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Abstract. In this work we study different aspect of self-interacting 2-form fields with special
emphasis in their cosmological applications. We provide the explicit construction of how
massless 2-forms are compatible with the cosmological principle without resorting to the
dual scalar field formulation. In terms of the 2-form, the residual Euclidean group is non-
trivially realised by means of a combination of external spatial translations and internal
gauge transformations. After presenting the general discussion of the dualities in cosmological
scenarios, we analyse particular examples for some singular models and discuss in some detail
the dual descriptions of the DBI, the cuscuton and the ghost condensate as well as the role
of the duality in the effective field theories of cosmological perturbations. We then proceed
to analysing scenarios with several self-interacting massless 2-forms and we show that they
naturally provide the dual description of a solid. We then show how the perfect fluid and
superfluids can be obtained by taking the appropriate limits in the dual formulations. We
finally consider the case of massive 2-forms and their duals and briefly discuss their potential
signatures in gravitational waves astronomy.
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1 Introduction

The cosmological principle dictates that our universe is spatially homogeneous and isotropic
on sufficiently large scales and represents a major pillar of the standard cosmological model.!
This principle is of paramount importance for developing theoretical cosmological models
since it requires compliance with the required symmetries. In other words, the proposed
models should allow for background solutions realising the symmetries imposed by the cosmo-
logical principle, i.e., they need to allow for solutions invariant under a residual 3-dimensional
Euclidean group I,SO(3). This requirement explains why cosmological models based on scalar
fields are by far the most extensively explored class of theories with applications in cosmol-
ogy, since it is trivial to realise the cosmological principle by simply taking a homogeneous
scalar field profile. Though this is arguably the simplest realisation, it is not the only one and
realisations of the cosmological principle where the residual 7.50(3) symmetry is achieved by
means of a combination of external and internal symmetries also exist. Yang-Mills theories
possessing an internal SU(2) symmetry admit vacuum configurations that break isotropy and
the internal group simultaneously, but they leave a linear combination of the two unbroken,
thus preserving a diagonal rotational group. These configurations were explored in cosmo-
logical scenarios as early as [6] and have found numerous applications (see e.g. [7-10] among
others). Spin-1 fields that break the gauge symmetry but retain a global SO(3) invariance
also allow for the discussed realisation of the cosmological principle as in the dark energy
model introduced in [11]. All these scenarios realise homogeneity in a trivial way because
the background configurations only depend on time. It is however also possible to construct
models with a non-trivial realisation of homogeneity. Among these models, we can men-
tion solid cosmologies [12] (see also the earlier developments [13, 14]) that can be described
in terms of three scalar fields with an internal 1SO(3) symmetry and the homogeneity is
achieved as a combination of spatial and internal translations. Another class of models with
non-trivially realised homogeneity is provided by the gaugid cosmologies [15] that rely on
massless spin-1 fields with a global SO(3) symmetry so homogeneity combines spatial trans-
lations and the three Abelian gauge symmetries. For an exhaustive classification of possible
combinations of Lorentz and internal generators relevant for non-trivial realisations of the
cosmological symmetries see [16]. So far, we have mentioned models with continuous internal
symmetries, but it is remarkable that even internal discrete symmetries can make the case
for homogeneous and isotropic cosmologies [17]. The study of models with these different
(and inequivalent) realisations of the cosmological principle do not represent unnecessary
complications for describing our universe, but each of them gives rise to crucially different
phenomenologies with clear signatures. Furthermore, they also permit us to advance in our
theoretical understanding of the underlying structure of the cosmological models.

Another interesting possibility that allows to advance in our understanding of the cos-
mological models is the existence of dualities between different realisations of the cosmological
principle. In fact, establishing duality relations between seemingly inequivalent realisations of
the cosmological symmetries explained above might help understanding the underlying struc-

!The validity of the cosmological principle has been challenged in e.g.[1] (see however [2, 3]) from the
observation of a dipole in the distribution of radio galaxies and quasars that differ from the CMB one with
a statistical significance of about 5. A result along these lines has also been obtained in [4] by using the
Pantheon+ supernovae catalogue. Similar conclusions had also been reached in [5] where the existence of
a large scale dark flow was claimed. Although these are all intriguing observational findings, more robust
(better control on the systematics) and statistically significant results are needed before abandoning one of
the pillars of the standard model. Thus, we commit to the cosmological principle in this work.



ture of such configurations. For instance, the symmetries that appear non-trivially realised
in a given model, turn out to be trivially realised in the dual description. Furthermore, the
dual realisation of the symmetries might unveil additional hidden symmetries in the original
realisation. The aim of this work is exploring some existing dualities for the realisations of the
cosmological principle by resorting to the known dualities that exist among different order
p-form fields. It is well-known that a massless 2-form (Kalb-Ramond) field can be dualised to
a shift symmetric theory for a scalar field [18]. Thus, it is customary to go to the dual formu-
lation in terms of a scalar field to study cosmologies with massless 2-form fields. In this dual
formulation, it is obvious that the background solution is provided by a homogeneous scalar
field. This duality has been exploited to construct cosmological solutions in e.g. [19-21]. It is
interesting however to notice that the dual formulation with the Kalb-Ramond field requires
the use of its gauge symmetry to properly realise the residual 7.50(3) symmetry. This is a
first example of a relation between different realisations of the cosmological principle that
could seem unrelated a priori. We will work out in detail how the cosmological solutions are
described in terms of the 2-form and, in particular, how the symmetries are realised. We will
explicitly show that the cosmologies of a self-interacting Kalb-Ramond field are completely
equivalent to those of a shift-symmetric K-essence theory for a scalar field and work out the
relations between the relevant cosmological quantities (equation of state parameter, sound
speed, etc.) in both descriptions.

We will then proceed to a more interesting scenario involving several self-interacting
Kalb-Ramond fields. Providing these fields with an internal SO(3) symmetry, in addition
to the three gauge symmetries of each massless 2-form, allows for a class of cosmologies
with a non-trivially realised cosmological principle that is to some extent similar to those
constructed with Yang-Mills fields. Interestingly, these configurations are nothing but the
dual formulation of the solid cosmologies. We will see how the configuration in terms of the
two form seems more natural from the point of view of the symmetries because homogeneity
is trivially realised, unlike in the formulation with scalar fields where the internal translations
are necessary to preserve homogeneity. In other words, while the solid cosmologies with three
scalar fields require inhomogeneous configurations for the ground state, the dual formulation
in terms of 2-forms is homogeneous.

After exploring at length the dualities existing between shift-symmetric scalar field
theories and massless Kalb-Ramond fields, we will make a brief incursion into the massive
2-form theories. For these massive theories, as usual, the phase space is enhanced due to the
breaking of the gauge symmetry and the dual description necessitates a massive spin 1 field
[22]. The absence of internal symmetries makes the dual formulations more rigid since we
can no longer play with internal symmetries. As a matter of fact, constructing cosmological
configurations is more difficult, precisely due to the absence of additional symmetries and, for
the simplest models, they all boil down to pure trivial solutions with, at most, a cosmological
constant. Introducing several massive 2-form fields brings back the possibility of playing with
internal symmetries and we will see how these internal symmetries permit again non-trivial
realisations of the cosmological principle that are dual to the configurations that can be
constructed with massive spin-1 fields. These scenarios bring about novel phenomenological
effects due to the presence of an additional helicity-2 tensor as we will show.

The paper is organised as follows. In Sec. 2, we sketch out the basic equations, the
symmetry, and the cosmological configuration of a self-interacting massless 2-form. We then
elaborate on the duality between a massless 2-form field and a massless scalar field in Sec. 3
and provide several examples in Sec. 4. We revisit the cosmology in the massless 2-form in



Sec. 5 with emphasis in the duality relation to the cosmology in the scalar field. Sec. 6 is
devoted to a multi-field extension and the duality between the massive 2-form and the massive
vector field is discussed in Sec. 7. We conclude in Sec. 8 with summary and discussions.

2 Kalb-Ramond cosmologies

We will commence our disquisitions on 2-forms by reviewing some basic properties of Kalb-
Ramond fields. We will also use this section to discuss in detail how the Kalb-Ramond field
can provide a non-trivial realisation of the cosmological principle by making use of its gauge
symmetry. For simplicity, we focus on the flat spacetime in this section but it can capture
the essential properties and the inclusion of gravity is straightforward.

2.1 Generalities

Let us consider a theory for a self-interacting Kalb-Ramond field By, described by the action

S = /d41:F(Y) (2.1)

where we have defined ¥ = —1—12H uwpHMP with H,,,, = 30, B,,) the corresponding gauge-
invariant field strength. This is a good effective field theory because quantum corrections
will only enter with higher derivatives as 0"Y with n > 1. This theory possess the usual
gauge symmetry of a massless Kalb-Ramond field, namely:

B;w — BMV + 28[M0V] (2.2)

for an arbitrary 6,. Let us notice that the gauge transformation itself has a gauge symmetry
so that 6, and 60, + 0,0 describe the same gauge transformation. Since the Kalb-Ramond
field is an antisymmetric field, it is convenient to parameterise it with two 3-vectors as

Bi = BOia C'= iekajk’ (23)

that can be called the electric and magnetic components of the Kalb-Ramond field respec-
tively due to their behaviour under parity transformations, in analogy to the electromagnetic
field. The corresponding field strength can be written as

Hoij = €juC* — 20,8y, Hiji =V - C €. (2.4)

From this expression it is already apparent that the longitudinal part of the electric piece of
the Kalb-Ramond field B does not contribute to the field strength so it does not play any
physical role. As we will see in the following, this makes that, out of the six components of
the two form field, only five of them are actually relevant. In other words, the longitudinal
part of B is entirely associated to the longitudinal component of the gauge transformation so
this sector is trivial, unlike the transverse modes that realise the symmetry in a non-trivial
way. The vectors B and C transform under the gauge symmetry as follows:



where we see that we can change 0 — 0+ V0 and 6y — 6y + 6 without affecting the
transformation of the fields. We can use this freedom to set e.g. 6y = 0 and describe
the gauge freedom with the three parameters of 6. Furthermore, we can see that c only
transforms with the transverse part of 6 and its longitudinal component is gauge invariant.
This is the single dynamical degree of freedom of the theory. To see this more explicitly, it
is convenient to decompose the fields into transverse and longitudinal components

B=B"+vVB, C=C"+vC, (2.7)

with V- BT = V.CT = 0. The transformation of these components under the gauge
symmetry is given by

BT » BT 447, (2.8)
B—B+0—6, (2.9)
CT - CT+v T, (2.10)
C—C, (2.11)

where we have also decomposed the gauge parameter as 0, = (00, o7 + V@). Since, as we
have shown above, the longitudinal mode B does not appear in the field equations, it is a
superfluous component of the Kalb-Ramond field and only five out of its six components
actually contribute to the field equations. Furthermore, this superfluous mode also carries
the gauge freedom of the longitudinal mode of jhe gauge parameter so that we only have a
two-dimensional gauge symmetry spanned by 7.2 Thus, the counting of degrees of freedom
is as follows: 5 components of the Kalb-Ramond field that contribute to the equations, minus
the two constraints, minus the two gauge freedoms, accounting for a total of one dynamical
degree of freedom, as it should.
The field equations of the Kalb-Ramond field read

zzt(ﬁyzfﬂaﬁ> = JoB (2.12)
where we have included a source J# = JI] that is subject to the conservation law
Do J =0, (2.13)

consistent with the gauge symmetry of the Kalb-Ramond field. This antisymmetric current
can be analogously decomposed as

) 1 ..
Ji=dJdoi, Ji= §€”kc7jk7 (2.14)
so the conservation law reads
o5 . -
é+VXJZ, V.j=0. (2.15)

The latter of the above equations implies that there must be some p’ such that f: V xp
on-shell so from the first equation we further find that p'+ J = Vp, for some scalar function

2This is consistent with the fact that the equations (2.16) below provide two constraint equations that are
associated to the gauge symmetry generated by 67.



p. The field equations can also be written in terms of the electric and magnetic components
of the Kalb-Ramond field as follows:

V x [F’(é— V x é)} =7, (2.16)
s [F’(é—v xB)|+v(Fv.C) =7 (2.17)

We can use the obtained constraints for the current to rewrite these equations as
v x [F’(é _V x é) _ ﬁ} —0, (2.18)
B {ﬁ—F’(é—VXEﬂ +V(F’v-é—p> 0. (2.19)
These equations serve as the starting point for some formal analysis and phenomenological
studies,® although we will not develop it any further here. Instead, we will now proceed

to show how the cosmological principle can be non-trivially realised by using the gauge
symmetry of the Kalb-Ramond field.

2.2 Cosmological configurations: Non-trivially realising the cosmological prin-
ciple

In order to have a homogeneous and isotropic cosmological solution, we will consider the
following field configuration

1
Bij = gBﬁz'jkafk , Boi =0, (2.20)

with B some constant and €;;;, the SO(3)-invariant completely antisymmetric tensor. By a
suitable global rescaling of the spatial coordinates we can set B = 1, but we will keep it
explicitly for convenience to keep track of the background effects. At first sight, this field
configuration seems to break both homogeneity and isotropy. However, it does preserve
those symmetries thanks to the gauge symmetry of the theory. If we simultaneously perform
a spatial translation plus a gauge transformation we obtain

1
Bij — Bij—i—gBeijkxlé + 28[19J (221)
or, in terms of C_",
L1 .
C—>C’+§B.fo+V><9. (2.22)
Since we can express Ty = %V X (Zp x &) we see that if we choose 0 = %Bf X Zp, the

above variation vanishes and we can realise homogeneity by means of a combination of
spatial translations and gauge transformations. Notice that this corresponds to a large gauge
transformation, i.e., it does not vanish at infinity. This mechanism is similar to the magnetic
gaugid considered in [15]. One can proceed similarly to check that a combination of spatial
rotations and gauge transformations remains unbroken as to realise isotropy. For that, it is

simpler to use the Euclidean 3-dimensional Hodge dual of the two form C* = %eij kBjk = gwi.

3For instance, these equations for the theory without self-interactions of the Kalb-Ramond field (i.e. Fy =
1) have been used in [23] to show a formal resemblance with the Euler equations, thus providing a description
of a perfect fluid with a Kalb-Ramond field.



%

Under a spatial rotation described by R’ j = 5t j +w? j» the background configuration Ct = gx
changes as ' o ' o
C'(z) = RC'(R o) ~C" 4 2w";C7 . (2.23)

The corresponding transformation for B;; is?
2
0B;; = €ijk50k = gBeijkwkgxg. (2.25)

We then have that the action of an infinitesimal spatial rotation and a gauge transfor-
mation is given by

. . 9 .

C—>C—§BQX£+VX«9, (2.26)
where & is the vector associated to the rotation so that w’jz’ = eijkwkxj = —(&d x T). If we
now use that ¥ = 3Va? and V x (#2&) = —&J x Vi?, we finally obtain

L o 1, =

C—C+Vx ngerB (2.27)

so that rotations are realised upon choosing the gauge transformation parameter as 0 =
—%BfQ(Ij. This gauge transformation is even larger than the one necessary to realise trans-
lations as it grows one power faster. Thus, the background configuration is invariant under
the diagonal I504(3) group realised by the following combination of coordinate and gauge
transformations:

6r' = w'jz! + 2, (2.28)
B . .
0; = geijk; (:L’jznlg — :Z"Qw]k’), 0p=0. (2.29)

It is important to notice that By; does not change under the residual 1504(3) since
By, — Boi + 0p8; — 0;60y = By; . (2.30)

Perhaps a more direct manner to corroborate the homogeneity and isotropy of the
cosmological solutions generated by (2.20) is to notice that the physical quantity is not the
2-form, but its field strength, which is given by

Hiji. = Begji, (2.31)

which obviously realises the residual 1.504q(3) symmetry. The energy-momentum tensor is
given by

1
Ty = §FyHMa5HyaB + Fgu (2.32)

4The transformation of B;; can be obtained directly from
Bij — Riijann(R . CL‘) , (2,24)

and using the relation Riijn€ijk; = emnngZ obtained from det R = 1 that gives the corresponding identity
for the generators €;npwm " + €mjpwn’ = emngwlp. The final result is of course the same but it is substantially
simpler to work with C* directly.



which, in the field configuration (2.20), is homogeneous and isotropic with components T#, =
diag(—p, p, p, p) where the energy density and pressure are given by

p=—F, (2.33)
Odlog F
=F({1-2 . 2.34
P ( 0log Y) (2:34)
We then see that the condition to have inflationary solutions is
Olog F
1. 2.

dlogY < (2.35)

We will be more precise on the slow roll conditions below, but let us first explore the theory
on a Minkowski background. Due to the decoupling theorem of gravitational degrees of
freedom at small scales, this will be the relevant regime for modes well below the Hubble
horizon. In our background field configuration (2.20), we have that Y = Y is constant and
the background field equation is trivially satisfied, i.e., the constant Y is only determined by
boundary conditions. Around this background, we will consider perturbations of the 2-form
field

By =6B;, B = eijoC*. (2.36)

1

It is convenient to decompose the perturbations into the transverse modes and the longitu-
dinal modes
6B; = 6BT +VéB, 6C;=6CT +ViC, (2.37)

with V- 6BT = V- 6CT = 0. The gauge transformations are given by

BT — BT + 4567, (2.38)
6B — 6B + 60 — 56y, (2.39)
5CT — 6CT +V x 667, (2.40)
6C — &C, (2.41)

where the spatial part of the gauge parameter has also been decomposed as 56 = 50T +Vd0, as
done before for the background. The transformation rules show that §C' and the combination
6CT —V x 6BT are the gauge-invariant quantities.

The quadratic action in Minkowski spacetime for perturbations around this background
is given by

1 . N S\ 2
§=3 / d4z [Fy (WC +6CT —V x 5BT) - (Fy + 2YFyy> (V- wc)?} . (2.42)

which is written in terms of the gauge-invariant quantities as it should be. We now fix the
gauge so that §CT = 0 by choosing the gauge parameter 5675 We see the non-dynamical
character of §B” and the constraint equation generated by 6B is written as

VxVxéBT=0 = 6B"=0. (2.43)

® Although one may choose another gauge §BT = 0, there is a freedom associated with the initial condition
of 6éT; thus, this gauge choice does not completely fix the gauge. On the other hand, §CT = 0 provides
a complete gauge-fixing under an appropriate boundary condition. Alternatively, one can use the gauge-

invariant variable 6G” defined by V x 6GT = —6CT + V x 6 BT without gauge-fixing.



If we plug this solution back in the action, expressed in Fourier space for simplicity, we obtain

s=1 / dtd3kk2 Fy {505 _ (1 v QYFYY)k?an] . (2.44)
2 Fy
This expression clearly shows that the theory contains one scalar mode, in accordance to the
fact that a 2-form field is dual to a scalar field. We will discuss and exploit this duality in
more detail below. The obtained quadratic action allows to easily identify the conditions for
the absence of ghosts and Laplacian instabilities, which are

2V F
Fy>0, =142
Fy

> 0. (2.45)

While the first condition is easily satisfied for interesting cosmologies, we will see later that
the absence of Laplacian instabilities is at odds with the existence of slow-roll inflationary
solutions. Before that, let us explore the duality relations of the Kalb-Ramond field.

3 Dualities

In this section we will explicitly construct the duality relation between the self-interacting
Kalb-Ramond field introduced in the preceding section and the shift-symmetric K-essence
theories. We will discuss the weak /strong coupling relation for the dual descriptions and how
it can be understood from the perspective of fluids.

3.1 Dualisation

Let us consider a theory for a Kalb-Ramond field in the first order formalism

1 y 1
S= —2/d4:m/—g [H“ PO By — 0| - (3.1)
Upon variation w.r.t. the conjugate momentum II**? we obtain the equation
Wy = 301, Byp) = Hywp (3.2)

that, when plugged back into the action, recovers the second order formulation. On the other
hand, the equation for the 2-form gives

Vv, P =0 (3.3)
that is solved by
[1"°P = el?P? 9, (3.4)

with ¢ a scalar field, according to the Poincaré lemma (assuming no topological obstructions).
If we substitute this solution into the action we obtain

S = —% / d*z\/=g0,60" ¢ (3.5)

that shows the well-known duality between a Kalb-Ramond field and a massless free scalar
field that can be found in numerous places in the literature. Less common is to find this du-
ality for the case of a self-interacting Kalb-Ramond field,® although the extension is straight-
forward. Thus, we will explicitly show in the following that the self-interacting Kalb-Ramond

5See however e.g. [24] where the duality for a self-interacting Kalb-Ramond fields is constructed in the
context of an EFT description of super-fluids.



field described by the action

S = / dtz/—gF(Y), (3.6)
is dual to a K-essence,
Sdual = / d'zy/=gP(X), (3.7)
provided the following conditions of non-degeneracy of the dual transformation holds:

v #£0, Fyv+2YFyy #0, Px#0, Px+2XPxx #0, (3.8)
where F and P are respectively functions of X = —3(9¢)? and Y = —% H,,,H*P. The
on-shell relations between the two dual descriptions are given by

P=F-2YFy, FyHu,=¢cuwp0 ¢, (3.9)
and )
F=P-2XPx, Pxo,p= gsw,poH”pU , (3.10)

Furthermore, we can use (3.9) and (3.10) to obtain the relations

dX 1 dY 1

- , — = — , 3.11
dy Px(PX + 2X7Dxx) dX Fy(Fy + QYFyy) ( )
and ) ]
Fy=—, K 2YFyy = ————, 3.12
Y Px v+ Yy Px +2XPxx ( )

which directly show that the conditions (3.8) are the regularity conditions of the dualisation.
We also note that the energy-momentum tensors

1
T = CFy H'PHY o5 + Fg™

= FyH*H" + (F — 2Y Fy)g"" (3.13)
Thy = Px0"¢0"¢ + Py, (3.14)

agree with each other on-shell where H* = %5’“’9" H, s is the Hodge dual of the field strength.
Let us then proceed to show the explicit construction of the dualisation. We start from
the first order formulation of the self-interacting Kalb-Ramond field given by

1 1
S= /d4:1:\/—g [F(Yp) - éFy(Yp)PWp(Hm,p - PH,,,J)} . Yp= —EPMP“W (3.15)

with P,,, an auxiliary field. We can reach this first order form from the general second

order formulation described by (3.6) as usual by performing the Legendre transformation.

It is convenient to use ]5# = %5’“’9" P, s to see the invertibility condition of the Legendre

transformation. The Lagrangian is
L . 1~ -
S = /d4x\/—g [F(Yp) + By (Yp) P, (P — P“)} . Yp= PP, (3.16)
The variation w.r.t. the auxiliary variable yields

(FYg,uz/ + FYYPHISV)(FI“ — P") =0, (3.17)

~10 -



which is solved by P* = H* as long as the matrix Fy guu +Fyy]5MPV is invertible. Therefore,
the invertibility condition of the Legendre transformation is det(Fng + Fny“P,,) # 0.
This determinant can be easily computed to be

det(Fy gu + FyyP,P,) = F§(Fy + 2Y Fyy) (3.18)
so the invertibility is guaranteed under the following conditions:
Fy 750, Fy +2Y Fyy 750. (3.19)

Upon the field redefinition
Fy PHYP = TIH#VP (3.20)

that is invertible provided (3.19) holds so we can express P**P in terms of I[I**? | we arrive at
the first order formulation

1 1
S = /d4:n\/—g [—2H“”p8[MByp] + ”H(YH)} , Yn= _EHqulepv (3.21)

where

H(Yr) = [F(Yp) - QYPFY(YP)}YP:YP(YH) . (3.22)

The field equation for II is now modified to
Huup = _HYH (YH) Huup (323)

that affects the relation between the field strength H),,, = 30,B,,) and the conjugate mo-
mentum II,,,, where Hy,; = dH/dYn. On the other hand, the equation for the 2-form
remains the same so we can still write

H,uzzp = 5,uupaaa¢ . (3'24)

From the square of this expression we obtain Y1 = —X and then the dual action in terms of
¢ is
Sdual = /d4x\/—gH(—X) = /d4x\/—gP(X). (3.25)

The on-shell relation between the scalar field and the 2-form field is

H,u,up =Px (X)g;wpaaa(b . (326)
whose square leads to
Y = -P3(X)X. (3.27)
We notice that (3.20) and P,,= H,,, provide another on-shell relation
FyHup=uped’d = YFI(Y)=-X, (3.28)

that allows to express Y in terms of X for a given F'(Y'). The relation between the particular
P(X) theory and F(Y) can be obtained from the relation between H and F' deduced in (3.22)
so we have

P(X) = F(Y(X)) — 2Y (X)Fy (Y (X)). (3.29)

- 11 -



We then study the inverse transformation. As before, we can proceed by performing a
Legendre transformation that recasts the action into the first order formalism as follows

St = [ Alov=g[P(X,) = Px (X @b~ p)|, Xo= —gpr's (330)

where p,, is an auxiliary vector field. The variation w.r.t. p, yields

(PXgpy - PXXp/Lpl/)(pM - 8M¢) =0, (331)

50 (3.30) is equivalent to the K-essence described by (3.7) as long as det(Px g"” —Px xp'p”) #
0, 1i.e.,
,P)(%O, 'Px—I—QX’PX)(#O. (3.32)

Let us introduce the new variable 7# under the relation
m = Pxpt, (3.33)

which can be solve by p,, = p,(7) under (3.32) according to the implicit function theorem.
We thus obtain the first order form of the K-essence,

1
Sdual = /d4:m/—g [—mH0up + (X7)]), Xr= —577“71'“, (3.34)
where
Xp) = X,) —2X X . :
H(Xr) = [PO) = 2%Px (%) (3.35)
The equation for ¢ now says that J,m7 = 0 so we can write the momentum as 7" =

%e’“’ P70, B, that we can use to integrate 7 out and write the dual action

S = /d4x\/?g;zﬂ(—Y) = /d4$Jng(Y), (3.36)

with the on-shell relations (3.10). Hence, we have established the duality between the self-
interacting Kalb-Ramond field and the K-essence under the conditions (3.8).

This duality is precisely what permits to establish a duality relation between the cos-
mology of a shift-symmetric scalar field with a time-dependent profile and the cosmological
solutions presented above for a Kalb-Ramond field. Let us see how this works more explic-
itly. For a time-dependent scalar field profile ¢(¢) in a FLRW universe described by the line
element

ds? = —N?(t)dt? + a*(t)d2?, (3.37)
the duality (3.26) gives )
Hijr = Px(X)v/—g€ijrxd°¢. (3.38)
where we have used the relation ;510 = \/—ge;ji for ep123 = /—g and €123 = +1. This means
that the field strength of the two form must take the form H;;;, = Be;;, with B satisfying

o
B= a?’PXLN‘ZS . (3.39)
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The equation of motion of the K-essence yields
53
o (aSPXKf> =0, (3.40)

meaning that B is nothing but a constant of motion. This is precisely the 2-form configuration
(2.31). Notice that this relation is invariant under time-reparameterisations, as it should
because the 2-form configuration does not break time diffeomorphisms. Thus, we have seen
that the non-trivial realisation of homogeneity and isotropy with the inhomogeneous 2-form
configuration is dual to the usual cosmological solutions for a shift-symmetric scalar field
theory.

Let us rewrite the on-shell relations (3.9) and (3.10) into

+(FydB) = dg, (3.41)
«(Pxd¢) = dB, (3.42)

where x is the Hodge star operator and B = %Buydx“ A dz¥. Since we have the identity
d? = 0, we obtain

§(FydB)
§(Pxdg)

(3.43)

0,
0, (3.44)

which agree with the equations of motion of the self-interacting Kalb-Ramond field and the
K-essence, respectively. A special case of this relation has been discussed above to show that
B is a constant of motion. This provides not only a consistency check of the dualisation but
also shows that the identity in one side is mapped into the field equation in the dual side,
which is the usual property under dualisation in the absence of matter sources.

Although the correspondence of the energy-momentum tensors has been already con-
firmed explicitly, it is useful to see how the corresponding energy-momentum tensors are
related in a more formal way. For that, let us notice that the duality can be regarded as just
a (non-local) field redefinition By, () = B [®, gasl(x). The energy-momentum tensors are
then related by

L oy (9519, B + 05[g, B) 0Bags[6, 90s](v)
3V~ i) <59uu($)>3+/ TS Bas(y) Ogpula) (3:45)

where the first term is the energy-momentum tensor for the 2-form (it is computed by keeping
B, constant) and the second term is generated from the metric-dependence of the duality
relation. However, since this term is proportional to the field equation of motion, we have
that the two energy-momentum tensors coincide on-shell as long as 0 Bag[®, gag)(y)/dgu ()
is well defined, i.e., the field redefinition is regular.

As an interesting remark, we could notice that the shift symmetry of the scalar field
in the dual description of the theory must be exact and cannot be softly broken (unless
we introduce non-local operators in the 2-form side which we will discuss later). This is so
because it derives from the dual 2-form theory with an exact gauge symmetry that ultimately
forces the shift symmetry. Were we to introduce an explicit gauge breaking term in the action
for the 2-form (e.g. a mass term), this would result in an enhanced phase space with two
additional propagating dof’s. The dual of this theory is obviously not a non-symmetric
scalar field (that would preserve the number of dof’s) but it is a Proca field, that correctly
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matches the number of dofs (see Sec. 7 below for the explicit dualisation). From this more
general case, we can nicely recover the shift symmetry. If we take an appropriate decoupling
limit where we send the mass of the Kalb-Ramond field to zero (and any other coupling
constant associated to higher order operators), the dual description is then a vector gauge
theory plus the decoupled longitudinal mode that has the usual shift symmetry for Goldstone
bosons. Since the original symmetry is an exactly realised gauge symmetry, we cannot get
any pseudo-Goldstone boson where the soft breaking of the shift symmetry (that is related to
the very existence of a quasi de Sitter solution with an approximate scale invariance) is the
responsible for the eventual exit from the inflationary phase. This is not a viable mechanism
in the present scenario because of the gauge origin of the shift symmetry so the end of
inflation and the reheating period must occur from a different mechanism.” A possibility
would be to have a soft breaking of the gauge symmetry so that inflation would end when
the additional polarisations of the massive Kalb-Ramond field become relevant. Let us note
however that the pure massless Kalb-Ramond field with self-interactions cannot support slow
roll inflationary solutions because those solutions are destabilised by a Laplacian instability,
as we will discuss in Sec. 5.1.

An interesting property of the duality relation between the 2-form and the scalar field
is the different (dual) realisations of the cosmological principle. On the 2-form side, time
translations are not broken and therefore one natural question to posse is what determines
the end of inflation or, in other words, at what time we are to match the correlation functions
that will give the initial conditions for the post-inflationary era. This issue also arises in
models like solid inflation [12] where the symmetries of the background configuration also
preserve time reparameterisations invariance. If we now go to the shift symmetric scalar side,
the scalar field takes a time-dependent profile, thus explicitly breaking time diffs and giving
a natural cosmic clock variable. Let us notice however that, due to the shift symmetry, there
is a combination of time translations and shifts that serve as a diagonal time translational
invariance.

Before closing this subsection, we shall argue a possible way of the shift symmetry
breaking by the use of non-local operators in the 2-form side. We should recall that non-local
operators can secretly describe additional degrees of freedom. Let us suppose that the shift
symmetry breaking is small enough to use the relation (3.28) at the leading-order. Then, we
can formally obtain

¢ = /qu = /*(FydB). (3.46)

The soft breaking of the shift symmetry necessarily leads to a non-local operator in the
dualised 2-form theory. Appearance of non-locality in the action would imply that a degree
of freedom that couples to the 2-form has been integrated out. Note that in the comoving
gauge of the scalar field, also called the unitary gauge, the scalar field is identified with the
time coordinate t. Hence, the soft breaking of the shift symmetry in the comoving gauge
may be achieved by adding t to the dualised theory at least at the leading-order.

"Let us note in passing that the Swampland conjecture about the impossibility of having exact global sym-
metries in the low energy effective field theory of a string theory unless they originate from gauge symmetries
is nicely realised in the Kalb-Ramond cosmology: The exact shift symmetry of the scalar field is simply a
consequence of the gauge symmetry in the dual description.

— 14 —



3.2 Duality as a weak/strong duality

An important property of the duality is that an originally strongly coupled theory may appear
as a weakly coupled theory in the dual formulation. In this subsection, we will show how this
is indeed the case in our duality between the K-essence and the self-interacting Kalb-Ramond
field.

Let us first investigate the cubic interactions of the K-essence and the self-interacting
Kalb-Ramond field. For simplicity, we ignore gravity and consider perturbations around the
cosmological configurations, ¢ o< t for the K-essence and B;; o< ei]-k:ck for the Kalb-Ramond
field. The Lagrangian of the K-essence up to the cubic order in perturbations is

(QX)S/Q (2X)1/262

0L gual = ™= Cz(aiﬂ-)Q] +

Px .. : 2
e 0; 3.47
5] w0, (3.47)
where 7 is the perturbation of the scalar field and Ax = X?*Pxx + gX 3Py xx. We rescale
the time t — t¢/cs to find a relativistic kinetic term and canonically normalise the field
7 — (cs/Px)"/?7. The action is then

001/ 5
Ax . 1-c )
5Sua—/d:v5£ua—>/d4 T — (0;m)*] + 73— = 7(0;m)2 % .
dual dual { [ — (9im)?] (2X73X)3/2 202 (X Py )12 (Oim)
(3.48)

As for the 2-form field, we shall focus on the scalar-type of perturbations for which the 2-form
field takes the form

1
By =0, Bjj = €jk <3B:rk + 8kw> (3.49)

with the perturbation . Here, we have used the gauge freedom to set By; = 0. Furthermore,
we are neglecting the non-dynamical perturbation w® = 6ijkBjk that is not expected to play
a relevant role for the subsequent analysis regarding the strong coupling scale obtained from
the cubic interactions. The perturbed Lagrangian of the self-interacting Kalb-Ramond field
is given by

F
oL =5 [(@w) E(Aw)?

_ Y A YA T %)
T v A®) T 5 C 2Y)1/2
where A = 9'9; and \y = Y2Fyy + %YSFYY}/. As in the case of the K-essence, we normalise
the time and the field according to t — t/c, and w — w/(csFy)'/?, yielding

(Aw)(0;w)? (3.50)

6S = / d*zoL (3.51)

4 2y 3 1—c? (D)2
—>/d { — (Aw)Y + P (ay )2 (Aw) 2c§/2(—2YFy)1/2(A )(0i7o) }

Note that the canonical normalisation further requires the replacement w — w/k with k
being the momentum but we shall not perform it explicitly since the structure of the cubic
interactions does not change. By using the duality relations XPx = —Y Fy and Ay = S\ x
which are derived from (3.9)-(3.12), we finally obtain

1. .. 2c1/%\ 12 ,
s = s {2 (02~ 028 + G~ e <Aw>(8"“’2} |
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Therefore, the cubic interactions of both the scalar and the 2-form descriptions have the
same scaling behaviour and we find that the theory is strongly coupled as ¢s — 0 in both
formulations. However, as is well known, higher-derivative corrections become important
in the limit ¢, — 0 and we have to take them into account to properly study the limit
cs — 0 [25, 26].

It is important to notice at this point that the duality for higher order derivative terms
cannot be established as straightforwardly as for the leading order terms involving only first
derivatives. The reason can be understood easily by noticing that a correction AL = % (Og)?
to the K-essence Lagrangian effectively introduces a scalar ghost of mass A? and this ghost
field cannot be dualised to a 2-form. On the other hand, a correction AL = ﬁ(@uH Hrp)2
gives rise to a 2-form ghost of mass A2, whose dual is a 1-form, not a scalar (see below Sec.
7). Thus, we conclude that the higher order corrections will typically introduce different
numbers of dof’s so the duality cannot be established. This is shown in more detail in
Appendix A. Obviously, from the EFT perspective there will be an infinite number of terms
with arbitrarily higher derivatives, but they all must be treated perturbatively so the new
would be degrees of freedom will never appear below the cut-off scale of the EFT. However, we
will see that this difference in dof’s from the higher order corrections can have an impact on
the cut-off scale for the two dual formulations. In particular, we will see that one formulation
can admit a consistent truncation while in the dual formulation the full hierarchy of higher
order derivatives might be necessary. This is an important feature that clearly shows how
working in one formulation can be more advantageous than its dual formulation from the
EFT perspective.

To understand the duality even in the presence of such higher-derivative corrections,
we shall consider a (partial) UV completion of the K-essence/self-interacting Kalb-Ramond
field by following [27-32]. Here, we adopt the simplest partial UV completion with the help
of a heavy field y. The Lagrangian is given by

1

where the field-space metric v45(x) and the potential V(x) are supposed to be independent
of ¢ to respect the shift symmetry of ¢. As we will explain shortly (see [32] for more details),
the K-essence arises as the leading-order EFT of the non-linear sigma model described by
(3.53). Note that (3.53) may be also an EFT of a more fundamental theory. However, the
applicable range of (3.53) is wider than that of the K-essence and this is sufficient for the
present purpose.

In the two-field model, the freedom of the field redefinition allows us to set the field-
space metric to be y4p = diag[l, f(x)] with a positive function f(x). The Lagrangian is
then

1
Lyy = —5(8X)2 + /00X =V(X), (3.54)

and the field equation for y is given by
Ox+Xfy—Vy=0. (3.55)

We solve (3.55) by treating the derivatives as perturbations while keeping the non-linearity
of X; that is, we assume that 0"y and "¢ with n > 1 are small quantities compared with
a mass scale M? that we will introduce shortly whereas we do not assume the smallness of
0¢. The solution of x is found to be

X = xo(X) + O(0°/M?) (3.56)
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where xo(X) is a root of
Xfy—Vy=0, (3.57)

and

2 p—t [—
M = [V XfXXL:XO(X). (3.58)

The condition M? # 0 guarantees the existence of the root yo(X) at least locally. After
integrating out y, the effective Lagrangian of ¢ is given by

Lopr = P(X) — 72’;\(;; (0X)2 + O(@* /MY | (3.59)
with
P(X) = f(xo(X)X = V(xo(X)), (3.60)

up to the sub-leading order of the derivative expansion. Here, to get the expression of the
second term of (3.59), we have used
dXO - fx

ax ~ M2 (3:61)

and then

I

2

where the functions on r.h.s. are evaluated at x = xo(X).
Next, we consider the dual of the UV Lagrangian (3.54). The first order form of (3.54)

Px=1[f, Pxx= (3.62)

is
Lyy = —%(GX)Q + %f_l(x)”uwu —Vx) — 0.0, (3.63)

with 7, an auxiliary variable. The field equation for ¢ is solved by m# = %6“” PP Hypo, yielding
the dualised Lagrangian

Lov = —5(00% + 0V =V (0, (364

in terms of the 2-form field. The on-shell relation between the scalar field and the 2-form
field is
Y = - (x)X. (3.65)

We then solve the field equation for x by taking the derivative expansion. The solution is

x=x0(Y)+ 0%/ M?), (3.66)
with the root of v

r(x6)=5—~ + Vi(xp) =0, 3.67
X( 0)f2(X6) X( 0) ( )

where the mass scale associated with the derivative expansion is now given by

Y Y f}
M= |V, + fox - QPTX : (3.68)
x=x0(Y)
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Again, the existence of the root (V) is guaranteed by M? # 0. The resultant effective
Lagrangian in terms of the 2-form field is

_ _ Fyy 2 470 g4
Lepr = F(Y) I (OY)"+ 00"/ M%), (3.69)
with
F(Y) = 7 (xo(Y)Y = V(xo(Y)) - (3.70)
Similarly to (3.59), we have used
dxg _ fx
= AR (3.71)
2
Fy=f1, Fy= ]047]’\‘42 (3.72)

Note that the relation between P(X) and F(Y') coincides with that we have established in
the previous subsection at the leading-order of the derivative expansion.

We emphasise that the expansion parameters of the derivative expansion are d/M in
(3.59) and 9/ M in (3.69), respectively. The scale M coincides with M around the trivial
background X = 0 = Y, while they denote different scales when the fields have non-trivial
background values. For simplicity, we consider the background with X,Y = constant and
evaluate M? and M? on this background. The on-shell relation (3.65) concludes xo(X) =
xo(Y) = constant and

R ax
f_M—I—QXf,

evaluated at X,Y = constant. Since the ghost-free condition of the UV theory requires f > 0,
we find

M2 =V — X +2X (3.73)

M?2>M?, for X>0,Y <0,
M2=M?, for X=0,Y =0, (3.74)
M2 < M?, for X<0,Y >0.

Therefore, the convergence of the derivative expansion depends on the description of the
theory and the property of the background. To make the discussion concrete, we focus on
the cosmologically relevant case X > 0 for a while. By using (3.62) and (3.73), we obtain

AEM? = M?, (3.75)

where ¢2 = Px /(Px +2XPxx) = (Fy +2Y Fyy)/Fy is the sound speed of the perturbations
around the background with X > 0, Y < 0. The hierarchy M? > M? is realised in a largely
Lorentz-violating background, ¢ < 1, and this is indeed what we are interested in. The
derivative expansion in the K-essence description may converge at d/M < 1 while the
convergence in the 2-form description only requires 9/ M = ¢,0/M < 1. The difference
between M? and M? are examined in [32] by studying the dispersion relation of the two-field
model. Although the scale M? appears as the scale associated with the derivative expansion
in (3.59), M? does not agree with the actual mass scale of the heavy mode around the X > 0
background. The actual mass scale is given by M?, so one can extend the validity of the
single-field EFT even beyond M? if one considers a resummation of the higher-derivative
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terms. Here, we have found that the dualisation of the K-essence indeed provides such a
resummation. In other words, at least in this UV completion, the resultant EFT in terms
of the 2-form admits a weakly coupled description with a finite number of higher-derivative
operators while the K-essence description requires an infinite number of higher-derivative
operators in the limit ¢ — 0.

The situation is opposite in X < 0, Y > 0. The scale M? is larger than M? and the
actual mass scale of the heavy mode is given by M? [32]. Although the 2-form description
becomes strongly coupled at /M = O(1), the K-essence provides a resummation of the
strongly coupled 2-form field and the single-field description is valid as long as /M < 1.

It is worth mentioning that a violation of the regularity condition (3.8) may be inter-
preted as an infinitely strong coupling in one side of the duality while the other side might
be oblivious to that. The simplest example is found from a massive U(1) scalar field with a

quartic self-interaction:
1 M2 A
L=—2|00? - 2|0% - Z||*. 3.76
S100f — =2 (0% - 2o (3.76)

In terms of y and ¢ defined by ® = ye'?, the Lagrangian is given by

1 M} A
L=—S(0x)+x*X — 2" - x4, (3.77)
2 2 4
which corresponds to f = x? and V = 24 AX One then obtains
[2X — M}
M2 = 2)\X?) y X0 = % ; (378)
and )
P(X)= (X —M3/2)2. (3.79)

A

We then consider the limit A — 0 while keeping xo finite which is nothing but the weak
coupling limit from the point of view of the U(1) scalar. However, the K-essence description
is infinitely strongly coupled (that is, we cannot truncate the derivative expansion at a finite
order) because of M? — 0. On the other hand, when we consider the dual description,

M2
L= —l(aX)Q oty - Mee A (3.80)
2 2 4
we find
X0 = \/—2Y + 7 Y +0(\?), (3.81)
<I>
F(Y) = —Mg\V/—2Y + 5 Y +0(\?), (3.82)
and
M? = (2M3)* + O()). (3.83)

Hence, the derivative expansion in the dual description can be truncated at a finite order
even in A — 0 thanks to a finite M?2. The functional form (3.82) leads to

Fy +2Y Fyy = O(\), (3.84)
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so the limit A — 0 indeed corresponds to the singular point of the duality.

Needless to say, the discussion so far is based on a simple (partial) UV completion of the
K-essence/self-interacting Kalb-Ramond field, but the two-field model is not the unique UV
completion. From the low-energy perspective, what we know is that the duality is singular
when at least one of (3.8) is violated. As we have argued in this subsection, such a singular
point is a singularity of one description while the theory in the dual side may be weakly
coupled thanks to appropriate higher-derivative corrections. We will discuss these singular
examples in the next section. Here, we emphasise that our strong/weak duality is not a
statement about the K-essence and the self-interacting Kalb-Ramond field themselves since
both descriptions without derivative corrections are strongly coupled in the limit ¢s — 0. A
higher derivative operator is required to cure the strong coupling issue when ¢; — 0. However,
the duality transformation also affects the structure of higher-derivative corrections and then
a theory with a finite number of higher-derivative operators may appear as a theory with an
infinite number of higher-derivative operators on the dual side. There are two possibilities
to have ¢; — 0 around the cosmological background: the first is the limit

1
K+2Ylhyy=———"——0 3.85
Y Yy Px + XPxx ( )
and the second possibility is
Py = 50 (3.86)
X = Ty . :

In the former case, as we have seen, the 2-form description is well-behaved and an appropriate
higher-derivative operator to give a non-relativistic dispersion relation is (9Y)2. On the other
hand, in the case of (3.86), the appropriate description would be the scalar field and the strong
coupling is cured by the operator ((J¢)?, known as the ghost condensate [25, 26].

3.3 Duality as fluids

The shift symmetric P(X) theories can be interpreted as the effective field description of
a super-fluid with the shift symmetry related to the internal conserved charge of the fluid.
The duality relation between the shift symmetric theories and the 2-form theories is close to
the relation between the super-fluid and ordinary fluids (see e.g. [33]). Carter already used
a Kalb-Ramond field for the description of perfect fluids in [34] (see also [35]). The dual
description of super-fluids in terms of a 2-form field has also been exploited recently to study
the interactions of vortex lines and vortex rings from an EFT perspective [24, 36]. Although
our aim is much more modest than the treatment in those works, it will be instructive to say
a few words here on our duality from the fluid perspective to make contact with the results
for the multi-Kalb-Ramond case of Sec. 6.

A general perfect fluid can be described in terms of three scalar fields p* (a = 1,2, 3) that
represent the comoving coordinates of the fluid. In order to comply with the fluid symmetries,
we need to impose an internal shift symmetry and volume-preserving diffeomorphisms:

la

dp

©r = ¥+ ¢ and % — '’ with det 50
12

~1. (3.87)

The first symmetry reflects the freedom in choosing the spatial origin, as appropriate to
describe homogeneous fluids of relevance for cosmologies complying with the cosmological
principle. The second symmetry corresponds to our freedom in permuting any two elements
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of the fluid as long as the volume (or the number density) is kept fixed or, from a more
physical point of view, it does not cost energy to move around a fluid element as long as we
do not vary its volume. The shift symmetry requires the Lagrangian to contain derivatives
of the fields so, at lowest order in derivatives, the fundamental object is B® = 9 gp“@“gp
Furthermore, the volume-preserving diffeomorphisms are realised if only the determinant of
this matrix B = det B® is utilised to describe the fluid dynamics. Thus, the Lagrangian will
be £L = F(B) at the leading-order in the derivative expansion. The four-velocity and the
number density of the fluid are respectively given by

u’; = G\Fe”ke“ P 0,080,070y " | (3.88)

ny = VB, (3.89)

which satisfy the off-shell identity
\Y (nfu )=0, (3.90)

that permit to interpret J ]’f =n fu’; as the current of fluid particles.

We consider the infinitesimal volume-preserving diffeomorphisms around the ground
state of the fluid, (¢?) o x’. Denoting the perturbations of ¢’ by d¢*, the infinitesimal
transformation is given by

0! (t,7) = 0" (t, T) + €'(Z) (3.91)

where the functions describing the volume-preserving diffeomorphisms satisfy the transverse
condition

;%) = 0. (3.92)

Let us then revisit the 2-form theory around the cosmological background. The background
configuration of the 2-form is (Bpy;) = 0, (C?) x z*. We can choose the gauge §By; = 0 by
the use of the symmetry of the 2-form in which the dynamical variables of the 2-form are
5C". Note that this gauge is not a complete gauge fixing as the residual gauge symmetry is
described by

SCH(t, T) — 6C(t, @) + 071 (Z) st. 9,07(Z) =0, (3.93)

which is the same form as the infinitesimal volume-preserving diffeomorphisms (3.91). Indeed,
the gauge transformation of the 2-form can be regarded as a transformation that preserves
the number density of the fluids. We introduce the four-velocity

a H" 3.94
ut = ————, :
—v (3.94)
which is properly normalised, u,u* = —1, provided ¥ < 0. From the geometrical identity

VHFI # =0, we can interpret the quantity
n=+v-2Y (3.95)

as the number density. Hence, the gauge transformation of the 2-form does not change the
number density n and then the volume of the fluid space.

Note that (3.93) is just a part of the gauge transformation. The 2-form symmetry
is a local symmetry, meaning that the transformation parameter is a function of not only
space but also time, in general. The 2-form symmetry is larger than the volume-preserving
diffeomorphisms which discriminates the 2-form from the ordinary fluid. In fact, the 2-form
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Table 1. Duality relations from the fluid perspective. Here, we omit the subscript “dual” in the last
row for simplicity of notation.
Field Symmetries On-shell equations Off-shell equations

Wy =0

D
K=0
(p+p)ay+Dup =0 D7+ (P p)

2-form BMV — BMV + 28@91,}

W =0

Scal — D K=0
calar (Z) ¢+C D7p+(p+p) (p-I—p)a“-i-'DNp:O

is dual to the super-fluid (the shift symmetric scalar field) that is an irrotational fluid. On the
other hand, the ordinary fluid generically has a vortex. Hence, it may be interpreted as that
the “localised volume-preserving diffeomorphisms” (the 2-form gauge symmetry) prohibits
the vortex while the global volume-preserving diffeomorphisms accommodate vorticity.

Let us give a hydrodynamical interpretation of the 2-form field. The equation of motion
of the self-interacting Kalb-Ramond field is given by the form

Py, (\/—QYFyug) ~0. (3.96)
By projecting along u,,, we find
V=2Y Fye"""V jus = V=2Y Fye""w,s =0, (3.97)

where €"P7 = wu,e#”P? is the three-dimensional Levi-Civita tensor in the sense that u,e"?? = 0
and wy, = h{MO‘VauM with h,, = g + uyuu, is the vorticity of the congruence described by
uy,. Therefore, a part of the equation of motion concludes

wuy =0, (3.98)
as long as Y < 0 and Fy # 0. The remaining part of the equation of motion is obtained by
taking the Hodge dual of (3.96) with multiplying u*, yielding

1
V=2

where a# = n"V,u# is the acceleration and D, = h",V, is the derivative with respect to
the direction orthogonal to the four-velocity u*. The energy density p and the pressure p are
read from the energy-momentum tensor (3.13) as follows:

[—2Y Fya, 4+ Du(F — 2Y Fy)] =0, (3.99)

p=—-F, p=F—-2YFy, (3.100)
which yield

T = (p + p)uru” + pg"” . (3.101)
Hence, (3.99) is nothing but the general-relativistic Euler equation

(p+play+Dup=0, (3.102)
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provided Y < 0. On the other hand, within the leading-order theory F' = F(Y'), the off-shell
identity V,J# = 0 is equivalent to the continuity equation:

D
V=2YFyV,J! = D" +(p+p)K=0 (3.103)

where DQT =utV, and K = V, u* are the material derivative and the expansion, respectively.
In summary, the irrotational property and the Fuler equation are obtained from the equation
of motion while the continuity equation holds off-shell in the 2-form description, which we
summarise in Table 1.

As we have mentioned in (3.42), the off-shell equation is dualised to the on-shell equation
and vice versa under the duality transformation. The number density, the four-velocity, the
energy density, and the pressure in the scalar description are given by

oH¢
Ndual = PxV2X, ulj, =— % (3.104)
Pdual = _P + 2X7DX 5 Pdual = 737 (3105)

respectively. One can easily show that the vorticity is zero and the Euler equation trivially
holds while the equation of motion of the scalar field takes the following form:

VNJéLual =0, J(l; = ndualugUal ) (3106)

ual —

Recall that the K-essence is shift symmetric, concluding the existence of the conserved current
Jc’fual, i.e. the current of fluid particles. The conservation VMJC’fual = 0 gives the continuity
equation provided that X > 0 and Px # 0.

4 Examples

In this section, we shall examine several concrete theories to see how the duality works. As
we have developed in §. 3.1, the dual to the K-essence is straightforwardly obtained by the
following two steps:

1. For a given function P(X), we first need to solve —P% (X)X =Y for X in terms of Y;
2. We insert the solution X (Y) into F(Y) =P(X(Y)) — 2X(Y)Px(X(Y)).

The inverse transformation is obtained by the replacements, X < Y and P < F. Here, the
implicit function theorem guarantees the existence of the solution X = X (Y') at least locally
as long as (3.8) are satisfied and, then, under such conditions the dualisation is always possible
in the sense of the field space. A cautionary remark that is worth keeping in mind is that,
in general, the dualisation can permit several dual branches of solutions, although in many
cases, physical requirements allow to select a physical branch. For instance, one can impose
analyticity of the dualisation and require that it reduces to the identity transformation at
leading order for small fields, so the dualisation can be defined perturbatively around this
point.
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4.1 Power law

We can obtain the dual of some particular theories by following the above procedure. We
begin with the simplest example, the power law theory described by P(X) = g, X", that
corresponds to a constant equation of state w = p/p = P/(2XPx — P) = 1/(2n —1). The
solution of —P% (X)X =Y is given by

X 1 Y o 4
=| - 1
( gnn? > 1)
and, thus, the dual theory is
1 5n1
FY)=g,(1-2n) (- 55Y . (4.2)
gnn

We clearly notice that for n = 1 it gives the dual relation for the free theories; that is,
P(X) = g1 X is dual to F(Y) = ¢;'Y, as already done in § 3.1. The function (4.2) gives
the dual formulation of the symmetric superfluids obtained in [37] except for the Dirac-Born-
Infeld (DBI) theory that we will dualise below. On the other hand, the theory n = 1/2, which
corresponds to Py + 2X Pxx = 0, leads to a singular dualisation. This value corresponds
to the cuscuton model [38] that in turn represents a singular theory with special properties,
like the absence of the scalar degree of freedom in the unitary gauge ¢ = ¢(t) [39]. It has
also been shown to belong to a special class of shift-symmetric scalar field theories from the
symmetry perspective [37]. The theory has an (infinite) extended symmetry of the form

0¢ = €"9,9(9) (4.3)

for an arbitrary function g(¢) and with e” the transformation parameter. Under this trans-
formation, the Lagrangian of the cuscuton changes by a total derivative 6L 8u(\/f g'et).
The DBI theory and the cuscuton theory provide interesting insights on the scalar/2-form
duality as we will discuss shortly.

4.2 DBI

Another example is the string inspired DBI field theory, which was initially introduced
as a non-linear electrodynamic model to avoid problems with divergence of the electron
self-energy [40]. The scalar field realisation of the DBI theory is described by P(X) =

A? (1 —v/1-2X /A4) where A is a mass scale of the theory. For this theory, the rela-
tion between the scalar field variable X = —%8,@8“(;5 and the Kalb-Ramond field variable
Y = -4 Hu,HWP s

X Y

Y= = X=- 0
1—2X/A 1—2v/Ad

(4.4)

The dual theory F(Y) to this DBI model follows from

F(Y) = A4 (1 - m) , (4.5)

where we have used (4.4). Hence, the DBI theory is “self-dual”; the DBI theory of the scalar
field is dual to the DBI theory of the 2-form.
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Let us consider extreme limits of the DBI theories to see the singular points of the
dualisation. It is easy to obtain the following relations between both dual formulations:

1 1
P == 3 P 2X7D == 9 4‘6
X = A axyane X TR S X A (4.6)

1 1
Fy = ——F0¢-—— Fy+2YFy = ———5 . 4.7
L I T R Sk A TR S VI ET0 (4.7)

The relation (4.4) leads to the following correspondence:

2X/A* = —00 & 2Y/A =1, (4.8)
2Y/A* » —0 & 2X/A' 1, (4.9)

where the limit is taken so that the inside of the square root is positive.® Therefore, even

though the functional forms are the same, we are taking the different limits in the scalar
description and the 2-form description. In particular, taking the extreme limits 2X/A% —
—o0 and 2Y/A* — —oo lead to the cuscuton-type Lagrangians,

P(X) = —A*/—2X/A4, (4.10)
F(Y) — —A%/—2Y /A4, (4.11)

which are located at the opposite extreme limits of the DBI theory, respectively.

4.3 Cuscuton

We now consider the cuscuton-type Lagrangians:

P(X) = +AWE2X, (4.12)
F(Y) = £AW=%2Y, (4.13)

where X and Y are set to be dimensionless and the overall sign is chosen so that the null
energy condition is respected, i.e. Px > 0 and Fy > 0. The functional forms (4.12) and
(4.13) arise as solutions of Px + 2XPxx = 0 and Fy + 2Y Fyy = 0, respectively, so these
theories are at the singularity of the dualisation.

Since the cuscuton theory (4.12) has been studied in the literature [38, 39], we shall
concentrate on the 2-from theory (4.13), especially the cosmologically relevant case, the
theory (4.13) with the negative sign. We have already encountered this theory: it appears
as an EFT of the weak coupling limit of the U(1) scalar in §. 3.2 and it also arises as the
extreme limit of the DBI theory in §. 4.2. As we shall argue below, the theory (4.13) with the
negative sign is regarded as an EFT for the dust fluid, such as the dark matter component
of the universe, that cannot be achieved by the shift-symmetric scalar field.

We consider the homogeneous and isotropic background in which the field strength of
the 2-form is given by H;jx = Be;;,. Hence, we obtain

BQ

Y = 70) (4.14)

8Recall that, in our convention, the timelike gradient of the scalar corresponds to X > 0 (< Y < 0) and
the spacelike gradient is X < 0 (& Y > 0), respectively. Hence, the extreme limits (4.8) and (4.9) are taken
under the spacelike configuration and the timelike configuration, respectively. If one wants to consider other
extreme limits 2X/A* — +o00 and 2Y/A* — 400, one should start from the DBI theory with a “wrong” sign,

P(X) = A (—1+ \/m)
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where a(t) is the scale factor of the universe. The energy density, pressure and the sound
speed of the theory F = —A*/—2Y are

A'B
=—-F= 4.15
p o (4.15)
p=F—-2YFy =0, (4.16)
F 2Y F:
2y rervy (4.17)
Fy

respectively. The pressure and the sound speed vanish while the energy density decays as
a~3, which are exactly the properties of the dust fluid. In the case of the K-essence, the dust
limit corresponds to a singular limit P — 0. On the other hand, the dual description admits
a regular expression F' = —A*\/—2Y which can be used for the action of the irrotational dust
fluid. In realistic situations, the fluid must have small but non-zero pressure and sound speed
which can be introduced by adding corrections to (4.13). In fact, we have already seen that
the action is corrected in the U(1) example (3.76). As shown in (3.82), the finite correction
of the quartic self-interaction leads to the term linear in Y at the leading order which gives
rise to

poxa®, Zocad. (4.18)

Furthermore, we have a higher derivative correction
F: A* (9Y)?
— 2 gy = - ij
2M? 2M?2 (—2Y)3/2
providing a non-relativistic dispersion relation of the fluid. From the EFT perspective, we
do not need to specify the origin of the corrections (and we do not need to stick to these

particular forms of the corrections). The corrections to the 2-from cuscuton universally
describe deviations from the dust fluid.

(4.19)

4.4 Ghost condensate

As the final example, we consider the ghost condensate [25, 26] which is also a singular
point of the dualisation. The ghost condensate is defined by the point Px = 0 in which
the background energy-momentum tensor of the K-essence field behaves as a cosmological
constant. The scalar field ¢ has a non-trivial background expectation value X # 0 as a
root of Px = 0 which spontaneously breaks the Lorentz invariance. Around the background
® = $(t), the quadratic action of the perturbations §¢ (under the gravity decoupling limit)
is generically given by

1 .
S=5 / dtdk3 [(PX + 2XPxx)8¢2 — Pxk?6¢% |, (4.20)

in Fourier space. The ghost condensate Px = 0 thus corresponds to the vanishing sound
speed which would signal the strong coupling. Nonetheless, a small sound speed implies that
a higher derivative correction, say ((J#)2, can not be ignored. Although the operator ((g)?
yields an additional ghostly state due the higher time derivative, the anisotropic scaling of
the spacetime implies that the higher time derivative is still negligible while only the higher
spatial derivative is relevant. As a result, the quadratic action of the ghost condensate is
given by

1 ; 1
Sec =5 / dtdk? [QXPXXM% VLRI R (4.21)
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with the cutoff A where --- denotes more higher derivative operators. The ghost condensate
provides a non-linear dispersion relation w? o< k* without the strong coupling.

Let us then consider the similar limit £y — 0 in the 2-form theory. The background
similarly behaves like a cosmological constant, while the perturbations exhibit a different
property. As easily seen in (2.42) and (2.44), the point Fy = 0 corresponds to a singular
point that the kinetic term dC' vanishes and the action no longer depends on §BT. Hence, the
2-form theory is infinitely strongly coupled at Fy = 0. The vanishing kinetic term implies that
the anisotropic scaling of the spacetime is opposite to the usual ghost condensate, meaning
that the higher derivative correction can not resolve the strong coupling issue. We may not
obtain a consistent theory at Fy = 0 in the 2-form description (see also [33]).

5 Cosmological duality

Having understood the general duality relation between the shift-symmetric K-essence and
the self-interacting Kalb-Ramond field, we now specialise to the cosmological setup and ex-
plicitly show that the two descriptions provide identical cosmological solutions. We then
discuss how the scalar/2-form duality connects seemingly inequivalent EFTs based on differ-
ent symmetry-breaking patterns.

5.1 Cosmology of a self-interacting Kalb-Ramond field

In a cosmological scenario described by the FLRW metric
ds? = —dt? + a*di? (5.1)
the gravitational equations reduce to

3H? = p (5.2)
2H +3H? = —p (5.3)

where p and p are the energy density and pressure respectively (normalised with 87G). For
the shift-symmetric scalar field cosmology, these quantities are

Pdual = ~P + 2XPX7 (54)
Pdual = P. (55)

The gravitational equations can then be combined to solve for P and Px as

P = —H?*(3— 2) (5.6)

XPx = eH? (5.7)

where e = —H /H? is the slow roll parameter, that we leave general for the moment. For the
2-form theory we have

p=—F, (5.8)

p=F—2YFy. (5.9)

We can again use the gravitational equations to solve for F' and Fy as

F = —3H?, (5.10)
YFy = —eH%. (5.11)
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We can easily see how the duality is realised because the relation (3.29) is identically satisfied
P=F—2YFy = —H?*3 — 2e). (5.12)
Moreover, we can see that the following simple relation between the two descriptions holds
XPx =—-YFy, (5.13)
that allows to write
F=7P—2XPx. (5.14)
Finally, the relation between the second derivatives can be obtained to be

1

Fy+2YFyy = —————.
Y Yy Px +2XPxx

(5.15)
All the results are consistent with our general argument in Sec. 3. The first slow roll parameter
is given by .

H  _dlogF
H?2  “dlogY
that defines the inflationary regime. Furthermore, the second slow roll parameter that will
determine if inflation can last long enough is given by

(5.16)

€= —

legE YFYY
= =-6(1 2 5.17
2= Hat <+ Fy>+€1 (5.17)
that allows to write v ) )
YY
= -1+ —€1 — —€9. 5.18
Fy T e (5.18)

Up to slow roll corrections, this expression relates the first and second derivatives of F'. There
is an obstruction however. If we compute the propagation speed given in (2.45) we obtain:

2Y 2 1
Y o 1426 - 26 (5.19)

2
-1
¢ TR 3973

which cannot be positive in the slow-roll regime so that slow-roll inflation leads to a fatal gra-
dient instability, in accordance with the analogous result for P(X) cosmologies. By inserting
the relations (5.13) and (5.15) we obtain

2 Px

= & 5.20
G Px +2XPxx ( )

that is the propagation speed for a P(X) theory. We can easily show that the Kalb-Ramond
field gives rise to adiabatic perturbations by corroborating that the propagation speed indeed
corresponds to dp/dp. If we parameterise the perturbed the metric as

goo = — a*(1 +2®), (5.21)
goi = a’0;S, (5.22)
1
Gij :CL2 |:(1 — 2‘1’)(5@' +2 <828] — 35UV2) E] . (5.23)
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the perturbed energy-momentum tensor for the 2-form field can be written as

6T% = — FydY (5.24)
édTii =— (Fy +2Y Fyy)dY (5.25)
5T :gYFy&; (35— B) (5.26)
0Tty = — §YFyaiB’ (5.27)
where 5

O = —3Y (9% + V2B) (5.28)

These expressions allow to straightforwardly compute the sound speed as
= gi =1+ 2Yif: (5.29)

that recuperates the result obtained in (2.45). We can also check that ¢2 = p/p = dyp/dyp
as it corresponds for a perfect fluid with adiabatic perturbations.

5.2 Duality and cosmological EFTs

Let us discuss the cosmological spacetime with perturbations from the EFT perspective.
Although it is straightforward to compute the perturbed action in both the scalar and the
2-form descriptions, we shall use the techniques developed in [41-43]: we choose the unitary
gauge where the degree(s) of freedom of the field (either the scalar or the 2-form) are eaten
by the spacetime metric and express the action in terms of the metric only. The unitary
gauge action can clarify how different realisations of cosmological scenarios are related.

As for the scalar field, the perturbation d¢(t, Z) = ¢(t, ¥) — ¢(t) transforms non-linearly
under the time diffeomorphism, ¢ — t + (%(¢, ), where ¢(t) is the background configuration
of the scalar field. The time reparametrisation symmetry ¢ — #'(t) allows us to set ¢ = t.
On top of that, we can choose the gauge ¢ = 0 by the use of the freedom of ¢° in which

X = —%gwamam = —%goo. (5.30)

Hence, the action of the K-essence coupled to GR in the unitary gauge is given by

1
Sauallg] = [ d*zv/=g |—=R )1 . 5.31
] = [ 25 | (o Rlal + PG) (5.31)
The (residual) symmetries of (5.31) are the spatial diffeomorphisms
z' — 2"+ (T, (5.32)

and the global time translation
t—>t+c, (5.33)

where the latter one is originated from the diagonal part of the time translation and the shift
symmetry of the scalar field ¢ — ¢+ ¢ because we have identified ¢ with the time coordinate.
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We then study the 2-form theory. The infinitesimal spacetime diffeomorphisms of the
2-form field with the parameters (°(¢,#) and (!(¢, Z) around the background B;; = %Beijkxk
are

8¢ Boi = 00¢? By, (5.34)

d¢Bij = —C*OpByj + 20,¢* By (5.35)
implying that the perturbations of B, are invariant under the infinitesimal time diffeomor-
phism. On the other hand, the gauge transformation with #; and 6y are

d9Boi = 0obi — 0;0 (5.36)
dgBij = 20,0 . (5.37)
We can choose the unitary gauge of the 2-form where the field configuration is fixed to be
Bjj = %Beijkxk, By =0, (5.38)
even in the presence of the perturbations. The unitary gauge yields
1 B2 iy
Y = —Egwg"ﬁgPUer,,Ijraﬁ7 = —7detg” . (5.39)

The gauge choice (5.38) can be achieved by the freedom of 6;, 0y and (*. Let us denote the
perturbations of the 2-form before the gauge transformations by 0 By; and 0 B;;, respectively.
We thus want to find a solution to

0Bo; + 0pb; — 0;00 + 80CjBij =0, (5.40)
(5sz + 28[1 C 8kBZ] + 28[1C B]]k =0, (5.41)
for arbitrary 6 Bo; and 0B;;. A solution is explicitly constructed to be
0o=0, 6;=-DBy— /dt5BOi, (5.42)
with .
Ci = ieijk <5Bjk - 2/dt8j(530k> . (543)

Note that the unitary gauge condition does not uniquely determine the gauge parameters
0;,0p and ¢*, meaning that there are residual gauge freedoms. The one is associated with
the redundancy of the gauge symmetry of the 2-form 6y — 6y + 6,6; — 6; + 9;6 which is
not important for the later discussion because this trivially acts. The important residual
symmetry transformation is the following combined transformation

¢ =@, 6= 38 (@ -yl @) . (5.44)

that preserves the unitary gauge condition (5.38). Here, we emphasise that ¢} () is a function
of the spatial coordinates only and (' = €7%9; CV( ) represents the infinitesimal volume-
preserving diffeomorphisms. As a result, the unitary gauge action of the self-interacting
Kalb-Ramond field is given by

Slg] = /d‘*a;f [MR[ ]+F(detgij)] . (5.45)
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where the residual symmetries are the time diffeomorphism
t—t+ ¢t 2), (5.46)
and the volume-preserving diffeomorphisms

) x/z’
Oxd

We have established the duality between the K-essence and the self-interacting Kalb-
Ramond field in Sec. 3. In (5.31) and (5.45), both actions are given by the same variable,
namely the spacetime metric, and the only difference is the residual symmetries, leading to
the duality of cosmology: cosmology with the residual symmetries (5.32) and (5.33) is dual
to one with (5.46) and (5.47).

Note, however, that the unitary gauge action (5.45) is not complete because our gauge
condition is an incomplete gauge fixing. As is well-known, when one incompletely fixes the
gauge at the level of action, the action cannot reproduce all of original equations (see Ap-
pendix B and [44] for more discussions). Indeed, the action (5.45) takes exactly the same
form as the unitary gauge action of the ordinary perfect fluid: the action of the ordinary
perfect fluid is given by a function of the determinant of B% = g*9,,¢%0, ¢ and the unitary
gauge ¢' = ' gives BY = detg’/. Therefore, just considering the action (5.45), the vorticity
does not necessarily vanish. In the case of the perfect fluid, an irrotational fluid remains ir-
rotational (Helmholtz’s theorem) which is essentially a consequence of the volume-preserving
diffeomorphism invariance [33, 43]. Hence, imposing w,,, = 0 on (5.45) is consistent and, in
fact, w,, = 0 is a missing part of the equation of motion of the 2-form field.” Our precise
statement is that cosmology with the residual symmetries (5.32) and (5.33) is dual to one with
(5.46) and (5.47) under the condition w,, = 0.1° The vorticity is allowed if we downgrade
the gauge symmetry to the global symmetry. This also re-establishes the superfluid/fluid
relation discussed in [33] from the point of view of the symmetry. We will revisit the precise
relation between the superfluid and the fluid in Sec. 6.3.

' — /(&) st det =1. (5.47)

6 Multi-Kalb-Ramond

So far we have only considered one single Kalb-Ramond field. It is straightforward to ex-
tend the framework to a system with multiple Kalb-Ramond fields. In this section we will
particularly focus on a set of Kalb-Ramond fields B, (a = 1,2,3) featuring an internal
global SO(3) in addition to the gauge symmetry acting on each field. Thus, the physical
objects will be H®,,,, = 30),B",,. In this framework it is possible to obtain homogeneous
and isotropic solutions with the field configuration'!

Baij == A(t)eaij . (61)

While the homogeneity is trivially realised, the isotropy is realised by a combination of the
internal SO(3) and the spatial rotations. In order to build the theory, we will consider the

90ne can recover the Euler equation (3.102) that is the spatial component of the energy-momentum
conservation V,T"” = 0 thanks to the Bianchi identity.

Tn the unitary gauge, the four-velocity is given by u* = &5 /v/—goo and the vorticity is computed from
the components of the metric. See [43] for details.

HThere is of course another isotropic configuration given by B = ¢a€ijkxk that realises the isotropy and
homogeneity by only using the gauge symmetries of the 2-forms, i.e., it is nothing but several copies of the
single 2-form case. Thus, we will focus on the most interesting configuration (6.1) for our purposes here.
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most general Lorentz- and SO(3)-invariant action at lowest order in derivatives. Lorentz
invariance only leaves the object

1 .
b b b
M® = HC )y H = B, H" (6.2)

while the internal SO(3) symmetry imposes to use scalars of M. Since this is a 3 x 3 matrix,
we have 3 independent scalars that we parameterise as

[M?]
[M]?

and Y3 = R (6.3)

Vi=[M], Yp= ik

and our theory will be described by the action

S = /d4xﬁK(H,Y2,Y3). (6.4)

The advantage of using this parameterisation is that, in a FLRW metric and with the con-
figuration (6.1) we have that the only non-vanishing components of the 2-form field strength
(and its dual) are

A

Haoz'j = Aeaij = ]f[ai = Wéai (65)
so that the fundamental matrix reads
A2
b_ b
M = Iz @ (6.6)
and the introduced SO(3)—scalars are
A? 1 1
Yi = Yo==, Y3=—-. .
3= 4N2 ; 2 37 3 9 (6 7)

This means that only Y] is sensitive to the universe expansion, thus being the only relevant
for the homogeneous background evolution. In other words, the background evolution will
only depend on Ky,. This is apparent by looking at the energy-momentum tensor, which is
given by

Ty = KapH uag H° %P + Kg (6.8)
with
3
oK nKy, . .
Ka = aMab ]Cyl ab + Z n—i—l [ M 1)ab — [M ]6ab] (6.9)
QICY BKY c 2
= Ky, 0 + Y; (Ma,, . Y1Y25ab) + Y133 (Ma w— Y Yg(sab) . (6.10)

From this expression we can obtain the useful relation
KayM® =Y1Ky, (6.11)
that, together with the relation

H g7 = 2( 017, — O g, (6.12)
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allows to write the energy-momentum tensor as
T = 2K 1, + (K = 21y, ) g (6.13)

It is then apparent that the second and third terms in (6.10) identically vanish for (6.6),
thus explicitly showing that i) the energy-momentum tensor is isotropic and ii) only Ky,
contributes to the background evolution. The energy-density and pressure are given in this
case by

p=-—-K-+ 2Y1’Cy1

4
p=K- ngle1 (6.14)
so we will have accelerated solutions provided
Odlog K
_— 1. 1
Blog Y, < (6.15)

From the form of the energy-momentum tensor, we can also obtain straightforwardly
that scale invariance corresponds to

T, =0= Ko Y2, (6.16)
Because of our parameterisation (6.3), deviations from scale invariance are fully encoded in
the dependence on Yj, since Y and Y3 are clearly invariant under rescalings. Thus, the
theory will be scale invariant if the Lagrangian takes the form

Lo = Fi(Ya, Y3)Y,? + Fy(Ya, Ys). (6.17)
6.1 A solid duality

The above construction with three 2-form fields featuring an internal SO(3) global symmetry
is of course the dual description of the effective field theory for solids and the depicted scenario
is the dual description of solid inflation [12]. The dualisation is straightforward to perform by
following analogous steps as those for the single 2-form case, but we will sketch the procedure
here for completeness. Let us recall, following the exposition in [12], that a solid can be
described by a triplet of scalar fields ¢%, a = 1,2,3 that are associated to the Lagrangian
coordinates. The background state is then defined by (p%) = 2 and the homogeneity and
isotropy are realised by further requiring an internal Euclidean group for the fields. Internal
translations are achieved by imposing shift symmetry, while rotations only permit to use
SO(3)-scalars in the Lagrangian.

Starting from our multi Kalb-Ramond action, it should be clear that the dualisation
proceeds similarly to the single 2-form case, but with three copies. We first rewrite (6.4) in
the first order formalism:

1
S = / d'ay/—g [—2H““”p8[MB“Vp] +H(Y, Y2, Ys)| (6.18)

where Y; are the same expressions (6.3) but for the matrix M2’ = +I1%, x [I%*. The equation
for the 2-form B¢ is simply §II* = 0 which means we can write x[I* = dp® We can then
insert this relation back into the action to finally obtain the dual theory

Sdual = /d4$v—9H(X1,X2,X3) (6.19)

where X; are nothing but the scalars Y; constructed for the matrix Mgb = ﬁygpa@“gob.
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6.2 The perfect fluid limit

The effective field theory for a perfect fluid can be obtained from the solid by imposing
the absence of anisotropic stresses so fluid elements can freely move without costing any
energy. This means that the perfect fluid corresponds to a situation where the symmetries
are enhanced with internal volume preserving diffeomorphisms with respect to the solid. In
our set-up, this means that the action can only depend on the determinant M = det M2 so
K = K(M). For this case, we have

Kap = Kn MM, (6.20)
so the energy-momentum simplifies to
Ty = Kne MM H® 0 g HP P + Kgpu
= 26 MM H Y + (K = 60 M ) g (6.21)

We can introduce the 4-velocity

1 o
ut = - \/Meabce“o‘mHgHgHs (6.22)
that is normalised u*u, = —1 and clearly satisfies the orthogonality relation H d#u“ =0.In

the configuration (6.1) we have H?; = %5% so det M = (%)6 det g® and we can see that
the sign in the above 4-velocity guarantees that it is future-oriented. Using that T}, u#u” = p
and T),,g"" = 3p — p, we can extract the energy density and pressure by contracting with u#
and g as

p=—-K+6MKy, p=K—-—4MK)s. (6.23)

We can interpret xH® as the frame of the fluid elements e® so that M = e,eb, g is
naturally associated to the metric of the internal fluid manifold. In fact, we can express the
energy-momentum tensor in a more apparent form by using the following expression for the
inverse of M@:

2MM ' = eqijepmn M™MI™ (6.24)

so we have
MM He H) = eqijepmnH o H™ HI gH"P H®, H",
= 2M(g;w + UMUV)
= 2Mhyu (6.25)

where, in the last step we have identified the orthogonal projector. This equality shows that
the orthogonal projector is indeed given by h = M@le“eb as one would expect. Furthermore,
we can insert it in the energy-momentum tensor to write it as

Ty = (=K + 6 MKa)uyuy, + (K — 4AMEKar) by (6.26)

which is the standard form for the energy-momentum tensor of a perfect fluid and we recognise
the energy density and pressure obtained above. In terms of symmetries, we obtain that
imposing the system to only depend on the determinant of M® implies that the original
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SO(3) symmetry is enhanced to an invariance under the larger SL(4) group. The equation
of state of the fluid is given by
P 1 —4MKy /K

U T T1-6MKy/K (6.27)

while the sound speed of the perturbations is

MK
o _dp _pf _ 3+4TEY
Cs = di - _5 GMK]W]W (628)
p P + K
The duality with the three scalar fields is immediate. Let us consider the EFT of a perfect
fluid described by

L= F(det %), 0P =9,0%9"c". (6.29)

We perform the Legendre transformation

oOF
L= Pt P) + 5 (0" = 0"). P =", (6.30)
“w
so, after the field redefinition
OF
I B = 2F det P P, Lsa(mpmk (6.31)
o
so that OF
Wpa‘u‘ = 6F/ det Pab (632)
o
we obtain
L =7m"0,0" + K(det H“b), e = 7Ta#7rbu , (6.33)

with I = F — 6F’ det P*. Once again, the equation for ¢® imposes 7 = «dB® for some
2-form B?, thus showing the duality of the two descriptions for the fluid.

6.3 Back to the superfluid

In the limit of vanishing vorticity, the perfect fluid reduces to the superfluid. Thus, it
should be possible to obtain the EFT of a superfluid from the general EFT of perfect fluids
by imposing the vanishing vorticity constraint. In this subsection we will discuss how to
perform this reduction in the two dual formulations of the perfect fluid. Let us start with
the usual description of the perfect fluid described with the three 2-form fields B and let us
rewrite the Lagrangian as follows

L=HV?/2) = VHPQ,,, (6.34)

with V#*P a non-dynamical 3-form field and 2 = %Eabcg a A HY A HE the volume form. The
equation for V#*P reads
H'Viwp = Quup - (6.35)

Noticing that Q2 = (det M®)2, we can use the above equation to obtain V2 = V?(det M)
so we can integrate V#**? out and obtain

L= |HV22) - H’Vﬂ vyt ey = D) (6.36)
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so we recover the description of the perfect fluid in terms of the 2-forms. The Lagrangian
(6.34) is useful however because it allows to make more direct contact with the superfluid.
We can add the vanishing vorticity constraint by means of a Lagrangian multiplier as follows:

L=H(V?/2) = VFPQup + 0N UP (6.37)

The constraint imposes that {2 has vanishing co-differential, so it can be written as Q,,, =
€uwpa0* A and the Lagrangian reads

L=H(V2/2) = VIPe,n0% . (6.38)

The equation for A tells us that we can write Vy,,, = 9,B,,) so the original Lagrangian
supplemented by the constraint 62 = 0 reduces to

L =H(H*(B)), (6.39)

i.e., the superfluid described in terms of the 2-form field. We can proceed analogously for
the dual formulation in terms of scalar fields starting with the Lagrangian

L=HV?/2) - VFQ, (6.40)

where V# is a non-dynamical vector field and Q# = eu”p)‘ﬂyp » is the dual of the volume form.
Upon variation w.r.t. the auxiliary variable V# we obtain

H'V, =Q,, (6.41)
that allows to obtain V2 = V2(det U®) so the Lagrangian can be expressed as

£=(n-nv?) — C(det U) (6.42)
V2=V2(det Wab)

and we recover the usual description of the perfect fluid. We can modified the Lagrangian

with an appropriate constraint:

L=H(V?/2) = VHIQ, + I\, (6.43)

The constraint imposed by the Lagrange multiplier can be written as d2 = 0 so we have
Q) = dw with w a 2-form. We can insert this relation into the Lagrangian to obtain

L=H(V?/2) + 0VHw),, . (6.44)

The equation for w now imposes V to be a closed form so it can be expressed as the exact
form V = dy. We can insert this expression in the Lagrangian and we finally obtain a theory
for the single scalar field ¢ that describes a superfluid. We summarise all the discussed
formulations of the fluid and the superfluid in Fig. 1.

7 Massive Kalb-Ramond

Although the main focus of this work is to explore the cosmologies and dualities of massless
2-form fields, we will briefly incur into the massive case in order to illustrate some crucial
differences and important properties of breaking the gauge symmetry and how this translates
into the dual theories. We will defer a more detailed study of the massive case for future
work.
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Solve the constraints from ¢

Integrate out T P = [ aﬂ C0a + % (det H;b)
0,0 = — ;Tyi First order formulation fluid 9,11 T 0
% = (*dBY*
Dual descriptions of a fluid
Z = G(det 0,9 0"p") &L = H(det M)

6V, = (@), HW, = (xQ),

Z =GV - VI(xQ), L = H(W?) — WH*Q)
H

Va0 WH = (%dB)*

super-fluid constraint . .
super-fluid constraint

Dual descriptions of a super-fluid

Z = G((09)?)

& =HH

Figure 1. This figure summarises the duality relations between the different formulations of a fluid
and a superfluid.

7.1 Duality to Proca fields

We will commence our tour on the massive Kalb-Ramond field by considering a breaking of
the gauge symmetry only on potential terms, i.e., all derivatives of the 2-form will still enter
through its field strength. In this case, we can start from a first order formulation given by

1 1
S = /d4a:\/—g [—QHW’)G[MBW] +H(Yn,B)|, B= _ZB/WBW (7.1)

where the explicit dependence on the 2-form in H breaks the corresponding gauge symmetry.
This prevents to solve for the momentum II in terms of a scalar field, since the 2-form
equation of motion is now

oM
9B,

We can still proceed with a dualisation by directly dualising the 2-form and the conjugate
momentum as'?

V1P = (7.2)

TIHP = HPI A, B,

N

E;u/pUHpU- (73)
By inserting these field redefinitions into the action we obtain
1 1
5— / A/ =g [TV, Ay + H(A )], A=A A, Ty =~ TuT0Y  (14)
which is nothing but the first order formulation of a self-interacting vector field. Here, we

note that
Yn=-A, B=-Zp, (7.5)

12This dualisation can be interpreted as a canonical transformation where the coordinates and the momenta
are exchanged.

— 37 —



under the dualisation. The inverse dualisation is obtained by following the inverse path and
we will not give the explicit construction here. The duality to a Proca field makes it manifest
that the massive 2-form field propagates 3 degrees of freedom, i.e., two more than its massless
counterpart. Given this difference in the number of degrees of freedom between the massive
and massless theories, it is instructive to analyse the massless limit to see where the different
degrees of freedom go.

7.2 Massless limit

The 2-form is dual to the scalar field, not the vector field, in the absence of the potential,
implying that there must be a condition on the potential to have the 2-form/vector dual-
ity. Although (7.1) and (7.4) are equivalent, we need to check regularity conditions of the
Legendre transformations. The variation of (7.1) with respect to IT*? gives

Hywp + Hyy (Y1, B)Hul/p =0 (7.6)

where the subscript represents the derivative, e.g., Hy;, = 0H/0Yn. Squaring it yields the
equation Y = H%H Y11 which can be solved by Yir = Yi1(Y, B) under

HYH (HYH + QYHHYHYH) #0. (7.7)

Then, we find the solution II,,, = —H;& (Yn(Y,B), B)H,,, and arrive at the second order
formulation of the massive Kalb-Ramond field

S = / d*z\/—gF(Y,B), F =M —2YaHy, \YHZYH ¥.B)” (7.8)
with the relations
Fy— - Fy +2Y Fyy = — ! (7.9)
y = Hye, Y YY = Hye + 2ViHyoye .

The regularity condition of the inverse transformation is given by the finiteness of the left-
hand-side of (7.7) or
Fy(Fy + QYFyy) 75 0. (7.10)

The conditions (7.7) and (7.10) are present in the massless case as well while there are
additional conditions from the regularity of the vector side in the massive case. The variation
of (7.4) with respect to II,,, yields

Fuy +Hzy (A, Zn)ly =0, Fu =20),A,, (7.11)
which can be solved by II,, = —HEEI(A, Zn(A, 2))F,, with Z = —%FWF‘“’ provided
Hz (M + 2Z0H 0 2) £ 0. (7.12)
The second order form of the action is then

S = /d4:m/—gG(Z, A), G(Z,A)=H—2ZnHz, (7.13)

‘ZH:ZH(A,Z) ’

where we should impose Gz(Gz + 2Z2Gzz) = —HE;(”HZH +2ZnHzy2q)" L # 0 for the
regularity of the inverse transformation. Since there are the relations (7.5), the regularity
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condition (7.12) (or (7.7)) can be written in terms of the derivatives of H with respect to B
(or A):

HB(HB + QBHBB) #0, (7.14)
HA(HA +2A7‘[AA) #0. (7.15)

Therefore, the regularity of the Legendre transformation in the one side yields the condition
on the potential in the dual side, as expected.

Let us see the massless limit of the Kalb-Ramond field and its dual description. For
simplicity, we consider the free theory:

1 » m? v
S= /d‘{m/g [HHWPH“ ’ = BuB" ] : (7.16)

whose dual description is

1 1
4 v
Sdual = /d T\ —g [—WFHVFM — 2AuAH:| (717)
with the on-shell relations
1
HMP =t A, By = 55 umpe 7. (7.18)

The massless limit of this theory must be treated with some care because we would encounter
a discontinuity in the number of propagating degrees of freedom if taken directly from (7.16)
at face value. To avoid this difficulty, we will resort to the Stiickelberg trick to first restore
the gauge symmetry by making the replacement

2
B,, — By, + EO[MAV] (7.19)

where A, is the Stiieckelberg field, and then take the limit m — 0. Notice that we have
actually introduced two gauge symmetries, namely: the desired one generated by a 1-form
0 as B — B + df together with A — A — m# and a secondary one generated by a 0-from
9 that only affects the Stiickelberg field A — A + d¥. While the former corresponds to
the Stiickelberg trick, the latter stems from the gauge invariance possessed by the gauge
transformation of the 2-form.

The resulting action in the decoupling limit with m — 0 consists of the massless Kalb-
Ramond field plus a U(1) gauge field described by

1 1
Sm~>0 = /d4$” |:12H/WPH#VP - Z}—MV}—“V ) ‘7:#1/ = 28[#“41/] ’ (7'20)

where it is apparent that the two sectors completely decouple and we maintain the correct
number of propagating dof’s. Here, we notice that the redundancy of the gauge transfor-
mation of the 2-form is recast as the gauge symmetry of the Stiieckelberg field A, while
the restored gauge symmetry generated by 6 only affects the 2-form so the Stiickelberg field
becomes gauge invariant in the decoupling limit, as it is apparent from its transformation

A—A—-mb.
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We can proceed similarly with the dual formulation of the theory given by (7.17) where
the Stiickelberg trick now amounts to replacing

Ay —mA,+ 0,0, (7.21)
with ¢ the Stiickelberg field, so the massless limit of the dual description gives

1 1
Sdual,m—0 = /d4x\/jg [—4.7:W,J:“” — 50u00"| . (7.22)

The dual actions in the massless limit (7.20) and (7.22) clearly describe the same dynamics
with a gauge vector field and a scalar dof that is described by ¢ and the massless 2-form B,
respectively, thus preserving the duality relation in the massless limit. We have obtained
this massless limit for the free theories, but the same can be shown for interacting theories,
although in that case the coupling constants must also be appropriately included in a suitable
decoupling limit. To see how this is achieved it is convenient to start from the first order
formulation of the theory, so let us start from the interacting theory

1
S = / d*zv/—g [—H“ *0uBug + HWPH“W’—ZmQBWB“ + g4(B,, B") ] , (7.23)

with g4 some coupling constant. We can Stiickelbergsize this action as before and take the
decoupling limit

m—0, gi—0 with A= % fixed (7.24)
94
so the action reads
4 1 I/ 1 4
Sdec - /d4$\/ |: HM p({?m l/p] + HlLVpH - ZFMV-F + F(IMV‘FM ) :| I (725)

that describes a free massless 2-from field in the first order formulation plus an interacting
U(1) gauge field in its second order formulation so (7.25) is a Routhian of the system. We
can proceed similarly for the dual of (7.23) that is given by

1 2
Stun = [ Aoy/=g |-T0, 4, = LA A+ T g, 2| (120)

We can now Stiickelbergise this action and take the same decoupling limit m, g4 — 0 with A
fixed. Before that, we will express the action in the second order formalism first. For that,
we use the equation for IT#¥

4m?
2 2
28[#141,] =m-Il,, ( + FH > (7.27)
that, at leading order in the decoupling limit, yields:

Fuv = 20,4, ~ m*I,,,. (7.28)

We can insert this solution into the action to obtain the decoupling limit

1

Sumiiee = [ @hay=g [~1FuF L FLFY —007) . (@29)

that gives the same theory (7.25) with a self-interacting gauge vector field and the scalar field
accounts for the decoupled massless 2-form in (7.25). Thus, we see how the duality persists
when appropriately taking the massless limit and, in particular, no conundrum arises due to
the different number of propagating dof’s for a massive and an exactly massless 2-form field.
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7.3 Cosmological configurations

Since the 2-form is massive, we do not have internal symmetries at our disposal to construct
homogeneous and isotropic solutions mixing external and internal generators. Thus, we can
only use the usual realisations of a cosmological residual 1SO(3) in terms of the Lorentz
generators. Given the nature of the massive 2-form field, it is not possible to construct
homogeneous and isotropic configurations or, more precisely, the only possibility is having
a trivial 2-form field B,, = 0. Any other configuration with a non-trivial By; or B;; will
necessarily introduce a preferred direction. This property might seem in contradiction with
the dual formulation of the theory in terms of a Proca field. In this case, we can construct
a homogeneous and isotropic configuration given by A, = (Ao(t),0) with Ay # 0. This
apparent contradiction can be solved by looking at the regularity condition of the dualisation.
The background equation of motion of the vector field is given by

AgHa =0, (7.30)

where H 4 is evaluated at the background, A, = (Ap,0),II" = 0. The branch Ay = 0
corresponds to the trivial configuration of the 2-form B,,, = 0 while the vector description
possesses a different branch Ay # 0 given by a root of H4 = 0. Hence, the non-trivial
cosmological solution of the vector field is the singular point of the dualisation and thus
there is no corresponding solution in the 2-form description.

There is an interesting class of cosmologies based on rapidly oscillating massive vector
fields. It was shown in [45] (see also the generalisations [46, 47]) that a spacelike vector
field that oscillates rapidly gives rise to an energy-momentum tensor that is isotropic when
averaged over several oscillations. This opens the possibility of having isotropic (averaged)
cosmologies driven by massive spin 1 fields in spacelike configurations. Since a massive vector
field is dual to a massive Kalb-Ramond field as long as the regularity conditions hold, it is
then also possible to have cosmologies with oscillating massive Kalb-Ramond fields. It would
be interesting to work out the description of these cosmologies in terms of the dual 2-form.

7.4 Massive multi-Kalb-Ramond

At this point, it should be obvious to see that the massive version of the multi-Kalb Ramond
will be dual to a multi-Proca field theory. We do not intend to develop the entire dualisation
procedure here, but we will simply point out some interesting phenomenological consequences
that the massive multi-Kalb-Ramond theories bring about and that are not present in the
massless case. Let us consider a theory for three massive multi-Kalb-Ramond fields B*,,
with an internal SO(3) global symmetry. Then, we can consider a background configuration
of the form

Baij = B(t)e“ij (731)

that preserves a diagonal SO(3) mixing internal and spatial rotations. On this background,
we can perform perturbations of the 2-form fields 6By, and we decompose them into irreps
of the unbroken rotational symmetry of the background. The important feature to notice
is that we can construct the perturbation ¢;; = 5B,(;eb)kl(5ai6bj, whose transverse traceless
part precisely transforms as a helicity-2 mode. Thus, these theories will give rise to a second
helicity-2 mode that will naturally mix with the usual gravitational waves at linear order.
In these scenarios, we might expect to obtain signatures in the signals of gravitational waves
emitted by binary sources since they will mix with this second cosmological tensor mode in

their propagation from the source to the detectors, thus giving rise to oscillations. These
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oscillations will imprint effects like those studied in e.g. [48, 49]. The presence of this second
tensor mode for the considered background configuration is reminiscent of the dual version
of these scenarios in terms of massive vector fields (see e.g. [50-52]). These theories support
cosmological solutions with the configuration Aj, = A(t)d;,. The perturbations around this
background can be arranged to construct f;; = §%;0A”j), whose transverse traceless part
gives rise to a second tensor mode that represents the dual of ¢;;.

7.5 On non-minimal couplings

We will finalise our brief discussion of the massive 2-form theories by succinctly comment-
ing on the possibility of constructing non-trivial and ghost-free non-minimal couplings. We
should stress that we do not intend to provide an exhaustive exploration of all the possi-
ble ghost-free interactions, but we will content ourselves with outlining several approaches to
obtained such interactions. Firstly, we will work with the Stiickelberg fields and in the decou-
pling limit where the 2-form field essentially reduces to the field strength of the Siieckelbergs
By — 90}, A,). In this decoupling limit, it is clear that the problem reduces to obtaining non-
minimal couplings for an Abelian spin-1 gauge field. Horndeski already tackled this problem
in [53] where he obtained that the only allowed non-minimal term in the Lagrangian (under
some assumptions) is a coupling to the double dual Riemann tensor. In our context, this
implies that the 2-form field admits the ghost-free non-minimal coupling

L non-minimal 2 LMV&ﬁB}LVBOCB (732)

with Lwvebf = %e“” p”eafBV‘stmg the double dual Riemann tensor. It is immediate to obtain
that this term reduces to the Horndeski vector-tensor interaction for the Stiickelberg fields
in the decoupling limit. It is interesting to obtain the dual of this interaction because it
generates a highly non-trivial non-minimal coupling for the vector field. We can write down
the first order formulation of a theory for a massive 2-form field including this non-minimal
coupling as

S = / d*z/—g [—;HW’J{?WBVP] +H(Y,B) +a L“”“/BBWBO([;} (7.33)

with a some parameter. Since the non-minimal coupling does not depend on the conjugate
momentum, we can integrate it out as in the absence of the non-minimal coupling. Instead,
by performing the dualisation as defined in (7.2), we obtain the dual action

S = / diz/—g [—H“VG[MA,,] +H(A, Zy) + aR"”O‘ﬁHWHag] , (7.34)

where now the non-minimal coupling does depend on the conjugate momentum. To obtain
the second order form of the theory, we need to integrate II** out, whose equation is now
given by

Fl = ( — H 1 Gpalus + 4aRWa5) e, (7.35)

This algebraic equation can be solved for IT* and plugged back into (7.34) to obtain the
second order formulation of the theory. However, the resulting Lagrangian will now include
the non-minimal coupling in a highly non-trivial way. Since, as we have argued, the orig-
inal formulation in terms of the 2-form relates to the ghost-free Horndeski interaction in
the decoupling limit, the same property will persist in the dual formulation, although in a
substantially less trivial manner.
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Another approach to construct non-minimal couplings for the 2-form is to proceed in the
reverse order, i.e., we can start from the healthy non-minimal couplings of a 1-form and then
proceed to perform the dualisation to the 2-form. However, this procedure is not easy (and
sometimes not even possible to do) for general non-minimal couplings. The main difficulty
arises from derivative interactions that are not constructed in terms of the field strength.
There is nevertheless a sub-class of interactions that can be straightforwardly dualised. To
exemplify this, let us consider the non-minimal coupling G** A, A,.'* This interaction can be
treated in an analogous way to the vector-Horndeski interaction. We can write down the first
order formulation of the 1-form field and simply add this non-minimal coupling, which will
not affect the procedure of integrating out the conjugate momentum. We can then dualise the
theory to the 2-form description and, in that formulation, integrate out the corresponding
conjugate momentum. Since now the dualisation of the non-minimal coupling G**A,A,
generates a term GH ewgﬂ/el,,\pgﬂamﬂ/\p", integrating out II*? to obtain the second order
formulation of the theory will generate a highly non-trivial non-minimal coupling.

Let us finally mention that one could also use the findings of [56] for non-minimally
coupled perfect fluids to construct other classes of non-minimal couplings for a massless
Kalb-Ramond field since by exploiting the fact that perfect fluids can be described in terms
of these fields.

8 Discussion

In this work we have considered cosmologies driven by Kalb-Ramond fields where the ho-
mogeneity and isotropy of the universe are achieved by a combination of the usual spatial
transformations and internal symmetries of the Kalb-Ramond fields. We have commenced
with a single massless Kalb-Ramond field and extensively exploited its duality relation with
shift symmetric scalar fields, emphasising the dual realisations of the cosmological princi-
ple in the two dual descriptions of the theories. In particular, we have discussed the usual
weak /strong regimes of theories related by a duality transformation. We have also shown
that slow roll inflationary solutions supported by a massless 2-form field comes hand in hand
with Laplacian instabilities, thus recovering the known result for the dual scenario with
shift-symmetric scalar fields. An interesting outcome of our study is the dual description of
super-fluids in terms of a massless 2-form and the description of the EFT of cosmological
perturbations in terms of the 2-form. We have worked out some explicit examples of duali-
ties and pointed out the singular character of some theories like the cuscuton for which the
dualisation procedure is ill-defined. This model belongs to the class of symmetric superflu-
ids analysed in [37]. It would be interesting to obtain the duals of the generic symmetric
superfluids unveiled in that work and understand the dual realisation of the symmetries.
We have then studied a scenario with multipole Kalb-Ramond fields with an internal
SO(3) symmetry. In this context, we have seen how the internal SO(3) symmetry permits
to construct another class of cosmological solutions with a non-trivially realised cosmological
principle. We have explicitly constructed the dualised theory in terms of three scalar fields
that make it apparent how the considered multi-Kalb-Ramond theory represents the dual
realisation of the EFT of a solid. Within this scenario, we have analysed the perfect fluid
limit with an enhanced symmetry in the two dual formulations with scalar and 2-form fields.

13A similar procedure has been used in [54] (see also [55]) to obtain non-minimal couplings for a massless
2-form field starting from a derivative coupling of a scalar field to the Einstein tensor, which would correspond
to the decoupling limit of the interaction we have considered here.
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Finally, the more symmetric super-fluid limit has also been explicitly constructed, recovering
once again the duality between shift-symmetric scalars and Kalb-Ramond fields. Although
in this work we have unveiled some of the properties of the dual formulation of the solid in
terms of Kalb-Ramond fields, a more thorough analysis would be interesting to carry out,
especially in terms of how the symmetries are realised in both formulations (for the solid and
its more symmetric partners the fluids) and their potential relation to cosmological adiabatic
modes.

After exploring the massless case at some length, we have extended our analysis to
massive 2-form fields. The absence of an internal gauge symmetry prevents the construc-
tion of a non-trivially realised cosmological principle. The massive Kalb-Ramond field is
now dual to a Proca field and we have briefly discussed the potential construction of cos-
mological solutions dual to known cosmologies supported by massive vector fields. We have
however shown how the configurations supported by a homogeneous pure temporal vector
field correspond to a singular dualisation in the simplest cases. From the massive 2-form
field we have discussed how to appropriately take the massless limit in a way that preserves
the number of propagating degrees of freedom. By this procedure, we have recovered the
known result that the massless limit of a massive 2-form reduces to two decoupled sectors
conformed by a massless vector field plus a shift symmetric scalar field. We have argued how
the massive multi-Kalb-Ramond theories do permit non-trivial realisations of the cosmolog-
ical principle and discussed how these configurations naturally lead to cosmologies with a
second helicity-2 mode that permits having oscillations of gravitational waves. Finally, we
have mentioned how to construct ghost-free non-minimal couplings. It is known that gravity
theories formulated in geometrical frameworks beyond the Riemannian realm are plagued by
ghost-like instabilities and the source of these pathologies can, in many cases, be traced back
to a pathological character of a 2-form field, usually associated to the a certain sector of the
torsion. In this sense, unveiling healthy non-minimal couplings for the 2-form can pave the
way to constructing healthy gravity theories without the mentioned pathologies.

A natural question to ask is why should we care about these cosmological scenarios
with 2-form fields when they can be dualised to seemingly simpler theories with scalar or
vector fields. We can mention several reasons. Firstly, the dual formulations can unveil new
properties that can be obscure with scalars or vector fields. One example is the case of the
solid cosmology where the homogeneity requires a combination of spatial translations and
internal translations in the target space, while the formulation with 2-forms makes the homo-
geneity trivial. The price to pay is having to work with the redundancies introduced by the
gauge symmetries. Another reason to consider the dual formulation is the usual weak/strong
coupling regimes of dual theories so the regime of strong coupling in the scalar or vector field
formulations could be tackled by dualising the theories and working with weakly coupled
2-form fields. From a pure phenomenological standpoint alone, one can argue that theories
that appear very natural in one formulation could be very contrived in the dual formulation
so it is worth and desirable to explore the model-building potential in both descriptions.
This is particularly important when considering matter couplings since the duality proce-
dure typically generates non-local operators in the dual description from local interactions in
the original formulation. Also regarding matter couplings, it is well-known that the kinetic
self-interactions of the shift-symmetric scalar fields permit the presence of screening mech-
anisms of the K —mouflage type. This screening mechanism can of course be dualised and
described in terms of 2-forms, but the resulting matter couplings will be non-local and an
appropriate analysis of the screening becomes more contrived. On the other hand, 2-form

— 44 —



fields naturally couple to strings so charged strings act as sources of the Kalb-Ramond field.
In this situation, we will also have a K —mouflaged screening for the interaction between
strings mediated by the Kalb-Ramond field, with potential phenomenological consequences
for cosmic strings. The analogous screening in the dual description in terms of a scalar field
would in this case be more contrived. We hope to return to these issues in a future work.
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Appendix

A Duality in the presence of higher order derivatives

In Sec. 3.2 we discussed how the dualisation in the presence of higher order terms cannot be
established by following the same procedure as for the leading order terms with first order
derivatives. In this appendix we will show more explicitly how the duality for higher order
derivative theories of scalars and 2-forms fails and how one can find dual theories in those
cases (which will thus describe different theories). Let us commence by considering the higher
order Lagrangian for a scalar field described by the Lagrangian:

£ =F(X,00). (A1)

We can reduce the order of the Lagrangian by introducing appropriate non-dynamical fields

as follows:
L=F(X,%)+A(0¢ - %), (A.2)

If we integrate out the auxiliary field 3 by solving its equation of motion so we have ¥ =
¥(X,\), we obtain the equivalent Lagrangian:

L=—-0,00")+ F(X,\) (A.3)

with F = [F(X, ) — A¥]|s(x,»). This form of the Lagrangian makes apparent two important
facts. Firstly, the absence of a proper kinetic term for A, i.e., the Lagrangian does not contain
(OM)2, prevents having a positive definite kinetic sector so, if both fields are dynamical, one
of them must be a ghost. Secondly, the field A does not have a shift symmetry and this fact
obstructs the dualisation procedure considered in this work. Notice that this was not obvious
in the original form of the Lagrangian (A.1) where there is a shift symmetry.

We can apply the general procedure to the following specific Lagrangian

L= (00 + 515 (00 (A1)

45 —



to obtain the equivalent Lagrangian

1 1
L=——(0p)?+ 5(aA)2 - §A2)\2 (A.5)

1
2
where we have diagonalised the kinetic term. We see explicitly how the theory propagates a

ghost whose mass is precisely the scale associated with the higher order derivative term.
We can perform a similar analysis for the higher order Lagrangian for a 2-form

L = G(H?, 8,H"P). (A.6)
By introducing non-dynamical fields, we can rewrite the Lagrangian as
£ = GH?, ) + Ao (8, H#7 — £°7). (A7)

Notice that both A, and X¥,, are antisymmetric fields. By integrating out ¥,, we obtain
the equivalent Lagrangian

L= =0\ H"P +G(H? \uw) (A.8)

with
= |G(H% ) — My : A9
6= [c o) —new,] (A9)
Again, we see that the 2-form A, does not have a proper kinetic term so that the theory nec-
essarily propagates a ghost because the kinetic matrix is not positive definite. Furthermore,
A does not have a gauge symmetry so the theory propagates four dof’s as it corresponds
to a massive plus a massless 2-forms.

We can again apply the general procedure to the specific Lagrangian'4
1 1
L=——H*— —(9,H"P)? A.10
that admits the equivalent representation
L. Lo Lo af
L= _EH (B) + §H (\) — §A AagA, (A.11)

where we have diagonalised to exhibit the ghostly nature of one of the 2-form fields in an
explicit manner and its mass A? that coincides with the scale of the higher order term. Being
one of the 2-forms massive, we thus arrive at the same conclusion that the duality procedure
to a higher derivative scalar field cannot be performed. At best, we could dualise the massless
2-form to a scalar and the massive 2-form to a massive vector field.

This simple example makes it apparent how the higher order derivative terms for the
scalar field and the 2-forms introduce different numbers of dof’s, thus obstructing the duality
procedure. Of course, this result can be extended straightforwardly to general self-interacting
fields.

It is important to notice that we can still obtain some sort of dual theories for both the
scalar field and the 2-form theories with higher order derivatives. They just do not happen to
be related in a simple manner in general. Let us corroborate this by dualising both theories.

Y4 The term 8, H, 00" H"?? is equivalent to (8, H"*?)? via integration by parts so, at this order, this is the
most general Lagrangian.
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We will now consider the more general theory featuring second derivatives of a scalar
field described by the following Lagrangian

£ = F(9,6,0.050). (A.12)
We first rewrite this Lagrangian in the first order form
L=nh (a,ﬂs - AN) + 310, Ay + H(A, D). (A.13)

It is immediate to check that we can solve the non-dynamical equations for ¥,, and 7 to
obtain A, = 0,¢ and £, = ¥,,,(9,¢, 0,0p¢) that we can plug back to recover the original
Lagrangian with F' = ¥#0,A,) + H(A,¥). Alternatively, we can solve the equation for ¢

ot =0 = 7t=e"70,B,, (A.14)
for some 2-form field B,,. The Lagrangian can then be recast as
L= —e"rP7A,0,, B0 + X0, Ay + H(AX), (A.15)

where B represents the dual of ¢ regarding the first order operators. From here we can follow
different paths to obtain equivalent dual theories depending on which of the fields we decide
to integrate out, i.e., how we want to describe the higher order operators. Alternatively, we
can use the Hodge dual A,,, = €450 A" to rewrite the Lagrangian as

L=—A"0,B

1 SV UV PO N
o] — 68,)]“ P7 Ay pe + H(AY), (A.16)

where we have defined i“pa)\ = Y"e€,0x. Again, we can integrate out different fields to
reach different dualisations of the original higher order Lagrangian.

We will not delve into the different options that can be explored, since it is not our
purpose to perform a detailed analysis of the dualisations of higher order operators in this
Appendix. Instead, we will now show how the analogous construction can be carried out for
a 2-form. Thus, let us consider the Lagrangian

L =G(Hup, 0aH,up). (A.17)
Its first order form can be written as

£ = TIHve (H,“,p _ A,Wp) D7D Ay + HA, ), (A.18)

from which we can recover the original higher order form by integrating out I1#*” and >#¥#7.
On the other hand, we can solve the equation for the 2-form 0,II**? = 0 that implies
1P = P9y to obtain the equivalent Lagrangian

L= —e"P> A pOrp + SHP7 0, Ay e + H(A, D), (A.19)
that can also be written in terms of A* = %E“VP/\AWP as
L =640+ 30,4, + H(A L), (A.20)

with 3K, = YHPe, 0. Again, the scalar field ¢ represents the dual of the original 2-
form, while the dualisation corresponding to the higher order operators can be performed
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in different ways depending on which non-dynamical field we decide to integrate out. For
our purpose here, it is sufficient to notice that (A.15) and (A.20) describe different theories
and do not represent dual descriptions of the same theory as it was made manifest from our
analysis above that showed the mismatch in the number of propagating dof’s. We can insist
once more that this is not really relevant from an EFT perspective. As a matter of fact, if
we integrate out all the fields but the scalar and the 2-form (i.e., A and X)), it is easy to see
that both theories share the same leading-order EFT below the corresponding ghost scale
and the different dof’s only manifest themselves in the higher order corrections. It would be
interesting in any case to perform a more detailed analysis of the dual theories, expressed in
e.g. (A.15) and (A.20), that we have obtained.

B On incomplete gauge fixing

In this appendix we will discuss how a part of the equations of motion is lost when we
incompletely fix a gauge at the level of the action and how this missing equation of motion
can be recovered. For simplicity, we consider the self-interacting Kalb-Ramond field in flat

spacetime:
S[Bu] = / d*zF(Y). (B.1)
The general variation keeping the boundary term is given by
Nk pv 1 prp
0§ = [ d*x 55 0B, — iﬁu(FyH dB.,) (B.2)
where
EM = 0,(Fy H'?) . (B.3)

Hence, the Euler-Lagrange equation is £ = 0 which can be decomposed as
g% =0, €£9=0. (B.4)

On the other hand, the variation must identically vanish for 6B, = 29,0, for any ,(t, %)
by virtue of the gauge invariancee of the Lagrangian. We consider 6,,(t, ) with a compact
support in spacetime to ignore the boundary term. Then, we find

0= 6,5 = / A'wEm 9,0, = — / d'00,E6, (B.5)

yielding the identities
9,8M = 9,60 =0, (B.6
DM = 0% + 0,69 = 0. (B.7)

The first identity (B.6) shows that the longitudinal part of £ is a redundant equation and
(B.7) concludes that the transverse part of £ is related to £%.
Next, we consider the gauge-fixed action

SulBi) = [ AP ()]s B.8)
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whose variation leads to

1 1 y
58, — / de | LeisBy - Lo, (FyHMIsB,) . (B.9)
2 2 Bp;=0

Therefore, we only find the Euler-Lagrange equation
EY|By=0 =0 (B.10)
from the gauge-fixed action while the original gauge-fixed equations are
E%Bp=0=0, &Y|py=0=0. (B.11)

The equation £%|p,,—9 = 0 is lost in the gauge-fixed action (B.8). One may notice that the
identities (B.6) and (B.7) may be used to recover the missing equations of motion. Indeed,
we know that the longitudinal part of gOi‘BOiZO = 0 is a redundant equation, so we only need
to recover the transverse part of £€%|p,,—o = 0 which we denote by £7|p,,—0 = 0. By using
(B.7), we find

5ij|BOZ:0 =0 = 30(§T|Bm:o =0. (B.12)

However, this is a differential equation of £ Byi=0 and the generic solution is
El B0 = JTX(Z), st. V-JI(@) =0, (B.13)

where J T(Z) is an integration constant. Hence, the gauge-fixed action is consistent with the
original action if and only if we set J7 () = 0.

The apparent freedom in the choice of JT is related to the undetermined part of the
gauge parameter. The gauge-fixed action (B.8) enjoys the (infinite number of) global sym-
metries

Byj(t, @) = Byj(t, @) + 20,0 (), st 9'0] () =0, (B.14)

which is originally a part of the gauge symmetry of the 2-form; thus, the gauge condition
By; = 0 is not a complete gauge-fixing. By substituting 6B;; = 28[2-0%(3?) with a compact
support ' (F) in space, we obtain the identity

0= 69T8gf == /d4$ [E’J&GJT — 80(FyHOZ])8193ﬂ]B

0:=0
— / d'a6] () [-0:E7 — T 5, (B.15)

where ‘ -
I = 0;(Fy H*)| gy, , (B.16)

is interpreted as a conserved charge associated with the global symmetry (B.14). If we only
know the gauge-fixed action (B.14), the symmetry of the theory is the global one and we
may not exclude the existence of the charge. However, the transformation (B.14) should be
regarded as a part of the original gauge transformation, leading to a consistency condition: we
have to restrict solutions to ones having no charge % = 0 at an initial spacelike hypersurface.
Indeed, the condition J7% = 0 coincides with the missing equation of motion £ | Bpi=0 = 0
and the identity (B.15) guarantees that J7? = 0 holds at any time when it is satisfied at
the initial hypersurface. This concludes that the gauge-fixed action (B.8) can reproduce the
consistent equations of motion by choosing the appropriate initial condition.
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