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In this work we revisit the topological mass generation of 2-forms and establish a connection to the
unique derivative coupling arising in the quartic Lagrangian of the systematic construction of massive
2-form interactions, relating in this way BF theories to Galileon-like theories of 2-forms. In terms of a
massless 1-form A and a massless 2-form B, the topological term manifests itself as the interaction B A F,
where F = dA is the field strength of the 1-form. Such an interaction leads to a mechanism of generation of
mass, usually referred to as “topological generation of mass” in which the single degree of freedom
propagated by the 2-form is absorbed by the 1-form, generating a massive mode for the 1-form. Using the
systematical construction in terms of the Levi-Civita tensor, it was shown that, apart from the quadratic and
quartic Lagrangians, Galileon-like derivative self-interactions for the massive 2-form do not exist. A unique
quartic Lagrangian e"”””e"ﬁVgaMBapapBﬂy arises in this construction in a way that it corresponds to a total
derivative on its own but ceases to be so once an overall general function is introduced. We show that it
exactly corresponds to the same interaction of topological mass generation. Based on the decoupling limit
analysis of the interactions, we make supporting arguments for the uniqueness of such a topological mass
term and absence of the Galileon-like interactions. Finally, we discuss some preliminary applications in

cosmology.

DOI: 10.1103/PhysRevD.102.063521

I. INTRODUCTION

The successful construction of Galileon theories [1] has
changed our perspective on standard effective field theories
(EFTs). Even though the resulting Lagrangian contains
higher-derivative terms, the equations of motion remain
second order and hence avoid the Ostrogradsky instability.
For astrophysical applications these higher-order operators
generically need to be large. From a standard EFT point
of view, this would be disastrous as it would rely on
“irrelevant operators” becoming large and thus going
beyond the regime of validity of the theory. For the
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Galileon theories, however, this is different. The operators
are rearranged in a way that higher-order derivative
operators with second-order equations of motion can
become relevant whereas operators with even more deriv-
atives per field giving rise to higher-order equations of
motion are treated as irrelevant. Furthermore, this reor-
ganization of the operators is stable under quantum
corrections [2-5]. This is the nonrenormalization
theorem of the Galileon. For this, it is crucial that the
Galileon symmetry is only realized up to total deriva-
tives [6].

A similar attempt to construct such Galileon-like
Lagrangians for arbitrary p-forms immediately met a no-go
theorem in four dimensions [7]. This includes a massless
1-form. Hence, derivatives acting on the field strength of a
Maxwell field do not permit the construction of Lagrangians
with second-order equations of motion and gauge invari-
ance. However, this obstruction does not apply to the case of
massive spin-1 fields. The removal of gauge invariance
allows the construction of nontrivial Galileon-like derivative
self-interactions of the massive vector field with three
propagating degrees of freedom: the generalized Proca

Published by the American Physical Society
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theories [8—10] (see also Ref. [11]). They represent rich
phenomenology in cosmological and astrophysical appli-
cations [12—19]. Concerning Galileon-like Lagrangians for
a Kalb-Ramond field, a massless 2-form, it is only
possible to construct such derivative self-interactions start-
ing from seven dimensions. Even if the gauge symmetry is
removed, the difficulty persists. It was shown in Ref. [20],
that only interactions belonging to the quadratic and
quartic Lagrangians can successfully be constructed.
Within the quartic Lagrangians, a unique interaction
e””/’”e“/”VgaﬂB{,/,(?DB/;y manifests itself as a total derivative,
which becomes nontrivial with an overall general function of
the 2-form norm. We show that this special interaction
corresponds to the interaction B A F of BF theories [21-23]
which gives rise to “topological mass generation” [24-26].
This “topological mass generation” refers to the fact that the
single degree of freedom propagated by a massless 2-form is
absorbed by a 1-form, generating a massive mode for the
1-form. This mechanism was revisited in Refs. [27,28]
when looking for particular models of coupled p-forms
suitable for cosmological applications such as inflation and
dark energy.

This paper is organized as follows. In Sec. II we revisit
the results from Refs. [27,28] about interacting p-forms
paying special attention to the interaction between the
1- and 2-forms through the topological term B A F. We
show its direct relation to the unique Galileon-like term of
the systematic construction of massive 2-form inter-
actions. This allows us to build a direct duality between
BF theories and Galileon-like theories. In Sec. III we
recall the systematic Galileon-like construction carried
out in Ref. [20] where a new kind of interaction for the
massive 2-form was found. Then, in Sec. IV we discuss
the decoupling limit of the system, that gives supporting
arguments for the uniqueness of such a topological
mass term and absence of the Galileon-like interactions.
Finally, in Sec. V we show some simple cosmological
applications aiming to emphasize the relevance and to
boost the interest for 2-form models applied in cosmo-
logical setups.

II. B A F TERM AND THE TOPOLOGICAL
GENERATION OF MASS

In this section we briefly recall the motivations and results
from Refs. [27,28]. In that reference, the authors discussed
general models of interacting p-form Lagrangians subject to
the following restrictions: 1) U(1) gauge invariance, 2) up to
first order derivatives of the p-forms in the Lagrangian, 3) up
to cubic terms in the derivatives of the p-forms, 4) having a
Hamiltonian bounded from below, and 5) hyperbolicity of
the equations of motion [29]. With the restrictions men-
tioned before, it was found that, in four dimensions, the more
general action involving general interactions between the
p-forms is

M2
S= [y P R=30,009 - Vel ) = 11 OF

1 1 - 1 -
—Ef2(¢)H2—Zgl(¢)FF—§mBF ) (1)

where the 1- and 2-forms are A, and B, respectively, and
their field strengths are

Fﬂy = 28[”14,/], H;wa = 38[;43,,0,]. (2)
Additionally, we used the shorthand notation

F?=F,F",
FF=F,F",

H?=H,,H",
BAF=BF=B,F". (3)

In the previous action, the functions f;(¢) are arbitrary
functions of the fields, only restricted to be positive definite
fi >0, and m is constant in order to preserve the gauge
invariance. The coupling function g, (¢) is not restricted by
any of the conditions mentioned before. The effective
potential V. is induced by the coupling of the 3-form field
and the scalar field [30-35]. The term B A F [21-23] is
responsible for the mechanism of topological generation of
mass described in detail in Refs. [24-26].

A. Relating BF with Galileon-like interactions

Let us focus now on a model involving only 1- and
2-forms without introducing an extra scalar field degree of
freedom, and let us restrict our analysis to flat space. (Some
discussion about curved space and nonminimal coupling
with gravity can be found in Ref. [20]. For a complemen-
tary discussion on this topic see also Refs. [36-38]). As
found in Ref. [27], the only coupling term involving 1- and
2-forms consistent with the five restrictions mentioned
above, particularly with the condition of being gauge
invariant for Aﬂ and B, is the term BWF””. With this,
the model we will consider is written with the Lagrangian

1 1 .
—— [ d*x|-F> 4 —H? 4 ~mBF 4
Sap / XL g HE A gmBElL(4)

where m is a constant in order to preserve gauge invariance.
From this, we derive the equation of motion for the 2-form

O"H,yy —mF,, =0, (5)

which can be formally solved for F** and F* to obtain

1
F,, =—0"Hy,,
m

Hv

I
Frv = — gl fYl,
6m g (6)

Using this formal solution we can rewrite the Lagrangian
(4) only in terms of the 2-form. The structure of the
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interacting term B A F is of particular interest. Using
Eq. (6) we can write the term B A F as follows:

~ 1
BANF=B"F, = ZBM&’(HW,/)

1
= —B"[0°0uByy + 0"0,B,0+ 0,0"By),  (7)

where we exchanged the order of the derivatives in the last
term. Now, integrating by parts the terms with second
derivatives of the 2-form we obtain

1

B AF =——[0°B"™d,B,, + 0*B",B,, + 0,B"5"B,,],
m

(8)

which can be reordered in the form

1
BAF = ——[0"B" 0By, + 0B 0,B,q = 0"B"0,B,]

1
- [0°B*0,B,, + 0,B*0°B,,,]. (9)
We can identify the term inside the first brackets as H?/3,
S0, it is absorbed in the kinetic Maxwell-like term for the
2-form. On the other hand, the term in the second brackets
can be recognized as the novel interaction term
Lh = 0“B*0,B,, + 0,B*0"B,,, (10)
found in the systematic construction carried out in Ref. [20]
[see Eq. (22) in the next section]. To summarize, we can
write the topological term B A F as follows:

1 1
BAF = ——Ef ——H"H
m 3m

- (11)
As warned in Ref. [20], the term EZ is a total derivative as
can be checked after integrating by parts twice.
Nevertheless, £1 is not a total derivative anymore when
it is multiplied by an arbitrary function f,(B?) [see Eq. (22)
below] where B> = B, B". The identification of LT as part
of the topological term B A F provides a link between the
construction of Galileon-like derivative self-interactions
developed in Ref. [20] and briefly recalled in Sec. III,
and BF theories (especially the approach followed in
Refs. [27,28]).

B. Including the duals in the systematic construction

If we allow the possibility of including parity-breaking
terms, we could also consider the inclusion of the duals of
the 2-form and its field strength, that is *B and *H, in the
systematic construction. Here we closely follow the dis-
cussion of the example of “compact QED” presented in
Ref. [25]. Beside the topological term B A F that we

discussed before, the possible nonvanishing contributions
that can be constructed with those objects are

EB:/[GIH/\*H+(123/\*B+CI3B/\B]

= / d*x[a;H,,,H" + a,B,,B" + a;B,,B"], (12)

where B* = #oPB,,/2 and we consider constant coef-
ficients a;, a,, a3. The equations of motion derived from
this action are

vop

6,0, H" — 2a,B" — 2a;—— B

> Ly = 0.

(13)

We can derive the previous expression with respect to 0,
and obtain

evorp
aza,,B'“" + as Ta,,BW, = 0, (14)
which can be arranged in the form
. _ o €ovHp
aza,,B”" - Cl3H6 = O, with H° E—@{DBW] :THbﬂp'
(15)

We further apply the exterior derivative d A = €4,,,0% to
the equation of motion (13) and use Eq. (15) to obtain

2
12a, (0504 H,, — 0,0"Hy) + 4arHy + 43, = 0. (16)
a

The term O*H ,, vanishes due to the Bianchi identity and we
are left with

2
(a;ta”-sz)H/J:O, with m2:—3a—2 <a_§+1), (17)
ap \a,

which we recognize as the equation of motion for a massive
vector field A 5. In this sense, the particle content of the
Lagrangian (12) is the same as the content of a model with a
massive vector field xH. Despite the fact that this vector is
defined as an axial vector, and the topological mass term
B A B seems to be a source of parity breaking, the theory
remains parity conserving. Then, the presence of the term
B A B provides another source of a mass term to the
theory just like the topological B A F term does. This
situation would change if we consider general nonlinear
functions F(U,V,W) where U = H,,,H"°, V = B, B"
and W = BWB””’. In such a case, the equation of motion
and the Bianchi identity lead to
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- - F2\ .
0,07 (Fy )~ 70, (F )] + (FV+F—VVV) i,

F - F
- (8YFV +F—W87FW> B+ (87FW —F—W(?VFV) B,;=0,
Vv 14

(18)

where Fy = OyF, etc. As can be checked, the previous
equation reduces to Eq. (17) when the function F is linear
in its arguments, and then, leads to a parity-conserving
system. For a nonlinear F we have a parity-breaking
situation as evidenced from the presence of the third and
fourth terms in Eq. (18). Nevertheless, as we will not
consider parity-breaking models, in the following we will
neglect nonlinear Lagrangians in the argument W. In the
next section, we will revisit the Galileon-like construction
for massive 2-forms performed in Ref. [20], to which we
had linked the coupled 1- and 2-form discussed in Sec. IT A.

II. SYSTEMATICAL CONSTRUCTION

The fact that one cannot construct derivative Galileon
interactions beyond the trivial cases can be shown in two
complementary and independent ways. The first one is using
the systematical construction in terms of the Levi-Civita
tensor and the second one is the decoupling limit analysis.
This was already studied in detail in Ref. [20]. We
summarize the argument based on the systematical con-
struction in this section and give more detail on the
decoupling limit analysis in the next section. In Ref. [20]
the antisymmetry properties of the Levi-Civita tensor were
used to investigate the possible construction of Galileon-
type interactions for the massive 2-form with three propa-
gating degrees of freedom. It was found, that besides the £,
and £, Lagrangians, it is not possible to construct derivative
self-interactions for the massive 2-form in four dimensions.
The quadratic Lagrangian is simply a combination of
potential-like and gauge-invariant quantities

Ly = f>(Byy Hypo H,). (19)

v Hpvp»

The higher-order Lagrangians are constructed systemati-
cally in terms of powers of the fundamental object J,B,,
together with two Levi-Civita tensors f(B?)ee(OB)"B".
Since OB carries three indices but the Levi-Civita tensor four
indices, the Lagrangian £3 cannot be constructed

Ly =0. (20)

This problem of an even versus an odd number of indices is
avoided in the quartic Lagrangian £,. Ignoring contributions
that belong to £, (like the kinetic term), the only nontrivial
term that we can construct at this order is

Ll = emroebr 9B, .0,By,,
= 3,B",B," + 0,B,,0"B". (1)

Without multiplying this contraction with an overall func-
tion f,(B?), it corresponds to a total derivative and can be
directly related to B A F, as shown in Sec. II A. Hence, at
this order this is the only nontrivial genuinely new term, that
cannot be absorbed into £,

L3P = f4(B?)(0,B" 0B, + 0,B,,0°B"). (22)

This term is quite special. It looks like a modified kinetic
term without gauge invariance but as we saw above it can be
directly related to the topological mass term. We could also
construct contractions higher in n. For instance,

£‘(‘13) — eﬂy/)ﬁeaﬁyﬁaﬂ Bap ayB/}me‘)'s (23)

,CSEB) _ 6,414;560(/3}/58#30/)ayBﬂyBaiBA(;, (24)

multiplied by a general function of the 2-form norm,
respectively. Going to higher-order contributions in (OB)
is not possible beyond this order since the two Levi-Civita
tensors contain eight indices and (9B)* would require nine
indices and (OB)* 12 indices and so on. Therefore we have

L;=0 for iz5. (25)
Hence, the systematical construction stops at £, and we
cannot construct Galileon interactions for the massive
2-form beyond £, and L,. Additional support for this
difficulty of constructing Galileon-type derivative inter-
actions also comes from the decoupling limit analysis,
which we will discuss in the next section.

IV. DECOUPLING LIMIT ANALYSIS

The decoupling limit analysis already reveals important
conditions about the allowed interactions once the gauge
symmetry is restored using the Stueckelberg trick. For this
purpose, we perform the following change of variables:

1
B/w - B/w + Za[ﬂAv], (26)

where the massless spin-1 field A, represents the
Stueckelberg field. The original massive 2-form propagates
three propagating degrees of freedom. After reintroducing
the Stueckelberg field, the massive 2-form decomposes into
a massless 1-form and a massless 2-form, still propagating
1 4 2 degrees of freedom. In the decoupling limit, where
we sent the mass of the 2-form to zero, we obtain two
decoupled massless 1- and 2-forms. In order to illustrate
that, we take the standard Lagrangian of a massive 2-form
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1 m>
L= —EHW,HW/’ — TB;WBW’

(27)
where H is the field strength of the massive 2-form, and
perform the transformation in Eq. (26) to it. The kinetic
term is immune to it but the mass term changes into

2

1 m 1 2
_EHMD/J - T <Bﬂv + aa[ﬂAV]> : (28)

L= Hw

In the limit m — 0, we obtain a massless 1-form and a
massless 2-form, decoupled from each other and each of
them is invariant under gauge symmetries

J

1
W)Hﬂl//) - ZFﬂz/F'm/’
where F is the field strength of the massless 1-form. If there
are genuinely new Galileon interactions for the original
massive 2-form, we would see their presence in the
decoupling limit. We would need to construct Galileon
interactions for the massless 2-form and massless 1-form
sectors in the decoupling limit. Since the 1-form and the
2-form have gauge symmetries, they can manifest them-
selves only through the gauge-invariant field strengths F
and H. For the massless 1-form we would be after
interactions of the form
a, F

Vll'z( Hi™ ViVi4

— Mt gl Vo
L=c¢ € FuuF

'>(8U.,Fll,,,ﬂ,n+1 o )
(30)

Since F has two indices, we can only start constructing
such terms for dimensions D > 5. However, they do not
correspond to any genuinely new interaction, since they
contribute in the form of a total derivative. Hence, the
interactions in Eq. (30) can be rewritten as

1
‘c = Eal’j {6”1”2 e FﬂlﬂZFDIVZF”17¢”rn+I (aMkFUJVl+1 o )
x (0, F

Vil pabtngr T )}

(31)

Therefore, this constitutes a no-go theorem for a massless
1-form to have Galileon-type derivative self-interactions in
any dimensions [39]. Hence, there is no way to construct
Galileon interactions for the massless 1-form in our
decoupling limit. A similar no-go theorem also exists for
the massless 2-form, in four dimensions. Similarly, this
time we are after the following type of interactions for the
massless 2-form:

— M1tz (V1 VoV3
L=e € HﬂlﬂzﬂsH

x (0, H ).

7T Bm—1HmMm+1

vihvs (aﬂk Vi-iViVi41 )

(32)

Since H has three indices, such a construction of
interactions is only possible for D > 7 [7]. For instance,

in seven dimensions we can construct L£P=7) =
etPo el H 5 0yHsec0,H,y,. This time they do
correspond to genuinely new interactions and are not total
derivatives, in difference to the case for the massless
1-form. However, for our case in D = 4 dimensions this
means that we cannot construct Galileon-type interactions
for the massless 2-form either. Hence, in four dimensions
we can have neither Galileon interactions f(F?)ee(OF )" F"
for the massless 1-form nor f(H?)ee(OH)"H" for the
massless 2-form.

Another way that we could construct interactions are via
mixings between the massless 2-form and the massless
spin-1 field. Thus, one could construct terms of the form
H™F". Since H carries three indices but F carries two
indices, the first contribution starts at m = 2 and n = 2.
This type of construction will nevertheless not generate
Galileon interactions but only contribute to the quadratic
Lagrangian £, = f5(B,,, H,,,. H,) in the original formu-
lation in terms of the massive 2-form. The attempt to
construct derivative mixings like eeH™(OF)" or
ecF™(OH)" faces the same difficulty in four dimensions
as the Galileon construction for the pure sectors, since one
can construct them only starting from D > 6 dimensions.
Thus, it is not possible to construct Galileon-type derivative
self-interactions in the decoupling limit while keeping
the gauge invariance for the 2- and 1-forms in four
dimensions.

V. FIRST COSMOLOGICAL APPLICATION

In this section we highlight some features of the
2-form model and discuss the background evolution in
some particular simple models interesting for cosmology.
Previous interesting studies of p-forms with and without
nonminimal couplings to gravity in the context of
inflation and dark energy scenarios can be found in
Refs. [28,35,37,38,40-51].

A. Gauge invariant

The simplest example that we can consider is a theory
based on a nonlinear kinetic term. Since the kinetic
term only depends on the gauge-invariant field strength
H ,p,, the gauge symmetry will be intact. Such nonlinear
kinetic terms are very interesting since they are the simplest
extension that one can consider and they also provide
a K-mouflage screening mechanism together with
a promising quantum behavior. We consider in this sub-

section a Lagrangian of a 2-form minimally coupled to

2
gravity: Ezz,/—g[@R—i—fz(X)], where X = — 5 H?. We

use the Friedmann-Lemaitre-Robertson-Walker (FLRW)
ansatz

ds? = —=N(1)?ds* + a(r)?dx?, (33)
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for the metric and for the 2-form the background field
configuration BY = 1 Ce'/*x;, where the remaining com-
ponents all vanish. The associated energy density and
pressure are given by

pp=—fr and pp=f,—-2Xf,x. (34)

The Finstein field equations are then simply given by

3H? =pp and 2H +3H = —pj. (35)
The slow-roll parameter € =3 (w + 1) = — £ indicates a
regime with a quasi—de Sitter solution when log /5 1o, x << 1.
The covariant expression for the stress-energy tensor
Top = [29ap + %HW,GH 3" f2.x helps us to quickly obtain
the propagation speed of scalar perturbations after introduc-

ing them into the metric and the 2-form. It is simply
given by

=1+ ax 2xx (36)
2.X

Similarly to the scalar counterpart of k-essence theories,
the quasi—de Sitter regime would suffer from gradient
instabilities.

B. Nonminimal coupling

In Ref. [20] nonminimal couplings for the massive
2-form were investigated and it was shown that a unique
coupling via the double dual Riemann tensor arises

Enon—min — \/__ngwaﬂBﬂyBaﬂ, (37)

where L””"‘ﬁ represents the double dual Riemann tensor
Ll = L emrogdfoR 5. Additional support for this
unique nonm1n1mal coupling of the 2-form comes from
the decoupling limit. After introducing the Stueckelberg
field in Eq. (26) we have a massless 2-form and a massless
spin-1 field, and the potential nonminimal couplings have
to be valid couplings for these separate sectors. Since the
massless spin-1 field has a unique nonminimal coupling to
gravity via L%7°FsF s, this translates back to having
Eq. (37) as the unique possible nonminimal coupling for
the original massive 2-form. Let us consider the following
action:

2
s— [daxy=g(Dr- Ly, o _vip,p
- X g B 12 pHp [ Hv ]

+ yLMDaﬂB/wBaﬂ) ’ (38)

where V[B,,B"] is a general potential function for the
2-form field. It is important to emphasize that the previous
Lagrangian includes the topological B A F term (or,
equivalently the term L), through the mechanism of
topological generation of mass [24-26] (see also
Refs. [27,28] for the discussion in a curved background)
reviewed in Sec. II. On top of a FLRW background the
massive 2-form shall admit the following background field
configuration:

0 0 0 0
B _ 0 0 a’b  —adb (39)
- 0 -a®b 0 d*b |
0 a*b -a*b 0

where the splitting of variables a’b = a(t)?b(t) is solely
chosen for convenience.

The action in Eq. (38) can then be brought up to
total derivatives into the following symmetry-reduced
form:

S= /d4x3a <a

- a®NV[6b?], (40)

+2lad'bb’ + (2I'b* —

where primes denote derivatives with respect to the time
coordinate ¢ and we redefine the coupling constant y
through I' =1 + 4y.

Using the invariance of the reduced action under
reparametrization of ¢, one can absorb the lapse function
and rewrite the action and the equations of motion by
defining the proper time 7 as dr = Ndt. Introducing the
notation ¢ = da/dr and b = db/dr the resulting back-
ground equations of motion are given by

E,=b-+3Hb+2b{2V'[6b*]+T(H+H?)} =0,
Ey=H?(12I'D* —6M2) + 2V [6b%] + 3b* + 12T Hbb =0,
E,=H(8Tb? —4M2) + H>(12T'h* — 6M?))

+2V[6b2) +4Tbb + (4T =3)b*+ 16T Hbbh =0.  (41)
These can be brought into an autonomous form
and b= f,, (42)

H=f

where we have defined
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FIG. 1. These plots show the dynamical phase portrait of the autonomous system of equations (42) with an interacting potential term

V[x] = —gx? for the case g, = 1, ' =2 (y = J) and M = 1 in the phase plane {b, H}. The colored dots represent the five critical
points (45). (a) The phase portrait of the + sign choice in Eq. (43). The positive critical point {b.., H.} = {% ,2} is a global attractor,
such that the theory admits a stable critical de Sitter point. This means that the model as such is a successful dark energy theory
candidate. Moreover, trajectories evolving from the repeller {b., H.} = {—% ,—2}, thus starting with H < 0 which could model a
contracting phase of the universe will all cross H = 0 and end up in an expanding phase at the stable de Sitter attractor. This shows that

the theory in principle as well represents a possible model of early universe scenarios without any initial singularity. (b) The phase
portrait of the — sign choice in Eq. (43) essentially shares the same characteristics in a mirrored manner.

_ ATHbf, + (40 = 3)f3 —4Tb*(4V' + (2T = 3)H?) + 2V — 6H*> M,
1 — )

4((2r = 2)rb* + M3)

2
fa=—2THb + \/ 2H?((20 = 2)T6> + M%) =S V.

The critical points correspond to H = 0 and b = 0. For the
stability analysis of the fixed points, we can consider small
perturbations 6H and 6b. Defining the perturbation vector
v ={6H,5b} we can write the perturbation equations as
v = Muw, where the matrix M is given by

- , 44
M= (#4)
OH  0b

evaluated at the critical point. In order for the critical point
to be an attractor, all of the eigenvalues 4; of the matrix M
have to be negative, since the perturbations in the envi-
ronment of the critical point evolve as e”it.

One can find nontrivial critical points of the autonomous
system (42) by considering for example an interacting
potential of the form V[x] = —g,x%.' In this case, the
system admits the five distinct critical points

'Such that V[6b2] = —36g,b* and V'[6b?] = —12g,b>.

43
[
M o
\/; pl 4 ngpl
b..,H.} ={0,0},< + .+ .
{besHe} = (0.0}, 050 5
2
My 4 oM
:F\/; p,:l: 9pMp) . (45)
VT r

which are well defined as long as I' > 0. Choosing for
concreteness a unit coupling g, = 1 together with I' = 2
y = i) and using units in which M; = 1 one can analyze a
concrete phase portrait of the dynamical system in the
{b, H} phase plane, depicted in Fig. 1(a) for the + sign
choice in Eq. (43) and Fig. 1(b) in the case of a — sign with
the five critical points represented as colored dots.
Focusing on the + case, that is Fig. 1(a), one immedi-
ately observes that the positive critical point {b.,H.} =

{% ,2} plays the role of a global attractor. This means that
the theory admits a stable de Sitter solution which is
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15 10  -05 00 05 10 15

FIG. 2. This plot shows numerically integrated branches of
solutions to the autonomous equations (42) for the + sign choice
and choosing g, =1, I'=2 (y = }T) and M, = 1. The initial
values of all three branches were chosen in the vicinity of the
repeller {b.,H .} = {- % ., —2} (A). All branches then evolve in
distinct trajectories in the phase plane towards the stable de Sitter
attractor at {b., H.} = {\%,2} (D). This represents a numerical

check of the phase portrait consideration.

essential for a possible application of the model to late-time
cosmology. The negative critical point, on the other hand, is
a repeller, while the mixed ones together with the trivial
fixed point are saddle points. In that sense, the phase
portrait also indicates promising applications of the theory

3
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FIG. 3.

to singularity-free alternative early universe scenarios, in
which trajectories starting at the global repeller {b., H .} =

{- %, —2} initially possess a negative value of the Hubble

parameter and thus describe a contracting phase of the
universe. Without any exception, the trajectories will then
at some point cross the value H = 0 and inevitably end up
in an expanding phase at the stable de Sitter critical point.

The above statements can be readily verified by solving
the equations (42) numerically. A parametric plot of three
different solution branches which all start close to the
global repeller (A) is shown in Fig. 2. Every branch after
very distinct trajectories winds up as expected at the global
attractor (D). A comparison with Fig. 1(a) confirms the
phase portrait results.

The — sign case, that is Fig. 1(b) shows qualitatively very
similar results. The only difference is that the mixed critical
points {b,, H.} = {i\/i§ F2} now play the role of the
global attractor and repeller respectively.

Choosing more involved potentials V[65?] leads to even
richer structures of solution space. For example, one can
add a mass term V[x] =1m’x—g,x*, such that
V[6b*] = 3m*b* — 36g,b*. This leads to four additional
critical points which modify the phase portrait of the theory
in a nontrivial manner. As an illustrative example we will
again choose specific coefficients m =2, g, =1, ' =2
(y = i) and My, = 1. The corresponding phase portrait for

s //"\\\ ANG /
0 4,7/;/,'/ /V/'//V'//YV/'//Zﬁb\~ \?\\\' f
e T\
P N T
T R !
LT N
0.2 // T N\ \
\,__,77‘1 \
= oo0f °
\ — . 4
\ . /
-0.2f ), (S - Py
A\ N~ — T T T —, s
A\ -
) o k‘i\‘_;//";/” =
_0.4} | ! N\ V//'//,"/,
M SN N~
[ /NN T 2,
-0.4 -0.2 0.0 0.2 0.4

(b)

These plots show the dynamical phase portrait of the autonomous system of equations (42) for the + sign choice in Eq. (43)

and an interacting potential with an additional mass term V[x] = imzx — g,x%, with choices m =2, g, = 1, =2 (y = %) and M, =1
in the phase plane {b, H}. The colored dots represent the nine critical points. This shows that additional terms in the choice of the
potential have direct implications on the numbers of critical points and the shape of the solution space. (a) The overall picture far away
from the central trivial critical point essentially remains the same and still admits stable as well as unstable critical de Sitter points. (b) An
enlarged section of the phase portrait around the trivial critical point shows the direct effect of the additional mass term.
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a + sign choice in the equation for the field b is depicted
in Fig. 3.

Far from the trivial critical point {b., H.} = {0,0}, the
picture remains qualitatively the same, with an attractor and
arepeller as stable and unstable de Sitter solutions as shown
in Fig. 3(a). Near the null critical point, however, the
picture changes significantly as seen in the enlarged phase
portrait section in Fig. 3(b). In particular, there are two
spherical regions for which no real solution can be found.

Again a — sign choice in Eq. (43) would lead to a
mirrored picture of the above.

Of course these considerations should be viewed as
preliminary checks for possible cosmological applications
of the theory. We leave a more rigorous analysis including
the matter sector for future work.

1. The conformal coupling case y=-1/4

We end this section by mentioning the special case of the
coupling I' = 0(y = —1/4). From the system (41) we see
that this particular value leads to several simplifications.
The simplified system reads

&, =b+3Hb+4bV'[6b*] =0,
Ey = —6M2H? + 2V[6b%] + 3b° =0,
£, = —AM%H — 6M2 H? + 2V[6b%] — 36° = 0. (46)

It is worth noticing that for this value of I, the equation for
the 2-form is identical to the equation for a minimally
coupled scalar field with a potential V and identical to the
vector inflation model with nonminimal coupling of the
form RA,A*/6 studied in Ref. [52]. A closely related case
of a 2-form nonminimally coupled to gravity was also
studied in Ref. [40].

In order to see that such a model can be relevant for the
discussion of inflationary dynamics, we can compute the
slow-roll parameter ¢ for this system. Combining the
second and third equations we obtain

H 9% 3K
H? " 2v 4302 OMAHR + Y

(47)

which tells us that for suitable potentials with V > b it is
possible to sustain slow-roll inflation. However, as exten-
sively discussed in the literature [53,54] this particular
choice of coupling suffers from ghost instabilities in the
longitudinal mode. A way out of instability problems
relies on the inclusion of general kinetic couplings of
the form f(B?)H,,,H"” and a general potential V(B?) as
explored here.

VI. CONCLUSION

The construction of effective field theories is straightfor-
ward after determining the involved symmetries and the field
content. In standard field theories, the usage of representa-
tions of the Lorentz group enables us to categorize the
number of physical propagating degrees of freedom. A
crucial difference arises between representations of massless
and massive particles. A mass term generically breaks
existing gauge symmetries of the massless limit and intro-
duces additional propagating modes. A massless 1-form
possesses, for instance, two physical degrees of freedom,
whereas its massive generalization introduces one additional
degree of freedom due to broken U(1) symmetry. There are
different ways that these modes could be represented in
alternative formulations.

2-forms naturally arise in the low-energy effective field
theories of string theory. In this work, we investigated the
topological mass generation of 2-forms and connected such
a topological term to the recently proposed unique deriva-
tive coupling arising in the quartic Lagrangian of the
systematic construction of massive 2-form interactions.
The massive 2-form finds a dual description in terms of a
massless 1-form and a massless 2-form via a topological
mass term B A F. In this dual description the single degree
of freedom propagated by the 2-form is absorbed by the
1-form, generating a massive mode for the 1-form. There is
a nontrivial correspondence between such a topological
mass generation term and the massive 2-form interaction
€””P”€“ﬂ768ﬂ3ap8,,3ﬂy arising from the systematical con-
struction in terms of the Levi-Civita tensor. This interaction
is unique in the sense, that it represents a total derivative
on its own but becomes a nontrivial interaction once an
overall general function is introduced. Based on the
decoupling limit analysis, we showed the uniqueness of
such a topological mass term and absence of the Galileon-
like interactions, in support of the arguments represented in
Ref. [20]. We also presented some preliminary applications
in cosmology.
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