZT(;SJ)QNQ(BL)(b

Keeping in mind that the quantum fluctuations of the original transverse and longitudinal

modes are given by 6B ~ ﬁ and 6¢r, ~ O (1) on scales k? ~ % > m?, respectively, we

~10 -



can estimate these terms as

. 9 g2 (BT)Sd) 9 g2 (BT)2¢2 9
¢ (B7)' ~ " 5)4L4’ T L9)3 . 7~ L9)2 5 (3.33)

We can already notice the first difference to the expressions of the Proca theory (3.8). As
more longitudinal modes were involved in the interaction, the divergence in the limit m — 0
was larger. Here the situation is reversed. The greater divergence in the mass corresponds
to the terms involving more transverse modes. Of the above terms, the first one is clearly
the most dominant for a small mass. At the level of the equation of motion for transverse
modes, this would be equivalent to a cubic term. By comparing it with the linear term,
or equivalently, by comparing the interacting term with the kinetic term for the transverse
modes in the Lagrangian, we find that the strong coupling scale is given by

Lty ~ V9 (3.34)
m

Among the nonlinear terms, the second one contributes most to the longitudinal mode. This
term becomes of the same order as the kinetic term at length-scale

2/3

g

However, this scale is not to be trusted because perturbation theory is not valid in transverse
modes below Lg,. As a first step in analyzing the theory beyond the strong coupling scale,
we will consider the theory at scales L ~ Lg,. It turns out that at these scales the higher
order terms, suppressed for larger scales, become as dominant as the kinetic term. These
terms have the form

2n+2 dntd

Ling O Z g (B )2"+4 ~ Z ( S“) = (3.36)

We shall see that the reason for their occurrence is the pu-constraint, which can not be
expanded for scales L < Lg;. Thus, to analyse the theory beyond the scale of strong coupling,
we must resort to the (3.25) and (3.27) constraints. At the strong coupling scale, it is possible
to estimate

1 g L tr 1
ct ~ BT ~ , BT~ —. 3.37
NI p S0 ()’ v (3.37)
On scales 75 > m?, we can estimate the constraint (3.25) as®
CT BT 3 Iu, 2 2 M3
- |(c" cr +cT - —-Cc"(BT) —— (B 3.38
) O L )L ) g ] e

By substituting (3.37) into the terms on the right-hand side of this equation, it is easy to
see that each of these terms is smaller than the first term on the right-hand side. Therefore,
we can apply perturbation theory to the (3.25) constraint at the strong coupling scale and
beyond. The (3.27) constraint can be evaluated as follows:

i7] ((BT> + BT¢> + L3BT 54 - QLQBT ((BT>2 n BT¢> (3.39)

m2pu 3

L2+

"We will ignore the coefficients for each of these terms, since all that matters is how these terms scale with
g,m and L.
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Here we have replaced CT ~ BT. For scales L > L, the first term on the left-hand side
dominates among all other terms on the same side. Once we reach the scales L ~ Lg,, the
nonlinear terms have the same order of magnitude as the linear term

5 2 13
m?u ~ g*u (BT) ~ P TB ~ g (3.40)

and we can no longer perturbatively approximate the constraint. For L < Lg, the nonlinear
terms dominate and we can estimate

4~ O)LET + O(1)6 + 0 (\;ﬂi) (3.41)

Bearing in mind that the perturbation theory for the constraint (3.25) holds for L < L, we
obtain the Lagrangian density

L=Ly+ Lint, where (3.42)
Lo=—+BTO+ m2)m72BT ~ e m?)(—Ag)  and
07 T —A+m?2t 2
. 2 (pT\4 | 2 (nT\3 ® 2 ()2 P
Lo~ (BT) 4 47 (87) Lw(g (57 %),

Note that both terms in L;y; involve temporal and spatial derivatives in a manner similar
to (3.31). However, now that we have an additional contribution from the p constraint, here
we only present the power of the fields divided by the appropriate length scale. The first
term provides us with the canonical normalisation for the transverse modes. Thus, the new
canonically normalised variable is given by

Bl ~ gLBT (3.43)

and therefore, the minimal level of quantum fluctuations for the original field is given by

1
/oL

for scales L < Lgt,. Using these results, we can evaluate the corrections for the longitudinal
mode below the strong coupling scale. These are given by the second term of Ly, and can

now be estimated as 56 o
2 (pT g
¢* (B") T~ (3.45)
It may be surprising that the corrections due to the strongly coupled mode remain outside
the perturbation theory. The reason for this lies in the nature of the self-interaction we
have considered. It is not gauge invariant, and hence if we were to compare the theories we
have obtained with the massless case, we would find that the corrections remain. However,
once the strongly coupled degrees of freedom enter the strong coupling regime, they lose
their linear propagator, and stop evolving. This is analogous to the Vainshtein mechanism
in massive gravity, where the longitudinal mode does not evolve beyond the strong coupling
scale. In the next section, we will summarise and discuss the key findings and implications
of the study.

6 BT ~ (3.44)
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4 Discussion

The aim of this work was to study the strong coupling of the interacting massive Kalb-
Ramond and Proca theories. We saw that a similar mechanism applies to both theories
when the massless limit is taken. In the framework of perturbation theory, the theories
diverge in the massless limit due to the interactions. Since these theories were modified by
the same type of interactions, divergences appear in the same powers of mass. Once the non-
linear terms become of the order of the linear terms on the level of equations of motion, the
modes which were the source of the discontinuity enter the strong coupling regime. Because
of the same form of the interaction, the Vainshtein scale to which this corresponds is the
same for both theories and is given by Lgi ~ %. It is worth noting that a similar type
of Vainshtein mechanism applies to massive gauge theories in general, such as the massive
gravity and the massive Yang-Mills theory, where the mass is added by hand. The reason
for the comparison between the two theories lies in the assertion of duality, which states that
both theories describe the same physics. Given that the duality exists, one would expect
the same number of degrees of freedom to behave identically. However, we have found that
the opposite is true. Due to the minimal level of quantum fluctuations, the discontinuity
and the strong coupling do not appear for the same kind of modes. In the Kalb-Ramond
theory, the transverse modes are the source of the discontinuity in the perturbative regime.
As soon as they enter the strong coupling regime, the theory propagates only the longitudinal
modes. For them the perturbation theory is valid at all scales. In the Proca theory, on the
other hand, the discontinuity appears due to the longitudinal modes. They cross the scale
of strong coupling and stop to propagate thereafter. Therefore, for scales smaller than the
Vainshtein scale, Proca theory only propagates two transverse modes. Assuming that the
coupling constant of the theory is smaller than unity, these modes never enter the strong
coupling regime. For this reason, there is a large discrepancy between these theories also for
a non-zero mass, whose origin lies in the minimal level of quantum fluctuations for the same
type of modes. This indicates that the duality between Proca and massive Kalb-Ramond
theory is not present, contrary to the numerous claims in the literature. Given that this result
was obtained in the context of self-interactions, the theories need to be further explored in a
more general framework, which will be carried out in future work.

It could be interesting to see whether the duality persists for more general p-forms in
D-dimensions. In the appendix we will present the results for massive three-forms. We have
also seen in this paper how the Vainshtein mechanism is applied to the Kalb-Ramond field.
Since this field naturally occurs in the context of massive Hermitian gravity, it would be
interesting to see how its behavior changes when gravity and non-trivial backgrounds are
taken into account.
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A The duality of the massive 3-form

It is also frequently claimed that there exists a duality between a massive 3-form and a scalar
field [3-13, 55, 56]. The action for the 3-form field is given by

S= [d (= Lw,.gwnves m—20 cHve (A1)
=)\ T g es + 19 Cuva '

where W08 = Cuagu — Cuagy + Csuv,a — Cauv,g is the field strength tensor and Cj,.q is
totally anti-symmetric. Starting from the parent action of the three-forms, the dualization
procedure is used to obtain the action for the scalar field:

S = % / &'z (646" — m*6?) (A.2)

Following the same way as before, we can see that the duality might not be present for
these theories. In order to express the 3-form action in terms of physical modes, we will
first separate the 3-form into a spatial part and a temporal part, with the spatial part being
further decomposed as

= T T _
CO’L] = Eijk (Ck + ,LLJC) 5 Ck,k =0 and (A3)
Cijk = €ijkX
and arrive at the following Lagrangian density
L=t m2cTel — i (=A +m?) Au— 2980 + X — m2 A4
=5 MGG~ +m®) Ap = 2XAp + XX —m x| . (A.4)
Integrating out the non-propagating degrees of freedom, u and C¥, (A.4) becomes
1 9 m?

We can notice that the difference between the two kinetic terms is that (A.4) is not canonically
normalised. The canonically normalised variable is

m2
=\ Za e (4.6)

After canonical normalization of the fields the two kinetic terms look the same. However,
the minimal level of quantum fluctuations for the original fields ¢ and x differs for scales
% > m?. On one side we have for the scalar field

1
while on the other )
oXL ~ —=. A.
XL~ s (A.8)

The mass dependence only appears for the pseudo-scalar of the 3-form. Similarly to the
contrast between Kalb-Ramond and Proca fields, this will be the source of the distinction
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for the two interacting theories.
Now we shall add a self-interaction to of each of the theories. The actions are given by

= % / d*z <¢,M¢’# —m2¢? — 922¢4> (A.9)

Z (CWQCWXP] . (A.10)

and

To begin with, we will express the action in terms of the propagating degree of freedom y
only. In a manner similar to the Kalb-Ramond field, there are two constraints which we
obtain by the variation of the action with respect to u and C7:

(=2 +m?) (~Ap) = AX+ ¢%0; [papyp + 2w CF + Clugn A11)
+2CTCT g+ (s + CT) (CFCT —x?)],
m?Cl = —g* P} [CTCTCT + 20T C puy + CFC i+ 2CT s

+ (CiT + M,z‘) (u,jﬂ,j - Xz)} :
By perturbatively resolving these conditions and inserting the solution into (A), we obtain
the Lagrangian density

(A.12)

L =Ly + Lint, where (A.13)
2

Armzx 2

Ly = —%X (D + m2>

4 4

where the operator D is given by (3.29). Here we have only kept the most dominant terms.
Comparing the interacting terms with the kinetic ones on scales % > m? and consider-
ing (A.8), we find the strong coupling scale of the mode x which is given by

9 2
L= T 1D ) DRAP ~ L DRI D) + X +0(ng )

g
Lty ~ % (A.14)
At this scale, also the nonlinear terms of the form ¢*" 7);22;:22 with n = 2,3, ... become dom-

inant. This is due to the C”T constraint for which the perturbation expansion is no longer
valid at the strong coupling scale. Solving the constraints in a similar way as in the former
case of Kalb-Ramond field, the most dominant terms in the Lagrangian yielding the new
canonical normalization for the 3-form scalar are of the form

Lint ~ ¢>x*. (A.15)

It should be noted that this expression represents only the dependence on the longitudinal
mode with the derivatives of it omitted. While the derivatives act on y, they cancel with
the operator D because of the dimensions. For scales below the strong coupling scale, the
longitudinal mode will be in the strong coupling regime, with the minimal level of quantum
fluctuations given by dxr ~ ﬁ, similarly to the transverse modes of the massive Kalb-
Ramond field. On the other hand, the scalar field ¢ does not enter the strong coupling region
as long as ¢ < 1. The reason for this difference lies in the minimal quantum fluctuations of
the original fields. Thus, it is not possible to conclude that these theories are dual on the

basis of the previous arguments.
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