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Abstract: We investigate the axial vector spin—torsion coupling effects in the framework of the
Poincaré gauge theory of gravity with the general Yang-Mills type Lagrangian. The dynamical
equations for the “electric” and “magnetic” components of the torsion field variable are obtained in
the general form and it is shown that the helicity density and the spin density of the electromagnetic
field appear as the physical sources. The modified Maxwell’s equations for the electromagnetic field
are derived, and the electromagnetic wave propagation under the action of the uniform homogeneous
torsion field is considered. We demonstrate the Faraday effect of rotation of the polarization for
such a wave and establish the strong bound on the possible cosmic axial torsion field from the
astrophysical data.
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1. Introduction

The search for new spin-dependent interactions between fundamental particles apart
from the magnetic dipole interaction is an important area of high-energy physics research
beyond the Standard Model [1]. E. Cartan was the first who proposed, at the beginning of
the 20th century, the post-Riemannian geometrical structures generated by the microstruc-
tural properties of the physical matter, particularly to analyze the coupling of the torsion of
spacetime to the intrinsic spin [2].

The interest in the theory of gravitation with spin and torsion based on the Riemann-
Cartan geometry had considerably grown in the second half of the 20th century after
the consistent gauge theory formalism was developed [3-7]. It is now well established
that the spacetime torsion can only be detected with the help of the spin [8-10]. The
early theoretical analysis of the possible experimental manifestations of the torsion field
can be found in [11-13]. The so-called Einstein—Cartan theory [14-16] with the linear
Hilbert-Einstein gravitational Lagrangian represents a degenerate version of the Poincaré
gauge gravity. In this model, the torsion couples to spin algebraically and, therefore, it
vanishes outside the matter sources, but essentially modifies the physical structure inside
astrophysical compact objects, see [17-19].

The torsion becomes a dynamical propagating field in the Poincaré gauge gravity
theory with a Yang-Mills type Lagrangian [20], and the most general gravitational model
with the Lagrangian (which is quadratic in the curvature and torsion) was considered in
Reference [21] with an emphasis on the consistency of the gauge theory of gravity with
experimental observations at the macroscopic level. Accordingly, its probing should be
essentially confined to the microscopic level and focus on the study of the dynamics of
fundamental particles, atoms, and molecules. It is worthwhile to note that it has not yet
been possible to create a source of spin density that could generate torsion to be detected in
the laboratory. However, one can establish the constraints on the spin—torsion coupling, in
particular from the experimental search for the Lorentz and CPT violation. The bounds on
new spin-dependent interactions were found [22,23] with the help of a torsion pendulum
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technique, which was also used in the search for CP-violating interactions between the
pendulum’s electrons and unpolarized matter in laboratory surroundings or the Sun.
Among other physical effects, the contribution of the interacting vector and pseudovector
of the torsion to the hyperfine splitting of the ground state of the hydrogen atom was
evaluated in [24,25], whereas a possible manifestation of the spin—torsion coupling in the
scattering of polarized photons in a medium of sodium vapor was analyzed in [26]. The
experimental upper bounds on the spin-torsion interactions were reported in [27-29].

In the context of the growing interest in fundamental physics at the sub-eV scale,
Moody and Wilczek [30] analyzed new fields, generating dipole couplings between fermions
that can be detectable in laboratory experiments, paying special attention to axions. An
axion as a hypothetical particle was postulated in the Peccei-Quinn theory to resolve the
strong CP problem in quantum chromodynamics, and it can produce long-range dipole
forces [31]. Similar dipole interactions between fermions can be produced by other parti-
cles [32-35], for example, by an arion, which is a boson corresponding to a spontaneous
breaking of the chiral lepton symmetry [35]. The search for axions and axion-like particles
is of considerable interest in relation to the cold dark matter issue. Currently, there is a
number of experimental attempts to find axions that encompass the Primakoff effect for
the astrophysical axions [36], the polarization measurements for light propagating in a
magnetic field, the light shining through wall experiments [37], and the cosmic axion spin
precession experiment [38,39].

Another direction in the search for long-range spin-dependent interactions is the
prediction of the existence of an unparticle in the context of quantum excitations of scale-
invariant interactions [40], along with exotic spin-1 bosons or paraphotons [41], which are
currently being actively investigated [42]. Quite generally, the analysis of the behaviors
of atomic systems affected by new hypothetical spin-dependent forces gives rise to the
constraints on the coupling constants [1] with the sixteen types of potentials characteriz-
ing interactions between fermions mediated by the new exotic particles [42,43]. A wide
range of relevant laboratory investigations was carried out using the physical methods of
atomic and molecular systems, as well as make use of the optical methods: ion capture
experiments [44], using nitrogen-vacancy centers in diamonds [45,46], based on molecular
and atomic spectroscopies [47].

The gauge symmetry is one of the most powerful physical concepts underlying the
description of fundamental interactions. The global gauge U(1) invariance in quantum
electrodynamics leads to the electric charge conservation law, whereas the local gauge
invariance requires the introduction of a massless vector field that mediates the long-range
interaction between charges, with the electric current as a source of the electromagnetic
field. In quantum chromodynamics, the invariance under the global group SU(2) yields
the isospin conservation law, and the invariance under the local transformations of the
group SU(2) leads to the introduction of the Yang-Mills gauge field. The extension of this
theory leads to the explanation of the strong interactions in terms of the exchange of gluons.

Recently [48,49], an attempt was made to construct a gauge theory model to describe
the weak spin—spin interactions. It was suggested [48] that the invariance of the Lagrangian
under the local Lorentz transformation requires the introduction of a massless axial vector
gauge field, which gives rise to a super-weak long-range spin-spin force in a vacuum, which
is attractive for parallel spins. In this model, the axial vector field couples to the axial vector
current of the Dirac fermion field and the photon field or a neutral spin-1 field. The axial
vector field was introduced [50] to provide stability of the classical electron and to construct
divergence-free quantum electrodynamics. Optical experiments are the most accurate
and accessible for measuring the effects of new physical fields. The direct interactions
between electromagnetic and gauge fields were considered in [51] in the Poincaré gauge
gravity approach, whereas the coupling of the photon to the axial vector gauge field was
supported by the local Lorentz symmetry group in the approach [48,49]. Here, we study
the possible influence of the axial torsion field on the propagation and polarization of an
electromagnetic wave.
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The structure of the paper is as follows. In Section 2, we briefly outline the correspond-
ing Lagrange-Noether framework of the Poincaré gauge gravity theory. In Section 3, we
study the propagation of the electromagnetic wave under the influence of the uniform
homogeneous axial vector torsion field. Finally, in Section 4, we discuss the results obtained
and apply them to derive the strong upper limit of the value of the cosmic background
torsion field from the astrophysical data. In Appendix A, the structure of the general
quadratic Poincaré gauge gravitational field Lagrangian is given, and the effective coupling
constants are introduced.

Our basic conventions and notations are as follows. The world indices are labeled by
Latin letters 7,j,k,... = 0,1,2,3 (for example, the local spacetime coordinates x'), whereas
we reserve Greek letters for tetrad indices, «, B,... = 0,1,2,3 (i.e., for labeling the legs of an
anholonomic coframe ¢7). In order to distinguish separate tetrad indices, we put hats over
them. Finally, spatial indices are denoted by Latin letters from the beginning of the alphabet,
a,b,c,...=1,2,3. The metric of the Minkowski spacetime reads Sij = diag(cz, -1,-1,-1),
and the totally antisymmetric Levi—Civita tensor 7;j; has the only nontrivial component
o123 = ¢, so that g, = cegpe with the three-dimensional Levi-Civita tensor €,,.. The
spatial components of the tensor objects are raised and lowered with the help of the
Euclidean three-dimensional metric d,,.

2. Gauge Theory of Gravitation

The Poincaré gauge gravity [52-57] is an extension of Einstein’s general relativity
theory (GR), in which the spin, energy, and momentum are independent sources of the
gravitational fields (the metric gij and connection I'y/), and the spacetime structure is
described by the Riemann—Cartan geometry with the curvature and the torsion:

Rugi! = 04Ty — 9T/ + T Ty — T/ Ti", @
T' =T =Ty @
The Riemann-Cartan connection can be decomposed into the Riemannian and the post-

Riemannian parts, ‘ ‘ ,

where the Christoffel symbols are determined by the metric
=i 15
L' = 58" (98K + 981j — i8k)), 4)
and the contortion tensor is constructed in terms of the torsion
) 1 . . .
Kij' = =5 (Ty" + Ty + T'j) - ()

The torsion (2) can be decomposed [57] into three irreducible components,
Ta' = WTy' + AT + O/, (6)
where the second irreducible part features the torsion trace vector
@1y = Lot - oiT
kl—§<kl_zk)/ @)
the third irreducible part is constructed in terms of the torsion axial pseudo-vector
Oy — — Ly iiT
Ke="3 Mk’ Ly, (8)

and the first irreducible purely tensor part has the properties
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Wyl =0, O™ =o. )

The vector and pseudovector of torsion are defined as
. .1 N
T=Tf, T =Ty, (10)

Here, we focus on the dynamical realization of the Poincaré gauge theory as a Yang-
Mills type model with the most general quadratic in curvature and torsion Lagrangian (A3),
see Appendix A for the details. Earlier [25,51], the contributions of the vector and the pseu-
dovector (10) to physical effects at the microscopic level were analyzed in the framework
of this theory and the strong constraints were established on the spin-torsion coupling
parameters. Following [51], we continue to study the influence of the axial pseudovector
torsion field ®) Ty, on physical matters, and assume that the metric of spacetime is flat,
whereas possible post-Riemannian deviations of the spacetime geometry are small.

As a result, the connection (3) reduces to the contortion, l"k]-i = —Kkji = %(3) Tk]-i, and
by combining (1) and (8), we find (for the curvature) that Ryl = %nif” [kalﬁn, for the small
post-Riemannian corrections. Then it is straightforward to verify that the Yang-Mills-type
gauge gravity Lagrangian (A3) is simplified to

1 . 2 A .
L—h{—4fl-jf”+yzaial—z(aia’)z}. (11)
Here, fi; = d;a; — dja; is constructed from the rescaled axial torsion trace vector field

b [Thar

4= 3\ 2xen Tis

(12)

and the coupling constants (A4)-(A9) of the Poincaré gravity Lagrangian (A3) determine

2 3 3Aq

po=- 42)7[\5’ = A8 (13)

It is known that the particle spectrum of the Yang-Mills type Poincaré gauge gravity
model (A3) contains, in general, the so-called ghost and tachyon modes that may lead to the
loss of stability and unitarity of the theory. These issues were analyzed in References [58-60],
and the necessary stability conditions were derived that restrict the choices of the coupling
constants. Accordingly, we here specialize to the class of models with b3 = 2b;, which
for the spin 1 sector yields A = 0, thus avoiding the stability and unitarity problems.
Furthermore, we assume that a, = a1 — ag, which corresponds to the vanishing rest mass
u = 0, in agreement with the estimates derived for the axial vector field [60,61] from the
high-energy physics phenomenology.

2.1. Interaction between Fermions and Axial Torsion

In accordance with the minimal coupling principle [29], the interaction between
the fermion field ¢ and gauge fields is introduced via the spinor covariant derivative
D, where

i i

Dj=0;— ﬁqu‘ +t3

with the Lorentz group generators *f = iyl constructed from the Dirac matrices 7*.

As a result, the dynamics of the spinor field coupled with the gauge fields on the Minkowski
flat metric background is given by the Lagrangian

I*l-"‘ﬁa,xﬁ, (14)

ho . _ - Mgy
Lo = 5 {90 — Q)r'y | = mcPy +aAgr'y + Jhxaidirirsy. (15
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Here, we used the identity y#*f + c®Py# = — 2el*Fry, 5 and introduced
1 [2xch
= ) 16
X 0\ A (16)

Thereby, the axial pseudovector torsion field naturally couples to the spinor axial current
]} = ¢y y5¢ or to the spin and helicity of the Dirac fermion. By recalling the definition of

the Planck length ¢p;, we can recast (16) into

_@ 16

X = ép —7/\5 (17)

which demonstrates that the spin—torsion coupling constant y is very small, provided we
assume that the characteristic length of the Poincaré gauge gravity is much larger than the
Planck scale, £, > {pj.

2.2. Interaction between the Electromagnetic Field and Axial Torsion

Following Pradhan et al. [48-50], the interaction of the axial torsion and the elec-
tromagnetic field is derived from the standard Maxwell-Lorentz Lagrangian when the
ordinary derivatives are replaced by covariant ones. An apparent breaking of the U(1)
gauge invariance can be fixed by the modified Stueckelberg method [62]. Together with the
dynamical Lagrangian for the axial vector field (11) and the fermion sector terms (15), the
total Lagrangian for the torsion field interacting with the spin of the matter sources then
reads [49]

_ Y Jeo b i mein ) el o
L= g\fo BiFT+ 5 {970 — Gy | - megy +aAg'y
1o w2y Aoy, 3, €0 ikl
+h{—1fz‘jfl]+7“ — 5 (0a) }Jrzh?(“ilP“Yl’Ys#’—Xy/%“i’?” Ajoedy, - (18)

where gy and pg are the electric and magnetic constants of the vacuum. The axial vector
torsion is thereby coupled to the axial current density of the electron and photon fields:

jr =9, gy =0 ARAL (19)
where we explicitly have
Ai={—¢ A}, a;={—¢,ua}. (20)

The quantization of the model (18) was analyzed in [51] and the static potential between
fermions (due to the exchange of the axial torsion) was computed.

2.3. The Electromagnetic Source of an Axial Vector Field

Let us consider the spin densities of the spinor and electromagnetic fields as the
sources of the axial vector field «;. The components of the axial currents (19) for fermions

and photon fields can be obtained by substituting Dirac bispinors ¢ = ( Z ) into
Equation (19).

]} = —{(Wv+o*u)/c, (uou+ov*ov)}, i %{A ‘B, (Ex A+ ¢B)}. (21)

2.4. Field Equations

Neglecting the fermion sector, let us derive the field equations for the Lagrangian (18).
Technically, we need to make variations with respect to the axial torsion field «; and the
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electromagnetic field potential A;. The corresponding Euler-Lagrange equation 6L /éx; = 0
for the torsion reads:

— 3if + p2al + A (9w) + x| % 7' Aj9A; = 0. (22)

Introducing the “electric” and “magnetic” components of the torsion variable by means of

1
a=fu, B'=56"fu, ab=123, (23)

along with the usual definitions of the electric and magnetic fields

1
E,=Fo  B"= Ee’”’CFbC, a,b=1,2,3, (24)

we recast (22) into the three-dimensional form:

Vog—;tZgo—/\at(azx):—%A‘B, (25)
0

1
VXB—C—ZatS—i-yza—i-AV(aa) = — xeo(¢B+E x A). (26)

In a similar way, we derived the modified Maxwell equations as the Euler-Lagrange
equation 6L/JA; = 0:

— T+ 2y A iy — M By = 0. @7)

An immediate observation is in order. Since 9;0;F i = 0 identically (symmetric lower
indices contracted with the antisymmetric upper indices), by taking the divergence 0; of the
field Equation (22) (in the special class of stable and unitary models under consideration
with A = 0 and yz = 0) and (27), we derive

n"MEiFg =0,  n™E;fy =0, (28)

respectively. Making use of (23) and (24), we find that only crossed-field configurations are
actually allowed:
E-B=0, E-B+&-B=0. (29)

In particular, this includes wave configurations.
By making use of (20), (23), and (24), we rewrite the inhomogeneous Maxwell
Equation (27) in the three-dimensional form:

V-E=2xca-B—xcA-B, (30)
VxB—Cl—zatE:2%(¢B+Exoc)—%(¢3+5XA)~ (31)

As usual, we have to add the homogeneous Maxwell system,

V-B=0, (32)
V x E+9;B = 0. (33)

3. Influence of Axial Torsion on Electromagnetic Wave

Here, we focus on the analysis of the dynamics of the electromagnetic field under the
action of the background axial torsion, whereas the full coupled system will be considered
elsewhere. Among the possible background configurations, of special interest are the cases
of the uniform homogeneous field and the wave configurations. The uniform background
field may arise on macroscopic scales, mimicking a distinguished cosmic frame violating
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the Lorentz symmetry, similar to the mechanisms discussed in [63-66]. It seems natural to
turn to the case of the uniform axial torsion background that was extensively considered in
earlier literature [28,60,61]

3.1. The Case of the Uniform External Axial Torsion Field

Assuming the uniform axial torsion field, when the components a; = {— ¢, &} are
constant in time and do not change in space, we can solve Maxwell’s equations for the
plane wave ansatz

E = Eoe—iwf-i-ikﬂ’ B = Boe—iwi-i-ik'r. (34)

Substituting this into the homogeneous system, (32) and (33), we derive k - B = 0, and

k x E
B= — (35)

and making use of this in (31), we obtain the algebraic equation

2x

2
k><(kxE)+‘§—2E+i7(¢k—wa)xE=0. (36)

Evaluating the determinant, we find the dispersion relation

w? 2 2 w? w? 2\ 2 2
Here we denoted )
U= TX(q)k —wa), (38)

whereas k2 = k -k, u2 = u - u, and (ku) = k - u. It is worthwhile to notice that, similar to
the wave in a vacuum, the magnetic field is orthogonal to the electric field and the wave
vector,

B-E=0, B- k=0, (39)

which follows from (35). However, the electric field is not orthogonal to the wave vector, in
general,

ik-EzzxcmB:%a.(kxE), (40)

which is derived by substituting the plane wave ansatz (34) into the inhomogeneous
Equation (30); this is also a direct consequence of (36).
Special case 1. Assuming ¢ # 0,& = 0, from (37), we find a simpler dispersion

relation ) )
w? 2x
— k) —[Z) ¢’k =0. 41
(=) (%) w
This can be immediately recast into
w? 2X
The second term on the right-hand side describes a deformation of the light cone under the

influence of the torsion component ¢.
Special case 2. Assuming ¢ = 0, & # 0, the general result (37) reduces to

Here, a* = & - &, and (ka) = k - &. The resulting dispersion relation can be straightforwardly
simplified into

2
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w? 2 2 2 2
C—sz-k—i—ZX a~ai2x\/)( (o -a)?+ (k-a)>=0. (44)

3.2. Rotation of the Polarization Plane

Without loss of generality, one can assume that the electromagnetic wave propagates
along the z-axis, in other words, we take k = (0,0, k,). It is more convenient to analyze the
two special cases separately. In the first case (¢ # 0,a = 0), the dispersion relation (42)
yields two values for the wave vector,

b=k = OEX2, 5)
in the leading order of the small coupling constant x. Hence, there are two independent
waves propagating along z with two different phase velocities. As a result, after extracting
the corresponding amplitudes E+ for the electric field from the algebraic Equation (36), we
find the solution

E—= E+efiwt+ik+z er + E_efithrik,z e, (46)

where we denote the combinations of the basis vectors

ex Fiey
2

ey = . (47)
Therefore, from the point of view of physics, the solution (46) describes the superposition
of the right-hand (counter-clockwise) circularly polarized and the left-hand (clockwise)
circularly polarized waves.

Recalling that the linearly polarized wave arises as the sum of the right-hand and
left-hand circular waves with equal amplitudes, E; = E_, we then obtain the real solution

E = Ej cos|w(t —z/c)]{cos(xgz/c) ex —sin(xpz/c) ey }. (48)

Thus, we recover the Faraday effect when the polarization vector continuously rotates with
the propagation of the plane wave. The polarization rotation angle -y, see Figure 1, from
the initial point z = 0 until the point z = h is determined by

h
y=4E, (49)
X X A
= =
E — F
B
B

— 4 >
Y ¥

Figure 1. Faraday effect of polarization rotation under the action of uniform axial torsion.

For the second case of the axial torsion field configuration (¢ = 0, & # 0), the form of
the solution depends on the relative orientation of the a with respect to the wave vector of
the electromagnetic wave k. Quite generally, given the direction of the wave propagation,
we can decompose & = & + & into the longitudinal and transversal projections on the
wave vector k and the plane orthogonal to it. Accordingly, we derive the solution for the
real electric field of the linearly polarized electromagnetic plane wave, to the first order in
the interaction constant x:
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E =Ej cos|w(t — z/c)]{cos()(ocuz) ex —sin(xu) z) ey}
2xu | ¢

Eg sin[w(t —z/c)] sin(xa)z + ¢o) e - (50)
Since the wave propagates along the z-axis, we have k - & = kz«|, and
ocH:eZ-oc:acosG, &) =asinb, (51)

and cos ¢y = ey - | measures the angle between the projection «; and the basis vector e,.
Obviously, by choosing the coordinate frame appropriately, we can always make ¢y = 0.
It is worthwhile to note that, in accordance with (40), the electric field has a nontrivial
component along the wave vector and the third term in (50) vanishes only when the wave
propagates along the axial torsion «. In that case, the polarization rotation angle

v = xajh = xacos6h (52)

from the initial point z = 0 to the endpoint z = h is maximal. However, when the axial
vector field is orthogonal to the direction of propagation of the electromagnetic wave
« L k, there will be no rotation of the polarization plane. This generalized Faraday effect is
supported by the solution of the dispersion Equation (43),

kzzki:%ixa“:%ixtxcos@, (53)

in the leading order of the small coupling constant x, which gives rise to the two waves
traveling with two different phase velocities.

4. Discussion and Conclusions

The search for exotic new forces and interactions generated by the spin of matter
particles, fields, and continuous media has a long history. Since the corresponding spin—
torsion coupling constant x is very small, the detection of such new forces becomes a
challenging issue and requires high-precision measurements. On the other hand, the new
fields should be truly highly penetrating.

Taking into account that optical experiments are among the most accurate ones, the
analysis of possible optical effects of the axial vector torsion field appears to be quite
promising. Here, the classical dynamics of the axial vector field were studied in the
framework of the Yang-Mills type Poincaré gravity model with a focus on the interaction
with the electromagnetic field. We derived the dynamical equations for the axial vector
torsion field, (25) and (26), and identified the source of the “electric” component of the
torsion variable with the helicity density of the electromagnetic field ~ A - B, which
characterizes non-trivial topological properties of the field configuration, whereas the
“magnetic” component of the torsion variable is generated by the spin density of the
electromagnetic field.

Continuing the earlier studies of the spin—torsion effects in the fermion sector [24-26],
we here turn to the boson sector. Maxwell’s equations are modified (30)—(33) in the presence
of the axial torsion field. The analysis of the propagation of electromagnetic waves under the
action of the axial vector torsion field reveals the Faraday effect of the rotation of the wave’s
polarization and the angle of rotation is determined by the coupling constant, the magnitude
of the axial vector torsion field and the travel distance: v = XTW’ or v = xwh. This is
consistent with the similar effect arising due to the Lorentz symmetry violation [63,64] or
due to the action of the pseudoscalar axion [65,66].

Compared to earlier literature that focused on the evaluation of the spin—spin inter-
action potential [20,30,34,42,43,48,49,51], the results obtained provide a qualitatively new
approach to the search for possible manifestations of the spin—torsion coupling with the
help of the optical polarization methods. When discussing the most general model of the
interacting electromagnetic field and propagating axial torsion field [67,68], one has to pay
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special attention to the acausal (i.e., superluminal propagation) anomalies. In agreement
with the conclusions of [67,68], the class of models under consideration with by = 2b;
yields A = 0 for the axial pseudovector field, and so the stability, unitarity, and causality
issues are safely avoided.

Assuming the cosmic nature of the background axial torsion, we can apply the results
obtained in the astrophysical situation, and analyze the distribution over the sky sphere of
the polarization of radiation, coming from distant radio galaxies. Then taking the observa-
tional data collected in Table I of Reference [65], and repeating verbatim the computations
by replacing the Lorentz-violating parameter with the axial torsion pseudovector, we estab-
lish the strong bounds on the torsion’s magnitude: |T| < 8.7 x 1072 m~1. This turns out to
be significantly lower than the limits found from the analysis of the spin—torsion coupling
effects in the fermion sector [12,24-29].
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Appendix A. Poincaré Gauge Gravity Dynamics

In the literature, the quadratic Poincaré gravity theories are often formulated in terms
of the standard tensor objects, which are not decomposed into irreducible parts. As usual,
we introduce the Ricci tensor and the co-Ricci tensor as

— 1 , ‘
Rij =Ry, RV := 2 R’ """, (A1)
from which the curvature scalar and pseudoscalar arise naturally as the traces
y y _ .1 )
R=g"Rij=Ri",  R=giR" =3 Riju . (A2)

We consider the general quadratic model with the Yang-Mills type Lagrangian that contains
all possible quadratic invariants of the torsion and the curvature:

1 _
L=-— —{aoR + R 420
2Kc
+ oy Ty T + oy T, T+ a3 Ty T
+ @ 1" Ty T + @ 7™ Ty T
+ £ (171 RijiaR™ + by Rijig R + b3 Ry R™!
+ by RijRY + b5 R;;RV' + b R?
+ by ™™ RygiiRun™ + ba 7™ Rig Ry

+ B3 7 Rty Ry + B "™ Ry R) }. (A3)
Here, x = Sf—f is Einstein’s gravitational constant with the dimension of [kc] =skg~!.

G = 6.67 x 10711 m3kg~!s72 is Newton’s gravitational constant. The speed of light:
¢ =29x 108 m/s. For completeness, we include the cosmological term Ay.
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Besides the linear “Hilbert type” part characterized by ay and ay, the Lagrangian (A3)
contains several additional coupling constants, which fix the structure of the “Yang-Mills
type” part: aq,a,a3,a1,a, b1, -+, be, by, -+, by, and 63. The coupling constants ay, aj, by,
and b; are dimensionless, whereas the dimension [Eg] = [area] so that [E% /xc] = [h].

The analysis of the particle spectrum for the quadratic model (A3) reveals that the
dynamics of gravitational modes in different J* (spin”#*) sectors are determined by the
following combinations of the coupling constants: 2% sector

Ay = 4(by + by) + 2b3 + by + bs, Ay = 4by + b3, (A4)
0* sector
Az = 4(by + by) + 2b3 + 4(by + bs) + 120, Ay = 4by — 2b3, (A5)
and 17 sector
As = 4(by — by) + by — bs, Ng = 4by + bz + 20y, (A6)
As = 4(by — 2b3), Ag = —4(by +3by), (A7)

whereas the mass terms are specified by

2a1 + ay + 3as

W = —ap+a;—a, P2 = —2a9 + 2 , (A8)
M3 = —ap— 2a14¢, W= 2(451 + 3@, — 2ay). (A9)
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