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Abstract We revisit the definition and some of the char-
acteristics of quadratic theories of gravity with torsion. We
start from a Lagrangian density quadratic in the curvature
and torsion tensors. By assuming that General Relativity
should be recovered when the torsion vanishes and investi-
gating the behaviour of the vector and pseudo-vector torsion
fields in the weak-gravity regime, we present a set of neces-
sary conditions for the stability of these theories. Moreover,
we explicitly obtain the gravitational field equations using
the Palatini variational principle with the metricity condition
implemented via a Lagrange multiplier.

1 Introduction

General relativity (GR) radically changed our understanding
of the universe. The predictions of this elegant theory have
been confirmed up to the date [1,2]. In order to fit extragalac-
tic and cosmological observational data, however, the pres-
ence of a non-vanishing cosmological constant and six times
more dark matter than ordinary matter have to be assumed
in this framework [3]. In addition, the observed value of this
cosmological constant differs greatly from the value expected
for the vacuum energy. On the other hand, while the strong
and electroweak forces are renormalisable gauge theories,
that is not the case for GR, and the compatibility of GR with
the quantum realm is still a matter of debate. Given this situa-
tion, there has been a renewed interest in alternative theories
of gravity, which modify the predictions of GR.

A particular approach to formulating alternative theories
of gravity involves an extension of the geometrical treatment
that covers the microscopic properties of matter [4]. It should
be noted that the mass is not enough to characterize particles
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at the quantum level given that they have another indepen-
dentlabel, thatis, the spin. Whereas at macroscopic scales the
energy-momentum tensor is enough to describe the source of
gravity, a description of the spacetime distribution of the spin
density is needed at microscopic scales. Moreover, there are
macroscopic configurations that may also need a description
of the spin distribution, as super-massive objects (e.g. black
holes or neutron stars with nuclear polarisation). In this spirit,
a new geometrical concept should be related to the spin dis-
tribution in the same way that spacetime curvature is related
to the energy-momentum distribution. Torsion is a natural
candidate for this purpose [4,5] and an important advantage
of a theory of gravity with torsion is that it can be formulated
as a gauge theory [6-8].

Since 1924 many authors have considered theories of
gravity in a Riemann—Cartan Uy spacetime. In this manifold
the non-vanishing torsion can be coupled to the intrinsic spin
density of matter and, in this way, the spin part of the Poincaré
group can change the geometry of the manifold as the energy-
momentum tensor does it. The first attempt to introduce tor-
sion in a theory of gravity was the Einstein—Cartan theory,
which is a reformulation of GR in a Us spacetime. In this
theory the scalar curvature of the Einstein—Hilbert action
is constructed from a Uy connection instead of using the
Christoffel symbols. However, the resulting theory was not
completely satisfactory because the field equations relate the
torsion and its source in an algebraic way and, therefore, tor-
sion is not dynamical. Hence the torsion field vanishes in vac-
uum and the Einstein—Cartan theory collapses to GR except
for unobservable corrections to the energy-momentum ten-
sor [4]. In order to obtain a theory with propagating torsion,
we need to consider an action that is at least quadratic in the
curvature tensors [4,6—11]. Moreover, an important advan-
tage of adding quadratic terms R to the Einstein—Hilbert
action is the possibility of making the theory renormalisable
[9]. In addition, it can be shown [4,6] that, considering a
gauge description, the torsion and curvature tensors corre-
spond to the field-strength tensors of the gauge potentials of
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the Poincaré group (e/f, wlfh), which are the vierbein and
the local Lorentz connection, respectively. Thus, a pure R>
gauge theory of gravity has some resemblance to electroweak
and strong theories.

From an experimental point of view there have been many
attempts to detect torsion or to set an upper bound to its
gravitational effects. One of the most debated attempts was
the use of the Gravity Probe B experiment to measure tor-
sion effects [12]. Nevertheless, this experiment was criticized
because torsion will never couple to the gyroscopes installed
in the satellite [13]. Therefore, this probe cannot measure
the gravitational effects due to torsion. On the other hand,
other unsuccessful experiments aimed to constrain torsion
with accurate measurements on the perihelion advance and
the orbital geodetic effect of a satellite [14]. The experimen-
tal difficulty is the need of dealing with elementary particles
with spin to obtain a maximal coupling with torsion.

In this paper we present a self-contained introduction to
quadratic theories of gravity with torsion in the geometri-
cal approach (gauge treatment is not considered). We partly
recover well-known results about the stability of these theo-
ries using simple methods. Therefore, we simplify the exis-
tent mathematical treatment and reinforce the critical dis-
cussion as regards some controversial results published in
the literature.

The paper is organized as follows: In Sect. 2 we present a
general introduction to the basic concepts on general affine
geometries and introduce the conventions used throughout
the paper. In Sect. 3 we present our main results. In the first
place, we consider a Lagrangian density quadratic in the cur-
vature and torsion tensors. In Sect. 3.1 we discuss the dif-
ferent methods presented in the literature to obtain the field
equations and explicitly derive them in the Palatini formal-
ism. In Sect. 3.2 we obtain conditions on the parameters of the
Lagrangian necessary to avoid large deviations from GR and
instabilities. Then, in Sect. 3.3, we analyse the Lagrangian
density with the aim of setting necessary conditions for avoid-
ing ghost and tachyon instabilities. The conclusions are sum-
marized in Sect. 4. We relegate some calculations and fur-
ther comments to the appendices: in Appendix A we include
the Gauss—Bonnet term in Riemann—Cartan geometries; in
Appendix B we include detailed expressions necessary to
obtain the equations of the dynamics using the Palatini for-
malism; in Appendix C we discuss the source terms of these
equations; and, in Appendix D, we include relevant expres-
sions for the study of the vector and pseudo-vector torsion
fields around Minkowski.

2 Basic concepts and conventions

The geometric structure of a manifold can be catalogued by
the properties of the affine connection. A general affine con-

@ Springer

nection I” provides three main characteristics: curvature, tor-
sion, and non-metricity. Combinations of these quantities in
the affine connection generate the geometric structure [5]. In
GR it is assumed that the spacetime geometry is described by
a Riemannian manifold, thus the affine connection reduces
to the so-called Levi-Civita connection and the gravitational
effects are only produced by the consequent curvature in
terms of the metric tensor alone. Nevertheless, in a gen-
eral geometrical theory of gravity the gravitational effects
are generated by the whole connection, which involves a
post-Riemannian approach described by curvature, torsion
and non-metricity. In this scheme, there are many ways to
deal with torsion and non-metricity due to different conven-
tions. For that reason, it is important to set the conventions
and definitions used throughout this work. Thus, the notation
assumed for the symmetric and the antisymmetric part of a
tensor A is

1
Arn) = 5 Y Anguyems M
" weP(s)
1
Al = 5 D sen(T) Ay us)s @
" meP(s)

respectively, where P(s) is the set of all the permutations
of 1,...,s and sgn(w) is positive for even permutations
whereas it is negative for odd permutations.

In the first place, the Cartan torsion is defined as the anti-
symmetric part of the affine connection as [4,15-17]

T-llfa = f-ﬁ)o]' S

Note that a dot appears below the index w to indicate the
position that it takes when it is lowered with the metric. As
the difference of two connections transforms as a tensor, the
Cartan torsion is a tensor. Thus, from now on we call it just
the torsion and emphasise that it cannot be eliminated with a
suitable change of coordinates.

In the second place, non-metricity can also be described
by a third rank tensor. This is

Qpuv = 6/oguw “)

where V is the covariant derivative defined from the affine
connection I". The non-metricity tensor is usually split into
a trace vector w, = % (0] pv‘f, called the Weyl vector [18], and
a traceless part apw’

Qp/,w = Wp8uv +§p//,v~ (5)

It should be noted that there are manifolds with non-metricity
where the cancellation of the w, or the traceless part of Q
are demanded.
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Since the general connection I is asymmetric in the last
two indices, a convention is needed for the covariant deriva-
tive of atensor. Let A", ., be the components of a tensor
type (r, s), then
= 8 AP«] sy

Vs co s VeV

+ Zpﬂz Amf»_m oy

v Al‘vl - /.Lr

YA (©)

It is important to emphasise the syntax of the lower indices
in the affine connections, that is, the index p of the derivative
is written in the last position in the affine connection.

Using the definitions presented in this section, the general
connection I” is written as [4,15,19]

rt =rh +wk_ (7
with 'Y, the Levi-Civita connection,

1
Iy = 58" AT dagpy, ®)

ovp

which is expressed in a compact form by the permutation
tensor [20]

A“ﬁV_saaﬁNH“af‘aV

ovp

8808, )

and the additional tensor W/,
expression:

defined by the following

1
W-l\fcr = K-Mvcr + E ( -lf)a - Qau-v - QUI:LO’) s (10)
where K% is called the contortion tensor,

K‘l:;ar = T,;)La - Tv-lfr - Talﬁj . (11)
Note that @, is symmetric in the last two indices, while
T.ffa is antisymmetric in these indices. However, the contor-
tion, KX, is antisymmetric in the first pair of indices. This
property ensures the existence of a metric-compatible con-
nection when the non-metricity tensor vanishes.

Furthermore, it is useful to write the torsion through its
three irreducible components. These are [19]

(i) the trace vector Ty, = Ty;
(i) the pseudo-trace axial vector S = €*foVT, wBos
(iii) the tensor qs‘g » » Which satisfies ¢ e = 0 and
e"‘ﬂ""qmg(7 =0.

Thus, the torsion field can be rewritten as

-%u = %(Tgﬁo‘ﬂ - T 8"%) + ég“egﬂwS” + qf)/‘gu . (12)

The introduction of these new geometrical degrees of free-
dom leads to the generalisation of the usual definition of the
curvature tensor in the Riemann spacetime, [V,, V,]V# =
Rff,pg V", by the following commutative relations associated
with a connection I

(V). VoV = RE V" 4278,V VH, (13)

Voo

where the curvature tensor reads

RY  =0,T, — 3Tl + ry, Ly, =Ty, (14)

vpo

Using Eq. (7), the curvature tensor can be rewritten as

2 A
RY o =RY,, + YV, Why = Ve W + Wh Wi,

—~Wh W

vp? 15)

with R.‘f,pg the curvature tensor of the Riemann spacetime,
commonly called the Riemann tensor, and V the covariant
derivative constructed from the Levi-Civita connection.

On the other hand, the generalisation of the two Bianchi
identities can be computed from Eq. (14). Taking into account
Eq. (3), the new Bianchi identities are

R‘fm =2V, Th 4T[Vp . (16)
Viul R up) = —2T~[w|R-ﬂ|p1A~ (17

Moreover, it is well known that not all the components of
the curvature tensor (14) are independent. By definition, this
tensor is antisymmetric in the last pair of indices RY vpo =

R" wlpolr A simple calculation using Eq. (15) shows that

Ié(uv)po = V[,o QIT]/LU + T)K;g Qk;w- (18)

Thus, when the connection is set to be metric-compatible,
the curvature tensor is also antisymmetric in the first pair
of indices. The symmetry of the curvature tensor under the
exchange of pair of indices depends on the torsion and non-
metricity tensors. In general, for non-trivial values for those
tensors, this symmetry does not hold. However, there are
particular conditions under which the exchange symmetry is
recovered for non-trivial values.

From now on we consider a metric-compatible connec-
tion, focusing our attention only on curvature and torsion.
We denote by a hat the objects constructed from a metric-
compatible connection with torsion:

. (19)

r

@ Springer
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All the conventions and identities that we have already pre-
sented are, of course, still valid. The Ricci tensor and the
scalar curvature are obtained with the usual contractions,
R,y = Rf:wv and R = g""R,,. However, the absence of
symmetry in the exchange of pair of indices in Eq. (14) allows
the Ricci tensor R, to be non-symmetric. Indeed, the anti-
symmetric part of this tensor is

Rp = Vp(T,fw + S@Tv —8°T,) — ZTPTva . (20)
In view of this identity, a modified torsion tensor can be
defined

T, =T, +8,T, —8,T,, 1)
and a modified covariant derivative can be introduced,
V,=V,—2T,. (22)

Hence the antisymmetric part of the Ricci tensor is rewritten
as

Ry = 6,OTzw' (23)
It should be stressed the importance of this modified deriva-

tive for vectors, since 9, (v/—gA*) = /—¢ VMA“, for any
vector A*.

3 Quadratic theory of gravity

As we have already argued in the introduction, we are going
to consider an action that is quadratic in the curvature tensor,
in order to obtain a theory with propagating torsion [4,6—11].
Excluding parity violating pieces, a total of six independent
scalars can be formed from the curvature tensor (14) and
its contractions. In addition, three other scalars can be con-
structed from the torsion tensor (3). On the other hand, the
Gauss—Bonnet action is known to lead to a total divergence
in a 4-dimensional Riemannian manifold and, therefore, it
does not produce any contribution through the variational
process of the action. Itis worth noting that the Gauss—Bonnet
Lagrangian does not contribute to the field equations evenin a
Riemann—Cartan geometry [6,21].! Therefore, the terms ﬁz
ﬁw ﬁ"", and ﬁﬂvpa RPOIY in the Lagrangian density are not
independent. Throughout this work, we are going to consider
the quadratic Lagrangian density from Poincaré gauge theory
of gravity, as written in Refs. [6,7,10,11]. This is

! We include the definition of the Gauss—Bonnet action in the presence
of the torsion and check this property in Appendix A, since incompatible
definitions are used throughout the literature.

@ Springer

Ly =—AR+ 1—12(4a + b+ 30) T, TH
+ é(—Za + b — 30T, T"H
+ %(—a +2c = 30T}, T
+ é(ZP + Cl)k\uvpa RMvPO
+ é(2p + ¢ — 6r)R,0p0 RPTHY

2 ~ ~
+ g(p - Q)R;wpo RMPV

+(+DRGR" + (s —DRWR, (24)

withA,a,b,c, p,q,r,s andt the free parameters of the theory.
The particular combinations of the parameters that appear in
the Lagrangian density have been chosen for convenience
without loss of generality. Note that the scalar curvature is
also included, which is the only term present in the Einstein—
Cartan theory. The procedure to obtain the field equations
of this Lagrangian density is summarized in Sect. 3.1. In
addition, parity violating pieces can also be assumed in a
natural way in the Lagrangian density leading to interesting
results; see Refs. [8,22].

In this work we are interested in the stability of theories
of gravity with dynamical torsion that avoid large deviations
from the predictions of GR where this theory is satisfactory.
In this spirit, we focus on quadratic theories, because that
is the minimal modification leading to dynamical torsion,
and we will not assume that all the components obtained
by the irreducible decomposition of the torsion necessarily
propagate. In order to study the stability of the theory, we will
focus on two regimes where the metric and torsion degrees
of freedom completely decoupled from each other through
the consideration of the following conditions:

(a) GR must be recovered when the torsion vanishes.
(b) The theory must be stable in the weak-gravity regime.

Note that condition (a) implies both that the general relativis-
tic predictions will be recovered when the torsion is small and
that the theory is stable at least when the torsion vanishes.
This condition will be imposed in Sect. 3.2 by means of the
geometrical structure of the manifold, whereas the second
condition will be investigated in Sect. 3.3 considering the
propagation of the torsion modes in a Minkowki space. Both
conditions have been studied separately in the literature using
different approaches; see Refs. [6-8].

3.1 Field equations

The field equations of the Lagrangian density (24) have to
be obtained, as usual, from a variational principle where the
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action is extremised with respect to the dynamical variables.
However, different sets of dynamical variables can be chosen
and different field equations will be obtained accordingly. On
one hand, the metric and the affine connection can be taken
as completely independent variables. Then the field equa-
tions are obtained from varying the action with respect g"”
and f fw' This is called the Palatini formalism.? On the other
hand, the connection can be taken to be metric-compatible
from the beginning. Hence, the field equations are obtained
varying with respect to g and T, or to g and K. This pro-
cedure is sometimes called the metric or Hilbert variational
method. The Palatini and Hilbert methods are known to differ
only on the constraint on the symmetric part of the connec-
tion f(s)fiw = F_ZV — T, — T,%; that is, they differ on
a Lagrange multiplier for the metricity condition, see Refs.
[23,24]. Therefore, the two methods coincide without impos-
ing the Lagrange multiplier when after solving the field equa-
tions the related quantity turns out to be zero. In addition, a
third method consists in treating the theory as a gauge theory.
This may be seen as being more natural, since the variables
are the gauge potentials (e, w Mab ). The field equations in
this formalism can been found in Refs. [8,10].

Let us use the Palatini formalism with the metricity con-
dition implemented as a constraint via a Lagrange multiplier
A to obtain the field equations. The total Lagrangian density
of the theory can by written as

L=Ly+Ly+A,LVpe", (25)

with £, from Eq. (24), £ the Lagrangian density for matter
fields minimally coupled to gravity, and A, M’? a Lagrange
multiplier. The use of the Lagrange multipliers in theories of
gravity has been studied in Refs. [20,25,26]. For the sake of
simplicity, we rewrite the Lagrangian density £, as

+f npBy TA a

_ J//%
Lg=—L3, By

+f npoBys RA Ra

npo By s (26)

with the permutation tensors f A"gﬁ ¥ and f, fggﬁ ¥ defined
in Appendix B. This decomposition factorizes £, in parts
depending purely on the metric and parts depending on the
connection—those are the permutation tensors, and the cur-
vature tensors and the torsion tensors, respectively; thus, the
application of the Euler—Lagrange equations is straightfor-
ward. The field equations for the Lagrangian density (25)
are

2 ¢ should be stressed that, for the Palatini method, the general con-
nection I” should be considered. Then the conditions of metricity and
of being torsion-free must be implemented via Lagrange multipliers.

. 1 . _
Ew — (Ve = 2T A5 — EAWK, 8PVigop = T, (27)
PV L 2AM = 5, (28)
V8" = 0. (29)

Note that the metricity condition is obtained as a field equa-
tion from the variation of the action with respect to the
Lagrange multiplier. The definitions used in the above equa-
tions are

8 1 8=l

5MVE\/T_gag7’ (30)
~ oL 1 oL

pove e 1 g (e ) 5
© T, Vs ( ga<akﬁ,av)) b

The tensor g/w could be considered as the generalisation of
the Einstein tensor for the Lagrangian density L, as it con-
tains the dynamical information of the metric. Analogously,
the tensor P;"" is the generalisation of the Palatini tensor.
The source tensors are the energy-momentum tensor

1 9y=8Lu(g. I, W)

T;u) = - ,—_g 8g”w ’ (32)
and the hypermomentum tensor
- ALm(g, [, W
g = Qw0 W) (33)
ary,

as defined in Refs. [20,27].
Now, taking into account the expression of L, in Eq. (26),
the generalized Einstein and Palatini tensors are

f Ar;pﬁy 1
& A o B X
Euwv = —AG ) + 3Tglw va 1ery T T%y
af npoBys
Brs | pr
+ gy __ng o | R Ry
(34)

where G(w) is the symmetric part of the Einstein tensor, and
- * ~ 1 -
’p;ﬂv — o |:Tv;é- + de (V)»gﬂ)‘ + Egaﬂvﬂgaﬂ>
- 1 -
— Vog"" — Eg“”g“ﬂvogaﬁ}

~O{
+2f ﬂPﬁVTA T ﬂy +2f paﬂVSR;\ IR Z By
Aot
Pore

npo
v 31’r
- 2 9 \/_f npaﬁytSRx aRO/lSVS
K 9
/—g ‘npo 3 (3;( FLV)

(35)

@ Springer
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respectively. The full expressions of these tensors in terms
of the free parameters of the Lagrangian density are shown
in Appendix B.

As the metricity condition has arisen as a field equation,
from now on we can consider a metric-compatible connection
. Then the field equations (27) and (28) reduce to

Ew = Ve AL =Ty (36)
P 4 2A = S 37)

To obtain the final expression for the field equations, the
Lagrange multiplier A must be solved from Egs. (36) and
(37). To this end, note that a generic third rank tensor A can
always be written as

Aapy = Aot (Apep) — Auvip) (38)

where Ag;’; is defined in Eq. (9). As Awf is symmetric in
the first two indices, we can solve from Eq. (36)

1 R A
A/j,vp = EA?)[/E% (201(/3}’) - 7)‘1(57/)) : (39)

Thus, the field equations become

1 e~ . R
Eu — EAgﬁZV (Ea(ﬂy) - Pa(ﬁ}/)) =T » (40)
A58 (Ztapty — Praply) = 0. (41)

These are the general expressions of the field equations of
any theory of gravity with metricity and torsion. This set of
equations is obviously equivalent to the equations obtained
from a Hilbert variational principle over the variables (g, K)
or (g, T), as can easily be checked. Now, taking into account
the calculations showed in Appendix B for the Lagrangian
density (24), these equations are

—A (aww - ZVKT(;MK)
! op- p
+ E(4a +b+3%) (2Tupu T — TyapT;
1
_ ng} Tupp Taﬂp)
1 pa- _ ] Boa
+ 6(—2a +b =32 ( Tup TP — S8 TugpT
1 1 o
+ 3(—a +2¢=30) (TuTy = S8 TaT
1 ) DpaBr- 1 %) puaBro
+ 6(217 +q) ZRotﬁMlR v o EgleaﬂAaR
—K [—A~ . ~
—4V" (V Ri(uvy + Tww Ru)/(kﬂ)]
1 ~ B
+2Cp+q—6n) [ZRa(mmRﬁ .

-~

1 ~
_zguvRaﬁAa R)»aaﬂ

@ Springer

— =~ . —~
—4v"© (V Ryquvye + Tw‘kﬂR)LmU)K)]
2 ~ . ~ ~
+ 500 = @) [ 2Roups R + Runo R
PN N
- R;wz)»a RUMXU - EguvRaﬂ)\o RoPro

— =L~ DY
—2V* (V Requon = 2T Ry

AB D AB D
+ 2T(M ﬁRv)/SAK - 2T(mﬁRKﬁA|v))j|

~ o~ ~ o~ 1 ~ o~
+(s+1) [R,}.Rm + R Riy = S8 Rap R
[— —AA —_— A~ —_— o~
+ VK (g,uvv Rin + VKR(,U.\)) - V(/LRV)K

~

7 ) 1 A D 1 A
= Vu Repy + ETWK.RW - ETK(M. Ry
1 -
_ ET(MV)‘RK)‘>j|
. P 1 o~ -
+ (S - t) |:RM)L.R)LV + R.);,,RUA - EguvRaﬁRﬂa
— — A~
+VK (g;wv Ry
+V, ﬁ(uu) - Wﬁ?\m

- 1. -
= VR + 5T e R

2
1., 1. -
~ 5 Tew Raw) = 35 (uv)RM)]
S IR
=Ty + EAgﬁgvkxa(ﬂy) (42)

and

* 1
20Ty + 8(461 + b+ 30)Tepw
1

- 6(—254 + b =32 (Tjuew + Topr)

1
+ 3(—0 +b—=30)gu Ty
2 AR AT
+ 5(217 + (I) (V Rt,uvK - Tv Rrp,)uc)

2 AR ) KT
+5Cp+q 6 (VR = T Ruwe)

4 —K A~ — A~ . o~
+ §(P —q) (VKRK[t/t]v - VKRv[r/A]K - ZTVAKRK[IM])L>
+(s+1) (ng[-[ﬁ’(ﬁﬂ],( — thﬁu]v + Tv?irﬁll]))

+ (s = 1) (2801 V* Rets = 2V1e Roppr + T,y Ro)
= z‘\[ru]v . (43)

For an interpretation of the right sides of both field equa-
tions, see Appendix C.
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3.2 Reduction to GR

We want to obtain a theory which reduces to GR when the
torsion vanishes. Thus, the theory will not only be stable in
this regime, but it will also deviate only slightly from the
predictions of GR when the torsion is small. Note that when
the torsion is set to zero, the usual Riemannian structure is
recovered. Therefore, the Riemann tensor is now symmetric
under the exchange of the first and the second pair of indices
and the Ricci tensor is symmetric. From the first Bianchi
identity (16), it follows that

R;,wpcr (RMW)U - ZRMpUU) =0 for 0. (44)

o J—
By —
Then, when T = 0, the Lagrangian density (24) becomes

Ly |T:0 = —AR+(p—r) Ruvpo R*"P7+25 R, RMY . (45)

From this expression, it is clear that GR is recovered when
T = 0ifand only if p = r and s = 0. This is the only choice
of parameters that leads to GR when the torsion vanishes.

Note that the same conclusion can be extracted from a
different and longer approach. That is, considering the field
equations (42) and (43), it can be concluded that this is the
only choice of parameters that produce the Einstein equations
of GR when the torsion vanishes. The same conclusion was
reached in Ref. [8].

3.3 Stability in Minkowski spacetime

It is well known that the Lagrangian density (24) contains,
along with the usual graviton 27, up to six new modes or
torsions. These are 27,27, 17, 17,07 and 0™, in the repre-
sentation S where S is the spin and P is the parity of the
mode. A physically meaningful restriction is to demand the
theory to be stable in all the S” sectors; see Refs. [6,7,28—
30]. Quadratic theories in the curvature and torsion tensors
are usually treated as a gauge theory, hence the variables
considered are the gauge potentials of the Poincaré group
(e w #“b ). Then the stability analysis is made through the
construction of the spin projection operators.

In this work, however, we consider the metric formula-
tion. We will examine the decoupling limit between the tor-
sion and curvature degrees of freedom. Thus, in view of Eq.
(15), we focus on the case where g,, = n,, with n,,
the Minkowski metric. For the sake of simplicity, we do
not consider the purely tensor component of the torsion in
Eq. (12). As the only torsion components compatible with a
Friedmann-Lemaitre—Robertson—Walker (FLRW) universe
are the vectorial T? and pseudo-vectorial S’ components [31],
we assume that they are the minimum non-vanishing compo-
nents that should be taken into account in this framework. In
the spirit of investigating only slight modifications of GR, we

assume that they are the only non-vanishing torsion compo-
nents for aminimal modification over the FLRW background.
Under these considerations, we will now impose the absence
of ghost and tachyon instabilities for the theory given by the
Lagrangian density (24). The quadratic Riemann and torsion
terms that appear in this Lagrangian density are computed in
Appendix D.

As we consider only the vector and pseudo-vector tor-
sion components in Minkowski spacetime, the Lagrangian
density (24) reduces in this regime to an ordinary vector
and pseudo-vector field theory in flat spacetime. A general
quadratic action for a vector A* in flat spacetime comes from
[32-34]

L=ad, A0 A" + B0, A,0" AP + 13, A"0,A =V, (46)

where V is a possible potential for A*. However, not all the
kinetic terms are independent from each other. The terms
with factors 8 and y are related by

/«/—gd“x (V,AM)? = /A/_—gdz‘x (VuA, VA"
+RuyAHAY), (47)

as can be seen from Eq. (13). Thus, in flat spacetime these
terms are related by a total derivative. On the other hand, as is
well known, the Hamiltonian density of a system is obtained
by performing a Legendre transformation. For this vector
system, it is

H=rnlA,—L, (48)
where A u = 0oA, are the generalized velocities and w# the
canonical momenta defined as 7/ = %‘%. The canonical

momenta of the Lagrangian density (46) are
ot =2aA* 4+ 280" 9, A" + 2908, A%, (49)

or written in terms of the components of the four-vector,
70 =20+ B+ y)A° + 2y A, (50)
mt = 2aA" —28879; A" . (51)

Then, performing the Legendre transformation (48), the
Hamiltonian density reads

0 _ A2 i A2 .

_ (@ —2y8A)  (x' +2p8:A0) +§E~,F~
4+ B+y) 4o 2
+a(dAg)* — (@+ BB AN — ¥y (@A) +V, (52)

with F;; = 20;Aj;. Unfortunately, the kinetic energy of
this system is unbounded from below and, therefore, suffers
from ghost-type instabilities whatever the signs of o, 8 and y
are. This behaviour confirms that vector theories suffer from
ghost-type instabilities if all the degrees of freedom of the
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four-vector A* propagates (see Refs. [32,33]). Hence, a nec-
essary condition for the absence of this kind of instabilities
is to make the scalar mode non-dynamical. Alternatively, the
vector degrees of freedom can be frozen and propagate only
the scalar mode, but this corresponds to a scalar theory rather
than a vectorial one. To remove the scalar mode, the free
parameters of the theory must be chosen in such a way that
the canonical momenta given in Eq. (50) vanish. Since 8 A°
and 9; A’ are independent quantities, the only possibility to
cancel out the contribution of 3; A’ to the canonical momenta
of the scalar mode is to set y = 0. In addition, « + 8 = 0 is
also needed to remove the contributions of the two remaining
kinetic terms in the Lagrangian density (46) to the dynamics
of the scalar mode. With these conditions, the kinetic terms
in the vector Lagrangian density becomes a Maxwell-type
F,,, F*V that only propagates the spatial degrees of freedom
of the four-vector A*. This conclusion is in agreement with
the well-known fact that the only ghost-free vector theory
in flat spacetime is the Maxwell-Proca Lagrangian density.
Then the Hamiltonian density can be positive-defined with
o = —fB < 0. For a more detailed discussion on this item
see Ref. [34].

Back to the Lagrangian density (24), when the metric cor-
responds to the Minkowski spacetime the expression reduces
to

Ly = %(p +5+1)9,T,0"T" + %(p —2r)9,T,0"TH
+ 19—6(p —r+ 55 — D8, T3, T" — ét&uS\,B”S”
+ é(Zr +1)9,5,0*S" + %(3(] —4r)9,5%9,S8"
+ %(p —q —30)e"""°9,T,0,S5 —V(T,S), (53)

where V(T S) are potential-type terms of the torsion fields;
see Appendix D. As discussed previously, the free parameters
D, q,r,s and t must be carefully selected to produce ghost-
free kinetic terms, i.e. Maxwell-type kinetic terms for the
trace four-vector T* and pseudo-trace four-vector S*. After
suitable integrations by parts the expression above simplifies
to

8
Ly = §(P + 5+ 1) Fu(T)F*(T)
1 1
+ R(zr + I)FMU(S)FHU(S) + gqa,u,sﬂavsv
16
+?(p—r+25)8MT”8VT” —V(T,S) . (54)

Since we have two dynamical fields, there are two canonical
momenta. These are

no__ 8 ()73
Ty = =—((p+s+1)F 1

32
+?n0“(p — 7 +28)0, T, (55)
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0L, 2
3(S,) 9

"
g

1
Qr + 1) FO(S) + gnoﬂqaasa . (56)

Written in terms of the scalar and vectorial degrees of free-
dom of the four-vectors we have

) = 33—2(17 — 1+ 25)8, T, (57)
n,jr:%(pﬂﬂ) (T"'—aiTO), (58)
) = %q 90 S%, (59)
7l = %(2r +0)($7-a's) . (60)

As here we have two fields with their own kinetic terms, we
need to ensure that neither of them introduces a ghost. Thus,
to remove the scalar 79 and pseudo-scalar S° degrees of
freedom, we consider p—r+2s = Oand g = 0, respectively.
Then the Hamiltonian density reads

9 (7h)?
64 (p+s+1)

9 (wk)?
42 +t
+ 788 Ty + 158: S, + V(T S) . (61)

3 y
g = —§(P+S+I)Fi,/(T)F”(T)

- %(Zr +DF(S)FY(S)

The kinetic energy can be bounded from below with the extra
conditions of p + s 4+t < 0 and 2r + ¢ < 0 for the vecto-
rial and pseudo-vectorial torsion fields, respectively. These
conditions are summarised in Table 1.

On the other hand, we now require the absence of tachyon
instabilities. In the first place, we consider the weak torsion
fields regime, that is, the regime where the quadratic terms
in torsion fields lead the evolution of the potential. Thus, the
potential in the Lagrangian density (54) takes the form

2 1
VT 8$) = =5+ 30T, T = (b +31)S, 8" + OG);
(62)

see Appendix D. Note that the mass terms in an action
for a vector field comes from a potential of type V(¢)
%m%qu. Hence, the roles of the masses m? for the vector
and pseudo-vector torsion fields are played by the combina-
tions of the coupling constants b, ¢ and A. For these combi-
nations, the correct sign must be taken for the spatial compo-
nents to avoid tachyon-like instabilities. In our convention,
Pt = ¢§ — ¢ 2, then the combinations ¢ + 3 and b + 31
must be positive to ensure a well-behaved vector and pseudo-
vector sector, respectively (see Table 1). In summary, with
these simple arguments we have found a set of conditions
for the ghost and tachyon stability of the Lagrangian density
(24) at the decoupling limit and the weak torsion regime,
summarized in Table 1.
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Table 1 Conditions over the free parameters of the Lagrangian density (24) for stability and reduction to GR when the torsion vanishes

TH Ne Description
Ghost-free p—r+2s=0 q=0 To remove the scalar/pseudo-scalar mode and to ensure a
p+s+t<0 2r+1t<0 well-posed kinetic term
Tachyon-free (Weak torsion) c+3xr>0 b+31r>0 To have a positive-defined quadratic potential V)
Tachyon-free (General torsion) p+3s=0 p+3s=0 To cancel V™® and to make V® positive-defined
c+312>0 b+31>0
Reduction to GR when T“;‘w =0 p—r=0
s=0

In Refs. [6,7], Sezgin and Nieuwenhuizen provided a
detailed analysis of the stability of the Lagrangian density
(24) for the weak torsion field regime. These two articles were
the first systematic stability analysis of this kind of theories,
made with the spin projectors formalism, and they are a key
reference point in this issue. The conclusions they showed
for the 1™ torsions are compatible with those obtained here.
Their ghost-free condition is the same we have obtained
here, and the tachyon-free condition is compatible. On the
other hand, for the 17 sector both conclusions are, how-
ever, incompatible. While the condition obtained for a well-
defined kinetic term for S* in this section is 2r +¢ < 0, they
claim that 2r 4+ ¢ > 0 is needed. It is worth noting that other
authors have suggested that the analysis carried out by Sez-
gin and Nieuwenhuizen is not restrictive enough to ensure a
ghost- and tachyon-free spectrum; see Refs. [28,29]. In fact,
in Ref. [28] the authors pointed out that they even obtain
a different expression of the spin projector operator for the
pseudo-vector mode. Furthermore, they argue the relevance
of considering the additional condition for the absence of
p~* poles in all spin sectors, which is not done in the anal-
ysis of Refs. [6,7]. In Ref. [35], Fabbri analyses the stabil-
ity of the most general quadratic gravitational action with
torsion and Dirac fields by demanding, in addition, a con-
sistent decoupling between curvature and torsion that pre-
serves continuity in the torsionless limit, concluding that the
only non-vanishing component of the torsion is given by the
pseudo-vector mode and that parity-violating terms are not
allowed in the Lagrangian density. Nevertheless, due to some
lack of clarity in the existing literature, a deeper analysis of
the origins of these differences is not available yet.

Let us now go beyond the weak torsion regime when
analysing the potential V. Thus, higher orders in the potential
can dominate its evolution. The highest order that appears in
the potential is quartic, symbolically V®,

64
VT, $) = = (p =1 + 29T TTRT?

1
~ gt 25)S,8%SpSP

8
— a(2p +3q — 4r +25) T, S°Tg SP
8
—a(p+r+4s)TaT°‘SﬁS‘3. (63)
As there are terms mixing the vector and pseudo-vector fields,
we note that the potential can be diagonalized in the following
basis:
T, T%

VO = | 5,8% | VW (T, T S,8% T,8¢) | (64)
Ty S

with V® a 3 x 3 matrix. The eigenvalues of V®* are

8

M = =5 (2p +3q —4r +2), 65)
79

kz:—i<p—r+2s+\/2>, (66)
79

x3=—i(p—r+2s—ﬂ), 67)

with

1 2 2
A= (586249p — 1168402 pr + 586249

+ 2349092 ps — 2332708rs + 2357284s2) . (68)

For a positive-defined quadratic form, the three eigenvalues
must be positive. Since we are only interested in the vec-
tor and pseudo-vector torsion degrees of freedom, we can
assume p —r 4+ 2s = 0 and ¢ = 0, which are the conditions
found for making the scalar and pseudo-scalar mode non-
dynamic, respectively. Then the expressions of the eigenval-
ues reduce to

16
A= 8—1(17 + 3s), (69a)
8
Ay = —ﬁ(p + 3s), (69b)
8
A3 = 8—1(p + 3s). (69¢)
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Table 2 Compatibility of the stability conditions studied in this paper.
In the first column we show necessary conditions for a theory propagat-
ing vector or pseudo-vector torsion to be stable. Those conditions have
to be implemented (at least) by the inequality contained in the second
column when the vector mode propagates and by the conditions of the
last column when the pseudo-vector also propagates

Summary T+ SH
p=r=5=0 c+3xr>0 q=0
t<0 b+31>0

Itis easy to see that these eigenvalues cannot be positive at the
same time for any combination of p and s. Hence, the quartic
order in the potential in Eq. (61) is unstable and, therefore,
this order must be removed to obtain a stable theory. This
can be done taking 3s 4+ p = 0. Furthermore, the third order
in the potential is not present once we consider that GR is
recovered when the torsion vanishes. Therefore, when we
take p = r, s = 0 and 3s + p = 0, there are only quadratic
terms in the potential. Thus, the potential is stable under the
same conditions as those obtained in the weak torsion field
approximation with the additional constraint of p + 35 = 0;
see Table 1.

On the other hand, we should stress that the stability anal-
ysis developed in the literature is usually made using a weak
curvature approximation for the metric. However, our stabil-
ity analysis is made in the limit where the degrees of freedom
of the torsion are completely decoupled from those of the
metric. For this purpose, we have considered that GR is recov-
ered when T = 0 and we have investigated the stability of
the torsion in Minkowski flat spacetime, assuming that only
the vector and pseudo-vector modes propagate. These con-
ditions are combined and summarized in Table 2. Therefore,
we expect that the conditions obtained, which are found to
be necessary and sufficient for the stability in this regime, are
necessary but no longer sufficient conditions for the stability
of the theory when both curvature and torsion are present.

4 Summary

In this work we have investigated a quadratic and parity pre-
serving action with curvature and torsion [6,7,10,11] in order
to obtain a stable theory of gravity with dynamical torsion.
For this purpose, we have analysed two regimes where the
degrees of freedom of the metric and those of the torsion
are completely decoupled. The assumptions made in those
regimes are also motivated by looking for theories of which
the predictions are expected not to be in great disagreement
with those of GR.

On the one hand, we have assumed that the theory reduces
to GR when the torsion vanishes. This implies the stability of
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the metric degrees of freedom in the regime where there are
no torsion modes. Therefore, we have imposed the require-
ment that the only term independent of the torsion is con-
tained in the scalar curvature R, obtaining two conditions for
the parameters of the general quadratic Lagrangian.

On the other hand, we have investigated the stability of the
torsion when the metric is flat, following an approach that dif-
fers from the usual techniques used in the literature. We have
focussed attention on the stability of the vector and psuedo-
vector torsion components in Minkowski because they are the
only components that propagate in a FLRW spacetime [31]
from the torsion irreducible decomposition. Therefore, it is
not necessary to consider the purely tensor component if we
are interested in “minimal” modifications of the predictions
of GR. We have studied the stability of these fields analysing
the Hamiltonian formulation of the theory to ensure a ghost
and tachyon-free spectrum in this regime. Thus, we have
obtained several conditions for the parameters of the gen-
eral quadratic action with propagating torsion that we have
summarized in Table 1. Moreover, we have contrasted the
conditions obtained in the weak torsion limit of this regime
with those already presented in the literature [6,7,28,29]. As
we have discussed in detail, the disagreement with the con-
clusions of Ref. [6,7] regarding the pseudo-vector field may
be due to the arguments exposed in Refs. [28,29]. It should
be stressed that, after the first approach, we have gone beyond
the weak torsion approximation, obtaining the general condi-
tions for the stability of the vector and pseudo-vector torsion
fields in Minkowski spacetime.

In summary, we have found the most general subfamily of
the Lagrangian density (24) that is stable in both decoupling
regimes. This is described by

PO
Lo = —0R+ (a+b+ 30T, T

1
(=2 + b = 31) Ty, T

l o~
+3(-a+2e - 3T T + 2 Ry R (70)

where b+ 3\ > 0,c+3A > 0,and ¢ < 0, and we restrict our
study to theories where only the vector and pseudo-vector
torsion components of the irreducible decomposition propa-
gate.
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Appendices

Appendix A: The Gauss-Bonnet term in Riemann—
Cartan geometries

We have noted that there is no agreement about the expression
of the Gauss—Bonnet term in a Riemann—Cartan manifold
throughout the literature, probably due to several misprints.
Therefore, in this appendix, we present the correct expression
for the Gauss—Bonnet action. This is

Son = / ey =g (R — 4R R 4 Rypo R
(A.1)

One can easily check that this is the correct order of
the indices focussing attention on the vectorial and pseudo-
vectorial torsion fields in the weak curvature approximation.
In this regime we have

&uv = Ny + Iy,
gty =gt — . (A.2)
Letus now prove that, order by order in the fields 44, Ty, and
Sa, the term (A.1) leads to atotal divergence. The expressions
of R.‘f,p(, , R, and R in terms of & are well known in linearized
gravity [36]. These are

1
RE = 3 (3p00h", + 0" 95 hyp — 070 hyo

vpo

— Bp k"), (A.3)

1
R,o = 5 (000h", + 350, 1", — Ohgy — 350,h), (A4)
R = 3,38,h"" — Oh, (A.5)

with 0 = 9,0*. Then, from Eq. (15), it is clear that in
the action (A.1) will appear a Gauss—Bonnet term for the
Levi-Civita connection, terms quadratic in torsion and a term
mixing torsion and & terms. This action can be expressed as

Scp = SOp(dh) + SoLOT, 35, T, S)

+8C)L(3h, 9T, T, ). (A.6)

The first term on the r.h.s. of this equation is known to be
invariant. Nevertheless, this invariance can be proven with
an explicit calculation from Egs. (A.3), (A.4) and (A.5) with
the appropriate boundary conditions on /. The second term
is calculated with the results of Appendix D. It can be seen
that

32
S = /d4x4/—g [j(apna”w’ — 0, T%0pT")
2 64
— §(aas°‘aﬁsﬁ — 345507 5%) + o7 0 (1T, TP)
4
t+ 370 (TSpS" + 25T, 57)

+ ge“"p”angaqu] . (A7)
After integration by parts, the expression above leads to a
total divergence. Taking the torsion to be zero at the boundary
of Uy, Sgg is identically zero. Finally, the third term on the
r.h.s. of Eq. (A.6), Sg; (0h,dT, T, S),is analysed using Eqs.
(D.27), (D.28) and (D.29) for the torsion part and (A.3), (A.4)
and (A.5) for the metric dependent part. Thus,

S8 = / d*x\/—g [4Dh8aT”‘ — 49,0, 9, T
32 on o o
+ ?(aaauh 3T — Oho,T*)

+ g(apavhaPT” — 8#8vh‘“’80T”)} . (A.8)
Note that there are no mixing terms between 2 and 9S or ST,
as expected from parity conservation. After some algebraical
manipulations and integration by parts, the equation for Sg;
vanishes. Hence, we have checked the invariance of an action
upon addition of the action (A.1) in the weak curvature limit.
As was pointed by Nieh [21], the Gauss—Bonnet term will
remain invariant even in a curved non-flat metric g,,,. But,
for this work, the invariance in weak field limit is sufficient.

Appendix B: Variations in the Palatini formalism

The Palatini formalism for varying the action consists in tak-
ing the metric gV and the generic connection I:gﬂ as the
dynamical variables. So, it is useful to rewrite the action in
terms of those variables. Some useful well-known relations
for considering that variation are

1
81a88"" = —8%V88ua> 5/—g = —Eglw(Sg’” . (B9

Thus, one can easily obtain

1 - -
Oun/=8 = 57/ =88 Viugep + V=815 - (B.10)
Let us know consider the variation of the action written in
terms of the Lagrangian density (26). This is

_ 55 noBY
Lg =—A 5a)’g/3 3[3)/8 + kaa T"I/) ‘%V

+ 1 0 R RS B.11)

‘npa -Bys>
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where the permutation tensors are

1
By _ E(454 + b+ 3)»)gmg"ﬁgpy

Tka
1
+o(2a+b- 308, 8,1¢""

1
+3(-at2e— 308,78 ", (B.12)

s 1
Rxnpfgﬁy =Qp+ a8 g’ g"

1
+ 6(2p +q—6r)8,) 8¢ g

2
+5( — Dgag™ g g%

+(s+1)8,8) g" g
+(s — 108,78 g gP. (B.13)

In order to compute the complete generalized Einstein

tensor in Eq. (34), the following expressions are needed:
s

af ;SUﬂV

R _ B S
o 8(217 +q) (8,8, 2108”7 87

+ 8,087 218" 87 + 8,08, 2108 8"

— Zaugg"g"g")

1
+£@p+g—6r) (8,088,780 8°°
+ 8/75vﬂakyaapgn8)

2
+30 =) (—8ru8avg™ 8" g%°

+8,08) 008”87 +8,08) 2108"" g%
+ 8,08, 81a8" 8"")
+(s+1) (8080887 g%
+8,08088,) ¢")
+(s—1) (8,088,587 g
+8,.8/878) ") . (B.14)
o i
aghv

1
= 5 Ga+b+30) (~gugang” 8"
+ 518 P PY 4 §P§Y nﬂ)
n v Era8 n v Era8

1
+ 6(2p +q—6r)8,78,18,8)

1
+3(-a+2c = 305815 158,

vs) (B.15)

For the calculation of the generalized Palatini tensor in Eq.
(35), we need the following expressions:

8153(37/3 o Ko v o g Mg v AN SN
Y = F»ryaﬁ 85 — F-rﬁgﬁ 8)/ + Pﬁ587 SV
v
—f.gyar“a;, (B.16)
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Ty, 1
== (5%‘55; - 3‘;‘5;35) , (B.17)
.,w
azéf;gya
m — 8508k sy — 85 6X8lis). (B.18)
kd

Then, taking into account the definition of the torsion and
curvature tensors, Egs. (3) and (14), respectively, the general-
ized Einstein and Palatini tensors of the quadratic Lagrangian
density (24) read

Euv = —AG(uyy + é(zm +b+30) (2Tup TF
— Tuap T, — %guvTaﬁpTaﬂp)
+ é(—Za + b —34) (Topu TP
_ %glw Tupp Tﬂpa)
+ %(—a +2c—32) <T,LTV = %ngaT“>
+£2p+0) (2Rap R — Ruano R
# Ruyio R = St Rapna R )
+2Cp+g 60 (Ra(uIpL AL
- %guv Rupio ﬁkwﬂ)
+ %(1) - q) (21%(“\5/\1%“#3'&) + Roro R
= Ruaro R = St R R )
LG540 (zé,}.zém C R Ry gngéaﬂzéaﬂ)
T 1) (zé,pém R R - gngéaﬂzéﬁa) ,
(B.19)
P = =2 [}”’é‘ +5, (@Ag’M + %g“’s 6"gmﬂ>
—Vo g — %g“”g“ﬂ%gaﬂ]
+ é(zm b4 30T
+ é(—2a +b =30 (T —T"")
+ %(—a +b—31) (8 TH —81T")

+ %(2]) +q) [(vK _oT,
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l - ~ ~
+ Eg“ﬁ ngozﬂ) RIYE —T5, R%MK}

2 ~

+32p+q—6r) [(VK — 2T«
l . - ~
+ 58 nga,s) RUVeI® — 1y R }

8 = 1 af p-lcvin
+30 =) | (Ve = 2T + 58" Vegep | B
—TY, ,é-rmm]

. 1 g .
R [28,” (VK — 2T, + Eg“ﬂvxgaﬁ> RH
- | . 5
-2 (VT —2T; + Egaﬂvrgaﬂ> RN 4 TKIRMA]
. 1 5 .
(s —1) [28: (VK = 2T + 58 ngaﬂ) R
. 1 s . 5
2 (vt — 2T, + Egaﬁvrgaﬂ> R+ T.KTR”‘] :

(B.20)

Appendix C: Source tensors

In order to understand the r.h.s. of the field equations (42) and
(43), it is necessary to make a distinction between the Hilbert
definition of the energy-momentum tensor and the definition
carried through in Eq. (32). Hilbert’s definition is made in a
Riemannian V; spacetime and, therefore, there is a depen-
dence of the matter Lagrangian density on dg introduced by
the Levi-Civita connection. This definition is

1 6/—8Lm(g, 08, ¥)

Ty = —
SV sgh
_ 1 8«/—g£M Y 8./—g£M (C 21)
NET3 agHy d(cgnvy ) '

Nevertheless, in the Palatini formalism this dependence on
dg does not exist, since the matter Lagrangian depends on
g and I as independent variables. Therefore, the energy-
momentum tensor is as in Eq. (32). This is

2o 1 o=l W)
v = \/__g ag/w :

(C.22)

There is a clear difference between the two definitions.
However, when the metricity condition is implemented,
the connection I” becomes I = I” + K and, therefore, there
appears a dependence on dg in the definition (32). The term
Aﬁg%ﬁk Su(py) in the rh.s. of Eq. (42) takes into account
this new dependence, which is not present in the original
definition of T,,. To check the consistency of this argument,

let us take
3v/=8Lu(g. 08, T.¥) _ (9v=8Lu . 9v/=8Lw
sgh U agw 9(3< i)
_ 3«/—g£M
= (=G

81’«;(/3;/) 9(3K ghv) ’

(C.23)

where different tensors have been defined in Egs. (8), (32)
and (33). This leads to

1 8/=8Lm(g, 98, T, %) _ 1 o —na
V= : Afs(gguv : L Tt 5 AUV Zapy) -

9 Tk
(C.24)

The rh.s. of Eq. (C.24) is exactly the expression on the
r.h.s. of Eq. (42), while the Lh.s. is similar to Hilbert’s
definition of the energy-momentum tensor (C.21). Indeed
Tuw + AUV Sy(py) is the generalisation of Hilbert’s
definition of the energy-momentum tensor to the Riemann—
Cartan Uy spacetime.

On the other hand, X, is related to the contortion ten-
sor, which is the remaining part of the connection, see Ref.
[27]. Thus, the r.h.s. of Eq. (43) corresponds to the spin dis-
tribution tensor

guv — _9Lm(g.98. T. ¥)
7 dK¢

Y

, (C.25)

as defined in Refs. [4,27].

Appendix D: Vector and pseudo-vector torsion in the
weak-gravity regime

In this appendix we are going to take the vector T and
pseudo-vector S* torsion components as the only non-
vanishing torsion fields and calculate the expressions needed
for the analysis carried out in Sect. 3.3.

Assuming that the only non-vanishing components of the
torsion tensor in the decomposition (12) are the vector 7, and
pseudo-vector S, torsion components, the expression for the
contortion tensor (11) can be rewritten as

2 1
Ky = 38" (Tug5 = Tiguo) + ¢8"“€avoy " . (D26)

3
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Under this assumption, the curvature tensor (15) takes the
form

ﬁ-‘f}pa = R-ﬁﬁpo + % [V,O(SMO T, - UUHT#)
— Vo (8", Ty = nupTH)]
+ g [(To Ty — oo T T*)8",
— (T, Ty — nupTpTP)8" 5 + T (Tpnvo — Tonp) ]
+ én’“" (€avopVpS? — €qupp Vo SP)

1
+ %ﬁwﬂw (eot)»preévay STSY — fakareﬁvpysrsy)

1
— 6 [TaSy ((Vj}éw;py — 8#;)601\10)/)
+ 2TH S €pvoy — 2T, 8" " €nopy
+ nMaTASy(nvaeaApy - nvpeozkay)] . (D.27)

The Ricci tensor is obtained by the usual contraction RY o>
~ 2 o
Rys = Ry — 5 (Zva T, + VT nva)

8 1
+ § (TVTO' - TﬁTﬁnvo) + geavoﬁvasﬂ

1
— 3" N €aropesvny SPSY, (D.28)
and the scalar curvature R = nve I’?\W,
7 o _ 808 Lo op
R=R—49,T" = STpT" — 255" (D.29)

As we want to get a set of stability condition on the param-
eters of the theory when g,,, = n,,,, we take the expression
of the curvature tensors (D.27), (D.28) and (D.29) to compute
the scalars in the Lagrangian density (24). These are

64
R?|  =160,T*95TP + ?BQT“TﬁTﬁ
8=n
8 rog. g8+ 87 pag, op
+68aT SgS +§TD,T SgS
L . S
+ 3¢ 58" SpS" + ST TRTF, (D.30)
o 16 32
RugR" |, = 50, T0"T" + EaaT“aﬂTﬂ
1
+§(a,,sﬁa°‘sﬂ — 0, S50P 8%)
4
+ 5" 0450, T,
160 64
+78aT“TﬁT’3 = 57 VT
10 4
— 8, T*SpSP — —8,T,S"S"
TR TR O

64
—T,T*TyT#
+27 o B
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1 16
+ ﬁSaS“SﬁSﬂ + ﬁTaT“SﬂSﬂ

8
+§TaS°‘Tﬂsﬂ, (D.31)

-~

RUU§0U|

48
= ?aaT“aﬁTﬁ

8=n

1
— ﬁ(aasﬂaasﬂ — 8,507 5%)

4 160

+ "9, 8,8,T, + —— 0, T*Tg TP
9 27
64 10

—~ ﬁaaT,gTﬁT“ + EBQT"‘S,gSB

4 64
= 550 TuS"S" + ETaT“TﬁTﬂ

1 (04
— S B
+1 SSaS ﬂS

16 8
— T, T*SgSP + —T,8°T4SP,
+ 31 o B + 31 o B

~ =~ oo
Ryuvpo RMP

32 16
= 50, T" + gaaT“a,gTﬁ

(D.32)

8=

2 1
- §a(,lsﬂaasff’ + 530,5“3,35'3

8

+ 5 €7 0S50, T
128 128

— 3, T, T’T" + —08,T*TsT"
27 PV t oy %t s
8

+ 5= (7555 — 5773 5")

8 8
+ §8aS°‘TﬁS’3 —~ §8aS,3T°‘S‘9

64 1
+ ETaT“TﬁTﬁ + ﬁSaS"‘SﬁSﬂ

+ 2 (D.33)
81 '

ﬁpauv|

48
«T*SpSP + aTaS"‘TﬁSﬁ,

R
wvpa g=n

32 16
- gapTva"Tp + 3aaT“a,3Tﬂ

2

— 5(3)0“9B<‘3‘>‘sfS — 3,5 95SP)
8

—5€"7 0S50 T)
128 128

=S T T + 7(’30,T“T,3T/3
8 16

- anlsﬁT‘XSfS + Eaarﬁsasﬁ
64 1

+ ﬁTaT“TﬁTﬁ - ﬁsas%“ﬂsf3
8 we o 32 cam op

— o7 LT 868" + 5 TuS"TpS", (D.34)

Rupvo

R,
wvpa =0
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8 8 8
= §8pTv8"Tp + §8pTv8pT” + §aO,T“a,gTﬁ

1 8

— gaw&s“a,gS/8 + € 0o 0, Ty
32 32

+ ﬁaaT“TﬂTﬁ — EaaTﬁTﬂT“
4 e 4 o oB

+ 57 0T SpS" = - TpS"S

12 32
— = 0,8YT3SP + =T, T*TsT?
270> 1B el
1 16 4
—5,8%S5SP — —T,8%TsSP + —T,T*SsSP.
T o160 8 g e 1Bt T gplal™op
(D.35)

Note that there are no terms 070S, 0STT, or STT , as
expected from parity conservation. On the other hand, it is
also possible to compute the pure torsion squared terms via
Eq. (12). These are,

2 1

Ty THP = gTMT“ + 6SUS” , (D.36)
Vo[ 1 I ! v

LT = =T, TV + 25,87, (D.37)

Ty, T/ =T, T". (D.38)

In view of these calculations, the potential that appears in
Eq. (53) is

2 o 1 o
12
— —2g0,SYTgT?
279% 515
8 o ch
—ﬁ(3r—4p—2q)8aSﬂT S
64
—ﬁ(q—5p+6r—6s)8aTﬂT“Tﬁ
64 R
—8—1(5p—q+6r+15s)8aT TgT
8 o of
—ﬁ(p+2q—3s)8aTﬁS S
Y 0p— 2 + 155)3,T% 5, 5P
—ﬁ( P —2q + 155)0,T" Sp
64 P
——=(p—r+2)T,T*TT
27
—L(p—r+2s)s 5“SgSP
108 @2 op
8
—ﬁ(P+r+4s)TaT°‘SﬂSﬁ
8
— 8—1(2p+3q —4r +25)T,S%TgSP . (D.39)

Note that the parameter ¢ does not appear in the expression of
the potential, since the antisymmetric part of the Ricci tensor

does not give rise to potential-type terms for the vector and
pseudo-vector torsion degrees of freedom.
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