Physics Reports 480 (2009) 1-55

Contents lists available at ScienceDirect

PHYSICS REPORTS

Physics Reports

journal homepage: www.elsevier.com/locate/physrep

Chern-Simons modified general relativity

Stephon Alexander ¢, Nicolas Yunes ><*

2 Department of Physics and Astronomy, Haverford College, Haverford, PA 19041, USA
b Department of Physics, Princeton University, Princeton, Nj 08544, USA
€ Institute for Gravitation and the Cosmos, Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA

ARTICLE INFO ABSTRACT
Article history: Chern-Simons modified gravity is an effective extension of general relativity that captures
Accepted 25 July 2009 leading-order, gravitational parity violation. Such an effective theory is motivated by

Available online 29 July 2009

. ‘ ) anomaly cancelation in particle physics and string theory. In this review, we begin by
editor: M.P. Kamionkowski

providing a pedagogical derivation of the three distinct ways such an extension arises: (1) in
particle physics, (2) from string theory and (3) geometrically. We then review many exact

I]’I;\(;SO Er and approximate_vacuqm solutiqns of the mpdified theor_y, and discuss possiblg matter
0 4:60:Cf couplings. Following this, we review the myriad astrophysical, solar system, gravitational
04.60.Bc wave and cosmological probes that bound Chern-Simons modified gravity, including
04.50.Kd discussions of cosmic baryon asymmetry and inflation. The review closes with a discussion
04.30.Tv of possible future directions in which to test and study gravitational parity violation.
04.80.Cc © 2009 Published by Elsevier B.V.
Keywords:

Chern

Simons

String theory

Loop Quantum Gravity
Parity violation

Contents
1. Introduction 2
The ABC of Chern-Simons and its tools 3
2.1.  Formulation 3
2.2. Non-dynamical CS gravity and the Pontryagin constraint 6
2.3.  Dynamical CS gravity 8
2.4.  Parity violation in CS modified gravity 8
2.5. Boundary issues 9
3. The many faces of Chern-Simons gravity 10
3.1.  Particle physics 10
3.2.  String theory 13
3.3.  Loop Quantum Gravity 14
4.  Exact vacuum solutions 15
4.1.  Classification of general solutions 15
4.2. Spherically symmetric spacetimes 16
4.3.  Why is the Kerr metric not a solution in CS modified gravity? 17

* Corresponding address: Department of Physics, Princeton University, Institute for Gravitation and the Cosmos, Princeton, NJ 08544, USA.
E-mail addresses: sha3@psu.edu (S. Alexander), nyunes@princeton.edu (N. Yunes).

0370-1573/$ - see front matter © 2009 Published by Elsevier B.V.
doi:10.1016/j.physrep.2009.07.002


http://www.elsevier.com/locate/physrep
http://www.elsevier.com/locate/physrep
mailto:sha3@psu.edu
mailto:nyunes@princeton.edu
http://dx.doi.org/10.1016/j.physrep.2009.07.002

2 S. Alexander, N. Yunes / Physics Reports 480 (2009) 1-55

4.4. Static and axisymmetric spacetimes 17

4,5, Stationary and axisymmetric spacetimes 18

4.6. pp-waves and boosted black holes 19

4.7. Non-axisymmetric solutions and matter 19

5. ADPProXimate VACUUIM SOIULIONS ....cuveuecieuieieieiteeteiestetetestetesteasteste e sesessesaesessesasseseesasseseasessesassesessansesansasesansesensasassensesensasensansssensesessenens 20
5.1. Formal post-Newtonian solution 20

5.2. Parameterized post-Newtonian expansion 21

5.3. Rotating extended bodies and the gravitomagnetic analogy 23

5.4. Perturbations of the Schwarzschild spacetime 25

5.5.  Slowly rotating Kerr-like black holes 27

5.6.  Gravitational wave propagation 29

5.7.  Gravitational wave generation e teaes 32

6.  Non-vaccum solutions and Fermionic interactions 32
6.1.  First-order formalism 33

6.2.  First-order formulation of CS modified gravity 34

6.3. Fermions and CS modified gravity 36

7.  Astrophysical tests 36
7.1.  Solar System tests 37

7.2.  Binary pulsar test . ... 38

7.3.  Galactic rotation curves 40

7.4. Gravitational wave tests 40

8.  Chern-Simons cosmology 42
8.1. Inflation and the power spectrum 42
8.1.1.  Gravitational waves and the effective potential 42

8.1.2.  CS corrected inflationary gravitational waves on large scales 43

8.1.3.  Power spectrum and tensor-to-scalar ratio 44

8.2.  Parity violation in the CMB 45

8.3. Leptogenesis and the Baryon asymmetry 48
8.3.1.  Outline of the mechanism 48

8.3.2.  Gravitational wave evolution during inflation 49

8.3.3.  The expectation value of the Pontryagin density 50

8.3.4. Lepton and photon number density 50

8.3.5. Is Gravi-leptogenesis a viable model? 51

9.  Outlook 51
References 52

1. Introduction

Over the last two decades, we have experienced a wealth of observational data in the field of cosmology and astrophysics
that has been critical in guiding physicists to our current fundamental theories. The combined CMBR [1], lensing [2], large
scale structure [3] and supernovae data [4] all point to an early universe scenario where, at matter radiation equality, the
universe was dominated by radiation and dark matter. Soon after, the universe underwent a transition where it became
dominated by a mysterious fluid, similar to a cosmological constant (if it is not evolving), named dark energy. Both dark
matter and dark energy might be a truly quantum gravitational effect or simply a modification of General Relativity (GR) at
large distances.

In the absence of a full quantum gravitational theory, how do we come about constructing a representative effective
model? One of the most important unifying concepts in modern physics is the gauge principle, which in fact played a
seminal role in the unification of the strong, weak and electromagnetic interactions through the requirement that the action
be invariant under a local SU(3) x SU(2) x U(1)y gauge transformation. Given the success of the gauge principle, much
effort has been invested in various branches of theoretical and mathematical physics, unveiling deep connections between
gauge theories and geometry. The modern route to such gauge geometrical picture is via the interpretation of Yang-Mills
gauge fields as connections on a principal fiber bundle and the Riemann tensor as the curvature on the tangent bundle.
Although the independent combination of the Standard Model of particle physics and GR accounts for all four observed
forces, a complete unification is still lacking, in spite of their semblance as gauge theories.

Gauge principles invariably point us in the direction of a peculiar, yet generic modification to GR that consists of the
addition of a Pontryagin or “Chern-Simons” (CS) term to the action. Due to its gauge principle roots, such an extension
connects many seemingly unrelated areas of physics, including gravitational physics, particle physics, String Theory and
Loop Quantum Gravity. This effective theory is in contrast with other GR modifications that are not motivated by predictive
elements of a more fundamental theoretical framework. One of the goals of this report is to explore the emergence of CS
modified gravity from these theoretical lenses and to confront model-independent predictions with astrophysics, cosmology
and particle physics experiments.

Many have argued that studying an effective theory derived from String Theory or particle physics is futile because, if
such a correction to the Einstein-Hilbert action were truly present in Nature, it would be quantum suppressed. In fact, String
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Theory does suggest that the coupling constant in front of the CS correction should be suppressed, at least at the electroweak
scale level, or even the Planck scale level. Indeed, if this were the case, the CS correction would be completely undetectable
by any future experiments or observations.

Other quantities exist, however, that String Theory predicts should also be related to the Planck scale, yet several
independent measurements and observations suggest this is not the case. One example of this is the cosmological constant,
which, according to String Theory, should be induced by supersymmetry breaking. If this breakage occurs at the electroweak
scale, then the value of the cosmological constant should be approximately 10% eV*, while if it occurs at the Planck scale it
should be about 10''? eV4, We know today that the value of the cosmological constant is close to 10~ eV, nowhere near
the String Theory prediction.

A healthy, interdisciplinary rapport has since developed between the cosmology and particle communities. On the one
hand, the astrophysicists continue to make more precise and independent measurements of the cosmological constant. On
the other hand, the particle and String Theory communities are now searching for new and exciting ways to explain such
an observable value, thus pushing their models in interesting directions.

Similarly, a healthy attitude, perhaps, is to view the CS correction as a model-independent avenue to investigate parity
violation, its signatures and potential detectability, regardless of whether some models expect this correction to be Planck
suppressed. In fact, there are other models that suggest the CS correction could be enhanced, due to non-perturbative instan-
ton corrections [5], interactions with fermions [6], large intrinsic curvatures [7] or small string couplings at late times [8-17].

After mathematically defining the effective theory [Section 2], we shall discuss its emergence in the Standard Model,
String Theory and Loop Quantum Gravity [Section 3]. We begin by reviewing how the CS gravitational term arises from
the computation of the chiral anomaly in the Standard Model coupled to GR. While this anomaly is cancelled in the
Standard Model gauge group, we shall see that it persists in generic Yang-Mills gravitational theories. We then present the
Green-Schwarz anomaly canceling mechanism and show how CS theory arises from String Theory, leading to a Pontryagin
correction to the action in four-dimensional gravity coupled to Yang-Mills theory. The emergence of CS gravity in Loop
Quantum Gravity is then reviewed, as a consequence of the scalarization of the Barbero-Immirzi parameter in the presence
of fermions.

Once the effective model has been introduced and motivated, we shall concentrate on exact and approximate solutions
of the theory both in vacuum and in the presence of fermions [Sections 4-6]. We shall see that, although spherically
symmetric spacetimes that are solutions in GR remain solutions in CS modified gravity, axially-symmetric solutions do not
have the same fate. In the far field, we shall see that the gravitational field of a spinning source is CS modified, leading
to a correction to frame-dragging. Moreover, the propagation of gravitational waves is also CS corrected, leading to an
exponential enhancement/suppression of left/right-polarized waves that depends on wave-number, distance travelled and
the entire integrated history of the CS coupling.

With such exact and approximate solutions, we shall review the myriads of astrophysical and cosmological tests of CS
modified gravity [Sections 7 and 8]. We shall discuss Solar-System tests, including anomalous gyroscopic precession, which
has led to the first experimental constraint of the model. We shall then continue with a discussion of cosmological tests,
including anomalous circular polarization of the CMBR. We conclude with a brief summary of leptogenesis in the early
universe as explained by the effective theory.

This review paper consists of a summary of fascinating results produced by several different authors. Overall, we follow
mostly the conventions of [18,19], which are the same as those of [20,21], unless otherwise specified. In particular, Latin
letters at the beginning of the alphabet a, b, . . ., h correspond to spacetime indices, while those at the end of the alphabet
i,j, ...,z stand for spatial indices only. Sometimes i, j, ..., z will instead stand for indices representing the angular sector
in a 2 4+ 2 decomposition of the spacetime metric, but when such is the case the notation will be clear by context. Covariant
derivatives in four (three) dimensions are denoted by V, (D;) and partial derivatives by d, (9;). The Levi-Civita tensor is
denoted by €%, while €20 is the Levi-Civita symbol, with convention €°'?* = +1. The notation [A] stands for the units of
A and L stands for the unit of length, while the notation @ (A) stands for a term of order A. Our metric signature is (—, +, +, +)
and we shall mostly employ geometric with G = ¢ = 1, except for a few sections where natural units shall be more
convenienth =c = 1.

2. The ABC of Chern-Simons and its tools

2.1. Formulation

CS modified gravity is a 4-dimensional deformation of GR, postulated by Jackiw and Pi [22].! The modified theory can be
defined in terms of its action:

S = SEH+Scs+Sﬁ +5matv (1)

1 Similar versions of this theory were previously suggested in the context of string theory [23,24], and three-dimensional topological massive
gravity [25,26].
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where the Einstein-Hilbert term is given by

SEH = K/ d4X\/ —gR, (2)
v
the CS term is given by
1
Scs = +OZZ / d4X\/ —g s *RR, (3)
v

the scalar field term is given by

1
S» =B f d'xy/=g [ (Va?) (Vo) +2V(9)]. @
12

and an additional, unspecified matter contribution are described by

Smat = / d4X\/ —gLmat, (5)
v

where £, is some matter Lagrangian density that does not depend on #. In these equations, k ~! = 167G, « and S are
dimensional coupling constants, g is the determinant of the metric, V, is the covariant derivative associated with g, R is the
Ricci scalar, and the integrals are volume ones carried out everywhere on the manifold V. The quantity *R R is the Pontryagin
density, defined via

*RR := RR = *R%“R0 4q, (6)

where the dual Riemann-tensor is given by
1
*Rabcd — EecdefRabef, (7)

with € the 4-dimensional Levi-Civita tensor. Formally, “RR o R A R, but here the curvature tensor is assumed to be the
Riemann (torsion-free) tensor. We shall discuss in Section 6 the formulation of CS modified gravity in first-order form.

Unfortunately, since its inception, CS modified gravity has been studied with slightly different coupling constants. We
have here attempted to collect all ambiguities in the couplings « and 8. Depending on the dimensionality of @ and 8, the
scalar field will also have different dimensions. Let us for example let [r] = L#, where A is any real number. If the action is to
be dimensionless (usually a requirement when working in natural units), it then follows that [¢#] = L™, which also forces
[B] = L*~2. Different sections of this review paper will present results with slightly different choices of these couplings,
but such choices will be made clear at the beginning of each section. A common choice is « = « and 8§ = 0, leading to
[¢] = L2 and [¢] = L2, which was used in [22,27-32,7,33-36]. On the other hand, when discussing Solar System tests of
CS modified gravity, another common choiceiso@ = —¢/3 and 8 = —1, where £ is some length scale associated with @ [37],
which then implies [@] =L, [#] =L 'and [] = 1

But is there a natural choice for these coupling constants? A minimal, practical and tempting choice is « = 1, which then
implies that ¢ is dimensionless and that [8] = L2, which suggests 8 o «.? From a theoretical standpoint, the choice of
coupling constant does matter because it specifies the dimensions of ¢ and could thus affect its physical interpretation. For
example, a coupling of the form « o« k! suggest Scs is to be thought of as a Planckian correction, since G = Z;, where £,
is the Planck length. On the other hand, if one wishes to study the CS correction on the same footing as the Einstein-Hilbert
term, then it is more convenient to let « = « and push all units into ¢. By leaving the coupling constants unspecified with
« and B free, we shall be able to present generic expressions for the modified field equations, as well as particular results
present in the literature by simply specifying the constants chosen in each study.

The quantity ¢ is the so-called CS coupling field, which is not a constant, but a function of spacetime, thus serving as a
deformation function. Formally, if 9 = const. CS modified gravity reduces identically to GR. This is because the Pontryagin
term [Eq. (6)] can be expressed as the divergence

1
VaK® = 'R (8)

of the Chern-Simons topological current

2
K = ey (acrg; + grg'r{m) : 9)

2 When working in geometrized units, a dimensionless ¥ can still be achieved if 8 ~ «, but here « is dimensionless, thus pushing all dimensions into «,
which now possess units [a] = 2.



S. Alexander, N. Yunes / Physics Reports 480 (2009) 1-55 5

where here I' is the Christoffel connection. One can now integrate Scs by parts to obtain

Scs = o (9 K9 |yy — %/ d*x/—g (Vo) K", (10)
v

where the first term is usually discarded since it is evaluated on the boundary of the manifold.> The second term clearly
depends on the covariant derivative of 1%, which vanishes if # = const. and, in that case, CS modified gravity reduces to GR.
For any finite, yet arbitrarily small V,¢, CS modified gravity becomes substantially different from GR. The quantity V%
can be thought of as an embedding coordinate, because it embeds a generalization of the standard 3-dimensional CS theory
into a 4-dimensional spacetime. In this sense, V, ¢ and V,V,¢ act as deformation parameters in the phase space of all
theories. One can then picture GR as a stable fixed point in this phase space. Away from this “saddle point”, CS modified
gravity induces corrections to the Einstein equations that are proportional to the steepness of the ¥ deformation parameter.
The equations of motion of CS modified gravity can be obtained by variation of the action in Eq. (1). Exploiting the well-

known relations

SR cq = V8T, — Va8TL, (11
and
b 1 4
Srqc = Eg (Vabgac + Vedgad — Vadgac) , (12)
one finds

1 o 1
sS = K/ d4XV —g |\ Rap — =8aR+ —Cop — —Twp Sgab
v 2 K 2k

v
n / d*xJ/—g [Z*RR + B9 — ﬁw] 59 + Sen + Zes + Sy (13)
v

where 0 := g%V, V, is the D’Alembertian operator and Ty, is the total stress-energy tensor, defined via

T _ 2 (806‘““ N 8060) (14)
V=g \ 88  8&m )’
where £y is the Lagrangian density of the scalar field action, i.e. the integrand equation (4) divided by /—g, such that

Sy = [, Lsd*x. Thus, the total stress-energy tensor can be split into external matter contributions T%, and a scalar field
contribution, which is explicitly given by

1
Taﬁb =B |:(Va19) (Vp?) — Egab (Vo) (Vaﬁ) —gabV(ﬁ‘)] . (15)

The tensor C,, that appears in Eq. (13) is a 4-dimensional generalization of the 3-dimensional Cotton-York tensor, which
in order to distinguish it from the latter we shall call the C-tensor.* This quantity is given by

Cab — UCGCde(aVeRb)d 4 vcd*Rd(ab)c’ (16)
where
Vo = Vo,  vgp = VoVl = VoV (17)

are the velocity and covariant acceleration of ¥, respectively. The last line of Eq. (13) represents surface terms that arise due
to repeated integrations by parts. Such terms play an interesting role for the thermodynamics of black hole solutions, which
we shall review in Section 2.5.
The vanishing of Eq. (13) leads to the equations of motion of CS modified gravity. The equations of motion for the metric
degrees of freedom (the modified field equations) are simply
1

o
Gap + —Cap = Tap, (18)
K 2K

where Ggp = Rgp — %gabR is the Einstein tensor. The trace-reversed form of the modified field equations

o 1 1
Rap + —Cap = Tap — —8abT ) » (19)
K 2K 2

3 The implications of discarding this boundary term will be discussed in Section 2.5.

4 In the original work of [22], the C-tensor was incorrectly called “Cotton tensor”, but the concept of a higher-dimensional Cotton-York tensor already
exists [38] and differs from the definition of Eq. (16).
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can be derived by noting that the C-tensor is in fact symmetric and traceless, where T = g®T,, is the trace of the total
stress—energy tensor. Thus, it follows that as in GR the modified field equations must also satisfy
1

R=—-——T=0, 20
P (20)

where the right-hand side holds in the absence of matter.
The vanishing of the variation of the action also leads to an extra equation of motion for the CS coupling field, namely

v o,
ﬁmﬁ:ﬁ@—zm, (21)

which we recognize as the Klein-Gordon equation in the presence of a potential and a sourcing term. One then sees that the
evolution of the CS coupling is not only governed by its stress—energy tensor, but also by the curvature of spacetime. One
can in fact also derive this equation from the requirement of energy-momentum conservation:

1
Ve (Gab + Cab) = ZvuTab’ (22)

where the first term on the left-hand side identically vanishes by the Bianchi identities, while the second is proportional to
the Pontryagin density via

V% = —%vb*R R. (23)
Eq. (21) is then established from Eq. (22), provided external matter degrees of freedom satisfy VaTrff’at = 0. Alternatively,
Eq. (22) also tells us that, provided the scalar field satisfies its evolution equation [ Eq. (21)], then the strong equivalence
principle is satisfied since matter follows geodesics determined by the conservation of its stress—energy tensor.

At this junction, one might worry if this set of equations is well-posed as an initial value problem (i.e. that given generic
initial data, there exists a unique and stable solution that is continuous on the initial data (a small change in the initial
state leads to a small change in the final state)). A restricted class of modified CS theories have already been shown to be
well-posed as a Dirichlet boundary value problem [39], via the construction of a Gibbons-Hawking-York boundary term
(see Section 2.5). In principle, these results can easily be generalized to initial or final boundaries (Cauchy hypersurfaces),
by treating the case where the normal vector to the boundary is timelike, and to generic CS field ¥, since the addition of
kinetic or potential terms should not modify the analysis of [40,39]. Such conclusions thus imply that given an initial state,
there exists a unique final state in CS modified gravity.

The issue well-posedness of the theory as an initial value problem, however, remains still formally open, since the above
arguments cannot necessarily be used to demonstrate that the theory is stable. Such instabilities are rooted in the potential
appearance of third time derivatives in the equations of motion. As regards to these higher-order derivatives, notice first
that, for v* = const., such derivatives do not arise and the modified field equations remain second-order. Moreover, notice
that even for generic ¢, third time derivatives also vanish in a linear stability analysis, as these derivatives are multiplied
by terms at least quadratic in the metric perturbation. Non-linear stabilities, however, could arise upon the full non-linear
evolution of the modified field equations, a topic that is currently being investigated.

Formally, the CS modified equations of motion presented here [Eqs. (18) and (21)] represent a family of theories,
parameterized by the couplings « and B. Of this family, two classes or formulations are particularly interesting: the
non-dynamical framework (« arbitrary, 8 = 0) and the dynamical framework (o and g arbitrary but non-zero). These
two formulations are actually two distinct theories, because in the dynamical formulation the scalar field introduces
stress—energy into the modified field equations, which in turn forces vacuum spacetimes to possess a certain amount of
“scalar hair”. On the other hand, such hairy spacetimes are absent from the non-dynamical formulation, but this one instead
acquires an additional differential constraint that might overconstrain it.

One of the benefits of introducing the coupling constants « and § is that we can easily specify if we are considering the
dynamical (@ # 0 # B) or the non-dynamical (¢ # 0, 8 = 0) formulation. In this review article, we shall attempt to
present as many generic expressions with « and 8 unspecified as possible, but when summarizing existing results we will
have to focus on one specific formulation. On average, the non-dynamical formulation has been investigated much more than
the fully-dynamical one, which is why the presentation might seem slightly biased toward the non-dynamical theory. One
should remember that this bias is not because the non-dynamical theory is preferred, but only because it is easier to study
than the fully-dynamical scenario. It is critical then to pay close attention to the beginning of each section in the remainder
of this review article, as we shall specify whether the results that are being presented correspond to the dynamical or the
non-dynamical theory by specifying the choice of @ and § (an issue that is particularly relevant when discussing solutions
to the modified theory in Sections 4 and 5).

2.2. Non-dynamical CS gravity and the Pontryagin constraint

The non-dynamical framework is defined by setting 8 = 0 at the level of the action, such that the scalar field does not
evolve dynamically, but is instead externally prescribed. Such was the formulation introduced by Jackiw and Pi [22], with
the particular choice @ = « and 8 = 0, which implies [¢#] = 2.
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Within this non-dynamical model, there is a particular choice of ¥, proposed by Jackiw and Pi [22], that has been used
extensively:

1
=— — vﬂ=[,0,0,0] (24)
2 12

where p is some mass scale, such that [p] = L~'. We shall refer to Eq. (24) as the canonical CS coupling. This choice of CS
scalar is popular because, for certain sufficiently symmetric line elements (eg. the Schwarzschild metric), the 4-dimensional
C-tensor reduces exactly to the ordinary 3-dimensional Cotton tensor. Moreover, with this choice, spacetime-dependent
reparameterization of the spatial variables and time translation remain symmetries of the CS modified action [22]. In spite
of this, there is nothing truly “canonical” about this choice of embedding coordinate and other interesting choices are also
possible.

Irrespective of the choice ¥, non-dynamical CS modified gravity, is a constrained theory, in the sense that all solutions
must satisfy an additional differential condition, sometimes referred to as the Pontryagin constraint:

*RR = 0. (25)

This constraint arises directly from the variation of the action in Eq. (13) with 8 = 0. We shall see in Sections 4 and 5 that
this constraint imposes severe restrictions on the dynamics of solutions of the non-dynamical theory.

What does the Pontryagin constraint really mean physically? Some insight can be gained by reformulating this constraint
in terms of its spinorial decomposition. Griimiller and Yunes [35] have realized that the trivial relation

*RR = *CC, (26)

where C is the Weyl tensor
1
b . b [apb] b
C%q =R — 28Ry + §8E’C(Sd]R (27)
and *C its dual
1
*Cabcd — Eecdefcabef, (28)

opens the door to powerful spinorial methods that allows one to map the Weyl tensor into the Weyl spinor [41], which
in turn can be characterized by the Newman-Penrose (NP) scalars (¥, ¥1, ¥,, ¥3, ¥,). Following the notation of [42], the
Pontryagin constraint translates into a reality condition on a quadratic invariant of the Weyl spinor, {,

S(4) =3 (VoW + 395 — 3W03) = 0. (29)

The reality condition of Eq. (29) directly implies that any spacetime of Petrov types Ill, N and O automatically satisfies the
Pontryagin constrain, while spacetimes of Petrov type D, Il and I could violate it. Moreover, this reality condition also directly
implies that not only the Kerr solution but also gravitational perturbations thereof violate the Pontryagin constraint. This is
because, although ¥; 3 = 0 in this perturbed spacetime, R(¥;) # 0 # J(¥,) generically, which violates Eq. (29) [35,43].

Another reformulation of the Pontryagin constraint can be obtained from the electro-magnetic decomposition of the
Weyl tensor (cf. e.g. [44]), given by

i ef b,d :
Cabcd + Efabefc o | WU = Eqc + By, (30)

where u® is a normalized time-like vector, and E,. and B, are the electric and magnetic parts of the Weyl tensor respectively.
Griimiller and Yunes [35] have shown that in this decomposition [45], the Pontryagin constraint reduces to

EB® = 0. (31)

Such a restriction forces certain derivatives of the Regge-Wheeler function in the Regge-Wheeler [46] decomposition of
the metric perturbation to vanish, which has drastic consequences for perturbations of the Schwarzschild spacetime, as we
shall discuss in Section 5.

The electromagnetic decomposition of the Pontryagin constraint leads to three possible scenarios: purely electric
spacetimes By, = 0; purely magnetic spacetimes E;, = 0; orthogonal spacetimes, where E,, is orthogonal to Bg. In fact,
Eq. (31) is a perfect analogue to the well-known electrodynamics condition *F F o E - B = 0. In electromagnetism, such
a condition is satisfied in electrostatics (Bg, = 0), magnetostatics (Eq, = 0) and electromagnetic waves (E;,B® = 0). The
Pontryagin constraint can thus be rephrased as “the gravitational instanton density must vanish”, since the quantity *F F is
sometimes also referred to as the “instanton density”.

The severe requirements imposed by the Pontryagin constraint on the space of allowed solutions, together with the
arbitrariness in the choice of CS field, make the non-dynamical formulation rather contrived. First, different choices of ¢
will lead to sufficiently different solutions, each of these with different observables. Without an external prescription to
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decide what ¥ is, one loses the predictive power of the Einstein equations and replaces it by a family of possible solutions.
Moreover, all choices of ¢ so far explored are rather unnatural or unphysical, in that they lead to a field with infinite energy,
since the field’s kinetic energy is constant. Such fields are completely incompatible with the dynamical framework, which
implies that results arrived at in the non-dynamical framework cannot be directly extended into the dynamical scheme.
Second, the Pontryagin constraint can be thought of as a selection rule, that eliminates certain metrics from the space of
allowed solutions. Such a selection rule has been found to overconstrain the modified field equations, to the point that only
the trivial zero-solution is allowed in certain cases [34].

Having said this, the non-dynamical framework has been useful to qualitatively understand the effect of the CS correction
on gravitational parity violation. Only recently has there been a serious, albeit limited, effort to study the much more difficult
dynamical formulation, and preliminary results seem to indicate that solutions found in this framework do share many
similarities with solutions found in the non-dynamical scheme. The non-dynamical formulation should thus be viewed as a
toy-model that might help us gain some insight into the more realistic dynamical framework.

2.3. Dynamical CS gravity

The dynamical framework is defined by allowing 8 and « to be arbitrary, but non-zero constants. In fact, 8 cannot be
assumed to be close to zero (or much smaller than «), because then the evolution equation for ©# becomes singular. This
formulation was initially introduced by Smith, et al. [37], with the particular choice « = —¢/3 and § = —1, which implies
[¢#] = L. In this model, the CS scalar field is thus not externally prescribed, but it instead evolves driven by the spacetime
curvature. The Pontryagin constraint is then superseded by Eq. (21), which does not impose a direct and hard constraint on
the solution space of the modified theory. Instead, it couples the evolution of the CS field to the modified field equations.

The dynamical formulation, however, is not completely devoid of arbitrariness. Most of this is captured in the potential
V() that appears in Eq. (4), since this is a priori unknown. In the context of string theory, the CS scalar field is a moduli field,
which before stabilization has zero potential (i.e. it represents a flat direction in the Calabi-Yau manifold). Stabilization of the
moduli field occurs via supersymmetry breaking at some large energy scale, thus inducing an (almost incalculable) potential
that is relevant only at such a scale. Therefore, in the string theory context, it is reasonable to neglect such a potential when
considering classical and semi-classical scenarios.

The arbitrariness aforementioned, however, still persists through the definition of the kinetic energy contained in the
scalar field. For example, there is no reason to disallow scalar field actions of the form

Snews = =5 | EW/E B 00 + 2 09)7], (32)
which leads to the following stress—energy tensor

T " = B [1+ 262 (09)*] (Va?) (Vo) — %gab [1(39)* + B2 (89)*], (33)
where we have used the shorthand (8%)? := g% (V,®) (V,9). The Pontryagin constraint would then be replaced by

B O + 28,V [(V'9) (09)2] = —a%*R R. (34)

Of course, the choice of Eq. (4) is natural in the sense that it corresponds to the Klein-Gordon action, but it should actually
be the more fundamental theory, from which CS modified gravity is derived, that prescribes the scalar field Hamiltonian. In
the string theory context, however, the moduli field possess a canonical kinetic Hamiltonian, suggesting that Eq. (32) is the
correct prescription [27].

Another natural choice for the potential of the CS coupling is the C-tensor itself. In other words, consider the possibility
of placing the C-tensor on the right-hand side of the modified field equations and treating it as simply a non-standard
stress—energy contribution. Such a possibility was studied by Griimiller and Yunes [35] for certain background metrics,
which are solutions in GR but not in CS modified gravity. The Kerr metric is an example of such a background, for which they
found that the induced C-tensor stress—energy violates all energy conditions. No classical matter in the observable universe
is so far known to violate all energy conditions, thus rendering this possibility rather unrealistic.

2.4. Parity violation in CS modified gravity

Precisely what type of parity violation is induced by the CS correction? Let us first define parity violation as the purely

spatial reflection of the triad that defines the coordinate system. The operation P [A] = X,A is then said to be even,
parity-preserving or symmetric when A, = +1, while it is said to be odd, parity-violating or antisymmetric if A, = —1.
By definition, we then have that P [e]] = —e!, where ¢/ is a spatial triad, and thus P [¢"] = —e“* Note that parity

transformations are slicing-dependent, discrete operations, where one must specify some spacelike hypersurface on which
to operate. On the other hand the combined parity and time-reversal operations is a spacetime operation that is slicing
independent.
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How does the CS modification transform under parity? First, applying such a transformation to the action one finds that
S is invariant (i.e. parity even) if and only if ¢ transforms as a pseudo-scalar P[9] = —v. Applying such a transformation to
the modified Einstein equations one finds that the C-tensor is invariant if and only if the covariant velocity of ¥ transforms
as a vector P [vq] = +vg, or equivalently if 9 is as a pseudo-scalar.

The transformation properties of the CS scalar are not entirely free in the dynamical formulation. Since ¢ must satisfy
the evolution equation V,v® o« *RR, we see that P [v?] = 4, and thus % must be a pseudo-scalar. In the non-dynamical
framework, however, one is free to choose ¥ in whichever way desired and thus the transformation properties of the action
and field equations cannot be a priori determined. Of course, if one is to treat the modified theory as descending from string
theory or particle physics, then ¥ is required to be a pseudo-scalar as the dynamical theory also requires.

Statements about the parity-transformation properties of a theory do not restrict the parity-properties of the solutions of
the theory. A clear example can be derived from Maxwell’s theory of electromagnetism. Propagating modes (electromagnetic
waves) travel at the speed of light in vacuum but, in the presence of a dielectric medium, they become birefringent, leading
to Faraday rotation. Even though the Maxwell action and field equations are clearly parity-preserving, solutions exist where
this symmetry is not respected. Another example can be obtained from GR, where the theory is clearly parity preserving,
but solutions exist (such as the Kerr metric and certain Bianchi models) that do violate parity.

Such symmetry considerations can be used to infer some properties of background solutions (i.e. representations of
the vacuum state) in the dynamical formulation. First, if one is searching for parity-symmetric solutions (as in the case of
spherically symmetric line-elements), then *RR = 0, which forces 6 to be constant (assuming this field has finite energy).
One then sees that parity-even line-elements will not be CS corrected. On the other hand, if one is considering parity-odd
spacetimes (such as the Kerr metric), then the Pontryagin density will source a non-trivial CS scalar, which will in turn
modify the Kerr metric through the field equations. Such a correction will tend to introduce even more parity-violation in
the solution, as we shall discuss further in Section 5.

Clear signals of parity violation can be obtained by studying perturbations about the background solutions. As in the case
of Maxwell theory, CS modified gravity has the effect of promoting the vacuum to a very special type of medium, in which
left- and right- moving gravitational waves are enhanced/suppressed with propagation distance. Such an effect is sometimes
referred to as “amplitude birefringence”, and it is analogous (but distinct) to electromagnetic birefringence (see Section 5
for a more detailed discussion of amplitude birefringence). The modified theory then can be said to “prefer a chirality”, since
it will tend to annihilate a certain polarization mode.

2.5. Boundary issues

Contrary to common belief, GR does not admit a Dirichlet boundary-value problem as formulated in the previous section.
This is so because the variation of the Ricci scalar in the Einstein-Hilbert action leads to boundary terms that depend both on
the variation of the metric and its first normal derivative. In order to become a well-posed, Dirichlet boundary value problem,
the Einstein-Hilbert action must be supplemented by a boundary counterterm, the so-called Gibbons-Hawking-York (GHY)
term. This term cancels the aforementioned boundary terms, thus yielding a well-posed boundary value problem.

The issue of non-dynamical CS modified gravity as a well-posed boundary value problem has been addressed by
Grumiller, et al. [39] with the conventions « = k and 8 = 0. As in GR, the CS action as presented in Eq. (3) does not lead to a
well-posed boundary value problem and counterterms must be added. Let us then concentrate on Xcs and, in particular, on
boundary terms involving normal derivatives of the variation of the metric, neglecting irrelevant terms. In [39] and in this
section, “irrelevant terms” are defined as those that are bulk terms but not total derivatives, or as those that are boundary
terms that vanish on the boundary.

Let us then define the induced metric on the boundary as

hap := gap — Naltp, (35)
where the boundary is a hypersurface with spacelike, outward-pointing unit normal n,. The extrinsic curvature is then
Kap := hShiV ny, (36)
which is simply the Lie derivative along n®, where V, stands for the four-dimensional covariant derivative operator. Note
that the variation of this quantity is given by
1 cpd_e
SKap = Ehahbn Veb8ed, (37)

up to irrelevant terms.
With this machinery, one then finds that the variation of the Einstein-Hilbert and CS actions lead to the following
boundary terms [39]:

8Sen = —2K3/ d*x VhK, (38)
Eh%

8Scs = —2a8 / d*xvh ¥ CS(K), (39)
a%
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up to irrelevant terms, where one defines [39]

1 ..
CS(K) := 56””" Ki' DiKy. (40)

In Egs. (38)-(40), K := K“, is the trace of the extrinsic curvature, i, j, k and n stand for indices tangential and normal to
the hypersurface respectively, and D; is the covariant derivative along the boundary. Eq. (38) is in fact the GHY term, while
Eq.(39)is analogous to this term in CS modified gravity. Note that Eq. (39) depends only on the trace-less part of the extrinsic
curvature, and thus, it can be thought of as complementary to the GHY term.

The boundary terms introduced upon variation of the action can be cancelled by addition of the following counterterms:

SpEn = 2/(/ d3X«/flK,
v

Spes = 2 / d>xv'h ¥ CS(K). (41)
v

Again, Eq. (41) is the GHY counterterm, while Eq. (41) is a new counterterm required in CS modified gravity in order to
guarantee a well-posed boundary value problem. Interestingly, we could also have performed this analysis in terms of the
CS current, using *RR o v,K*°. Doing so [39]

1 1
aff d*x/—g z?*RR—I—Z/ d*xv/h 9CS(K) = _7/ d*xv/=g vk + |  ~hocs(y), (42)
4 v A% 2 v av
up to irrelevant terms, where CS(y) is given by
. 1 nijk -1 m 2 m D
CS(F) = 56 r im 8jr K+ §F ij Kl (43)

with 'y, the Christoffel connection.
The CS counterterm presented above, however, only holds in an adaptive coordinate frame, where the lapse is set to unity
and the shift vanishes. In covariant form, Grumiller, et al. [39] have shown that the action

s= K/ dixy/—2 (R n g19*RR> n 2;</
P 4 9

has a well-posed Dirichlet boundary value problem. This action is a generalization of the counterterms presented above,
which holds in any frame. The last integral is an additional term that is intrinsic to the boundary and does not affect the
well-posedness of the boundary value problem, yet it is essential for a well-defined variational principle when the boundary
is pushed to spatial infinity [47,48].

dxv/h (K + %ﬂnae“”fdwvckde) p f ExVh F (hey ), (44)

v A%

3. The many faces of Chern-Simons gravity

3.1. Particle physics

The first place we encounter the CS invariant is in the gravitational anomaly of the Standard Model. In this chapter, we
shall give a pedagogical review and derivation of anomalies that includes the gravitational one.

An anomaly describes a quantum mechanical violation of a classically conserved current. According to Noether’s theorem,
invariance under a classical continuous global symmetry group G yields the conservation of a global current j{j, with A
labelling the generators of the group G:

3™ = 0. (45)

An anomaly A" is a quantum correction to the divergence of j4 which renders it non-zero, 95" = A".

On the one hand, gauge theories with chiral fermions usually have global anomalies in the chiral currents, jo5 = ¥ ya¥s .
Such anomalies do not lead to inconsistencies in the theory, but they do possess physical consequences. Historically,
precisely this type of anomaly led to the correct prediction of the decay rate of pions into photons, 7, — y ¥, by including
the anomalous interaction e ®F,,F.q.

On the other hand, gauge anomalies are also a statement that the quantum theory is quantum mechanically inconsistent.
Gauge symmetries can be used to eliminate negative norm states in the quantum theory, but in order to remain unitary, the
path integral must also remain gauge invariant. Quantum effects involving gauge interactions with fermions can spoil this
gauge-invariance and thus lead to a loss of unitarity and render the quantum formulation inconsistent. Therefore, if one is
to construct a well-defined, unitary quantum theory and if gauge currents are anomalous, then these anomalies must be
cancelled by counterterms.

A common example of a global anomaly in the Standard Model is the violation of the U(1) axial current by a one-loop
triangle diagram between fermion loops and the gauge field external legs. Let us then derive the anomaly using Fujikawa’s
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approach in 1 4+ 1 dimensions [49,50], generalized to d + 1 dimensions. Since amplitudes and currents can be generated
from the path integral, Fujikawa realized that anomalies arise from the non-invariance of the fermionic measure in the
path integral under an arbitrary fermionic field redefinition. For concreteness let us consider a massless fermion coupled to
electromagnetism in 3 4+ 1 dimensions. The action and partition function for this theory are the following:

1 o
S= / d*x <—@ WF® + iy Da1/1> (46)

Z= /DADI//DlpeiS[A“’w'JJ], (47)

where 1 is a Dirac fermion, A? is a gauge field, F, is the electromagnetic field strength tensor, e is the coupling constant or
charge of the Dirac fermions and y¢ are Dirac matrices, where the overhead bar stands for complex conjugation. Such a toy
theory is invariant under a chiral transformation of the form

Y — €V =y +iaysy 4o, (48)

where « is a real number and ys is the chiral Dirac matrix. Such an invariance leads to the U(1) global Noether current
jﬁ’“a' = Yy.ys¥. In the path integration approach, current conservation is exhibited by studying the Ward identities, which
can be derived by requiring that the path integral be invariant under an arbitrary phase redefinition of the Dirac fermions.

The non invariance of the fermionic measure is precisely the main ingredient that encodes the chiral anomaly. In order
to study this effect, we must first define the measure precisely. For this purpose, it is helpful to expand i in terms of
orthonormal eigenstates of iy?Dg:

VaDa¢m = )\m¢rn (49)
and

V) =Y anm(x), (50)

where a,; are Grassmann variable multiplying the c-number eigenfunctions ¢,,(x) and D, is the gauge covariant derivative.
The measure is then defined as

Dy DY = [ [ da,da,. (51)
n
Let us now demand invariance of the partition function:
/ DADy/ Dy eSlev-¥1 — / DA'Dy/' Dy S 10V-V1, (52)
where the fermions transform as follows
Y = Y0 +e®, Y =P +ER (53)

for a chiral transformation € (x) = ix(x) ymﬂx). We see then that the Lagrangian transforms as

/ dx(iy Doy’ = / AX[Tiy Dy — (300)Triy ys ] (54)

Assuming that the measure is invariant, integrating by parts and varying the action with respect to «, we recover the Ward
identity

Yy ysy) =0, (55)

which is nothing but the statement of axial current conservation.

Naively, we might conclude that the classical global current carries over to the quantum one, but Fujikawa [49,50] realized
that such a reasoning assumes that the path integral measure is invariant. A more careful analysis then reveals that a change
of variables in the measure affects the coefficient of the Dirac fermion eigenstate expansion via

Gy = (Smn + B (56)
n
where
By = i / d*x ¢l aysey. (57)
Using the Grassmanian properties of a,,, this transformation returns the Jacobian in the measure

Dy'Dy’ = [det(1+ B)] 2 DYDY, (58)
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where det(-) and Tr(-) shall stands for the determinant and trace respectively.
The key to obtaining the anomaly resides in computing det(1 + B). Expanding the determinant to first order in «

det(1+B) = eTrIn(1+B)] _ oTr(®) (59)

and hence,
—2i [ d*xa(®) 2 T ysdn (0

[det(1 4+ B)| 2 = e -1 000 x0Tm0, (60)

Regulating the fermion composite operator with a cut-off A,,/M
3
D @Yt = D b TR yspa(x)en’ (61)
n n
and using that the mode functions are eigenfunctions of iy “D,, we can also write Eq. (61) as
(|y“D 2 4
> lvse g0 = (ulyse” Do/, (62)

In order to simplify this expression we can use the identity (iy?Dy)? = —DoD* + (1/2)0Fy, where o® = (i/2)[y?, ¥"]
which leads us to evaluate

(X[ Tryse! P27 Fan) /M7y (63)
As we take the limit M — oo we can expand in powers of the background electromagnetic field by writing —D? = —9%4-- - -
We are led to the following expression:
Ng2
—92 /M2 d4 kE —i2/m2 iM
x|e Xy =i B = —— 64
e =i [ S e oy (64)

The other terms that will follow arise from bringing down powers of the background field.
Terms with one power of the background field and with the trace of y5 vanish, since Tr[y504] = 0. In the limit M — oo,
terms that are second order in the background field also vanish, leaving:

Tr [;/5; (;Mza“bab)z} (x|e= "M |xy = —%ﬁze“b“’Fachd. (65)
Putting all the non-vanishing terms above together gives us the Jacobian prefactor:

(det(1 + B2 = e/ 40 (G2 e Fufia) (66)
The partition function with this change of variables becomes

Z[A] = /Dlﬁbeeif d4x(1/_/iy“Da1//+a(x)(:‘)“j?-!—(1/16n2)e“6bdFubFEd)). (67)
When we vary the partion function with respect to o we get the famous AB] anomaly [51,52]

3% = —53 €WE  Foy. (68)

The above derivation of the ABJ anomaly also applies for the gravitational anomaly. Similar to Eq. (68), if we use the
Riemann curvature tensor instead of the field strength tensor, we will obtain the gravitational AB] anomaly:

1
38472 2

Note that the right-hand side of this equation is proportional to the Pontryagin density of Eq. (6). The gravitational AB]
anomaly can be canceled by adding the appropriate counter term in the action, which in turn amounts to including the CS
modification in the Einstein-Hilbert action.

Recently, it has been shown that the CS action is also induced by other standard field theoretical means. In particular, [53]
showed that the CS action arises through Dirac fermions couplings to a gravitational field in radiative fermion loop
corrections, while [54,55] showed that it also arises in Yang-Mills theories and non-linearized gravity through the
proper-time method and functional integration. We refer the reader to [53-55] for more information on these additional
mechanisms that generate the CS action.

DA = €™ RaperRea? . (69)
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3.2. String theory

In the previous section, we derived the chiral anomaly in a 3 + 1 gauge field theory coupled to fermions. We saw that,
while gauge and global anomalies can exist, gauge anomalies need to be cancelled to have a consistent quantum theory. In
what follows, we will show how the CS modification to general relativity arises from the Green-Schwarz anomaly canceling
mechanism in heterotic String Theory. The key idea is that a quantum effect due to a gauge field that couples to the string
induces a CS term in the effective low energy four dimensional general relativity.

Recall that the action of a free, one-dimensional particle can be described as the integral of the worldline swept out over
a “target spacetime” X%(t), parametrized by t. The infinitesimal path length swept out is

dl = (=ds*)"? = (=dX“dX"na)'"? (70)

where 74 is a9 + 1D Minkowski target space-time and the action is then

S = —m[dl: —m/dr(—i{")'(a)l/z. (71)

We can easily extend the discussion of a point particle to a string by parametreizing the worldsheet with a target function
in terms of two coordinates (o, 7). Consider then the string, world-sheet field X?(o, t) embedded in a D-dimensional space-
time, G, that sweeps out a 1+ 1 world-sheet denoted by coordinates (¢, v) and world-sheet line element ds* = hzdXAdX5.
The indices A, B here run over world-sheet coordinates. Analogous to the point particle, the free string action is described
by

T T A B ab
Sst = 3 ds = 3 dodt~/—hhagd X" (o, T)0pX" (0, T)GP, (72)
where T is the string tension.

This string is also charged under a U(1) symmetry and couples to the Neveu-Schwarz two-form potential, B, via

Sp = /dzoaaX(o,r)abX(a,r)Bab. (73)

Itis this fundamental string field By, that underlies the emergence of CS modified gravity when String Theory is compactified
to 4D. In a seminal work, Alvarez-Gaume and Witten [56] showed that GR in even dimensions will suffer from a gravitational
anomaly in a manner analogous to how anomalies are realized in the last section. The low-energy limit of superstring
theories are 10 dimensional supergravity (SUGRA) theories. As discussed in the previous section, a triangle loop diagram
between gravitons and fermions will generate a gravitational anomaly; similarly hexagon loop diagrams generate anomalies
in 10 dimensions. Remarkably, Green and Schwarz [57,58] demonstrated that the gravitational anomaly is cancelled from a
quantum effect of the string worldsheet B field, since the string worldsheet couples to a two form, Bg. The stringy quantum
correction shifts the gradient of the B, field by a CS 3-form. This all results in modifying the three-form gauge field strength
tensor Hgpe in 10D supergravity.

1
Hape = (dB)abc - (dB)abc + Z (Qabc(A) - a/gabc(a})) . (74)

This naive shifting of Hg,, conspires to cancel the String Theory anomaly. We refer the interested reader to Vol II of
Polchinski’s book [59] for a more detailed discussion of the Green-Schwarz anomaly canceling mechanism.

We begin our analysis from the compactification of the heterotic string to its 4D, & = 1 supergravity limit. For
concreteness we consider the compactification to be on six dimensional internal space (i.e. a Calabi-Yau manifold). Similar
to the Kaluza-Klein idea, when we dimensionally reduce a 10 dimensional system to four dimensions, many fields (moduli)
which characterize the geometry emerge. These fields cause a moduli problem since their high energy density will overclose
the universe, hence, they need to be stabilized. The discussion of moduli stabilization is beyond the scope of this review and
we point the reader interested in this field of research to the work of Gukov et al. [60]. In what follows, we will assume that
all moduli except the axion are stabilized and will not explicitly deal with them in our analysis.

Our starting point is the 10D Heterotic string action in Einstein frame [61] and we ignore the coupling to fermionic fields
since they are not relevant for our discussion. In this theory the relevant bosonic field content is the 10D metric, g, a dilaton
¢ and a set of two and three form field strength tensors Hz := Hg, and F, := Fg, respectively.

1 1 1 -
S= / A% /Er0 | R — ~ 0,09 — —e % HapeH™ — —e Z Tr(FF®) | . (75)
2 12 4
where

1
Hy = dB; — 7 (£25(A) — &' 23(w)) , (76)
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B, := Bgp, and where £23(A) := 24, (A) and 25(w) = 24 (w) are the gauge and gravitational CS three-forms respectively,
which in exterior calculus form are given by

2
.(23(A):Tr(dA/\A+§A/\A/\A>. (77)

We now dimensionally reduce the 10D action to 4D, & = 1 supergravity coupled to a gauge sector by choosing a four-

. . N . ¢ . . . I .
dimensional Einstein frame metric, g,y = g5,ye 2. The 10D line element splits up into a sum of four and six dimensional
spacetime line elements

ds?, = ds3 + gmndy™dy", (78)

where g, is a fixed metric if the internal 6-dimensions are normalized to have volume 4a”. The compactified effective
gravitational action becomes

(79)

1 20,5 9"S
Sap == / d*xy/—g [32 — ”] :
2Ky

(S + 52

where S = e™¥ + if, with ¥ and 6 the four dimensional dilaton and model-independent axion fields respectively. The
dilaton emerges as the four dimensional Yang-Mills coupling constant g%M = e¥, which we can assume here to be fixed,
while the axion derives from the spacetime and internal components of Bgy.

Let us now focus our attention on the axionic sector of the 4D heterotic string. The bosonic low energy effective action
takes the form

2 1 1 -¢
Sag = — / d*x/—g (JL; +A— Ee"” Hape A xH® — 4eZTr(FabF”b)) . (80)
a

When we explicitly square the kinetic term of the three-form field strength tensor,

2
Hape A *HC = [(de - % (£25(4) — a/Q3(w))>] (81)

we obtain the cross term xdB, A §23, where the dual to the three-form dB; is equivalent to exterior derivative of the axion
df = xdB,. After integrating by parts, one ends up with the sought after gravitational Pointryagin interaction [62]

fd“xf(em AR (82)

where here f(6) = 6 V My, o and where V is a volume factor measured in string units and determined by the
dimensionality of the compactification. Additionally, integration by parts also unavoidingly introduces a kinetic term for
f(0), which we did not write explicitly above. Alexander and Gates [27] used this construction to place a constraint on the
string scale provided that the gravitational CS term was responsible for inflationary leptogenesis.

3.3. Loop Quantum Gravity

The CS correction to the action also arises in Loop Quantum Gravity (LQG), which is an effort toward the quantization of GR
through the postulate that spacetime itself is discrete [63-65]. In this approach, the Einstein-Hilbert action is first expressed
in terms of certain “connection variables” (essentially the connection and its conjugate momenta, the triad), such that it
resembles Yang-Mills (YM) theory [66] and can thus be quantized via standard methods. Currently, there are two versions
of such variables: a selfdual SL(2, C), “Ashtekar” connection, which must satisfy some reality conditions [67]; and a real
SU(2), Barbero connection, constructed to avoid the reality conditions of the Ashtekar one [68]. Both these formalisms can
be computed from the so-called Holst action, which consists of the Einstein-Hilbert term plus a new piece that depends on
the dual to the curvature tensor [69], but which does not affect the equations of motion in vacuum by the Bianchi identities.

Ashtekar and Balachandran [70] first analyzed parity (P) and charge-parity (CP) conservation in LQG [70], which led them
essentially to CS theory with a constant CS parameter. Since LQG resembles YM theory, its canonical variables must satisfy
a Gauss-law like GR constraint D,E}' = 0, where D, is a covariant derivative operator and Ef is the triad. This constraint
generates internal gauge transformations in the form of triad rotations.

Physical observables in any quantum theory must be invariant under both large and small, local gauge transformations.
As in YM theory, the latter can be associated with unitary irreducible representations of the type ™ where n is the winding
number and 6 is an angular ambiguity parameter. Wavefunctions in the quantum theory must then be invariant under the
action of these representations, but this generically would lead to different wavefunctions on different 6-sectors. Instead,
one can rescale the wavefunctions to eliminate this & dependence, at the cost of introducing a B-field dependence on the
conjugate momenta, which in turn force the Hamiltonian constraint to violate P and CP.
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Asthekar and Balachandran [70] noted that this ambiguity can be related, as in YM theory, to the possibility of adding to
the Einstein-Hilbert action the term

S O [ dixrr 83
*7 322 / ER (83)
which is essentially the CS correction to the action when the scalar field ¢+ = 0 is constant and pulled out of the integral. In
this sense a CS-like term arises naturally in LQG due to the requirement that wavefunctions, and thus physical observables,
be invariant under large gauge transformations.

But the 8-anomaly is not quite the same as CS modified gravity. After all, the above analysis is more reminiscent to the
chiral anomaly in particle physics, discussed in Section 3.1. Recently, however, the connection between LQG and CS modified
gravity has been completed, along a bit of an unexpected path. Taveras and Yunes [71] first investigated the possibility of
promoting the Barbero-Immirzi (BI) parameter to a scalar field. This parameter is another quantization ambiguity parameter
that arises in LQG and determines the minimum eigenvalue of the discrete area and discrete volume operators [72]. At a
classical level, the Bl parameter is a multiplicative constant that controls the strength of the dual curvature correction in the
Holst action [69]. Taveras and Yunes realized that when this parameter is promoted to a field one essentially recovers GR
gravity in the presence of an arbitrary scalar field at a classical level.

Although the Holst action is attractive from a theoretical standpoint since it allows a construction of LQG in either
Ashtekar or Barbero form, this action has also been shown to lead to torsion and parity violation when one couples fermions
to the theory [73-75]. This issue can be corrected, while still allowing a mapping between GR and the Barbero-Ashtekar
formalism, by adding to the Holst action a torsion squared term, essentially transforming the Holst term to the Nieh-Yan
invariant [76]. When one couples fermions to the Nieh-Yan modified theory, then the resulting effective theory remains
torsion free and parity preserving [77].

Inspired by the work of Taveras and Yunes [71], Mercuri [78,79] and Mercuri and Taveras [80] considered the possibility
of promoting the BI parameter to a scalar field in the Nieh-Yan corrected theory. As in the Holst case, they found that the BI
scalar naturally induces torsion, but this time when this torsion is used to construct an effective action they found that one
unavoidingly obtains CS modified gravity. In particular, one recovers Eq. (3) with 9 = [3/(2/()]1/2,3, with B the BI scalar

and o = 3/(3272)+/3k, while the scalar field action becomes Eq. (4) with 8 = 1 and vanishing potential.
4. Exact vacuum solutions

One of the most difficult tasks in any alternative theory of gravity is that of finding exact solutions, without the aid of
any approximation scheme. In the context of string theory, Campbell, et al. [23] showed that certain line elements, such
as Schwarzschild and FRW, lead to an exact CS three-form, which thus does not affect the modified field equations. In the
context of CS modified gravity, Jackiw and Pi [22] showed explicitly that the Schwarzschild metric remains a solution of
the non-dynamical modified theory for the canonical choice of CS scalar. Shortly after, Guarrera and Hariton [81] showed
that the FRW and Reissner-Nordstrom line elements also satisfy the non-dynamical modified field equations with the same
choice of scalar, verifying the results of Campbell, et al. [23]. Recently, Grumiller and Yunes [35] carried out an extensive
study of exact solutions in the non-dynamical theory for arbitrary CS scalars, with the hope to find one that could represent
a spinning black hole. All of these investigations concern vacuum solutions in the non-dynamical framework (8 = 0), with
the coupling constant choice @ = «. We shall also choose these conventions here.

4.1. Classification of general solutions

Let us begin with a broad classification of general solutions in CS modified gravity. Grumiller and Yunes [35] classified the
space of solutions, a 2-dimensional representation of which is shown in Fig. 1, into an Einstein space, &, and a CS space, C35.
Elements of the former satisfy the Einstein equations, while the elements of the later satisfy the CS modified field equations.
The intersection of & with C4§, $ := & N C4, defines the Pontryagin space, whose elements satisfy both the Einstein and the
CS modified field equations independently. From the above definitions we can now classify solutions in CS modified gravity.
Elements in & are GR solutions, because they satisfy the Einstein equations and possess a vanishing C-tensor and Pontryagin
density. Elementsin C4$ \ & are non-GR solutions, because they are not Ricci-flat but they do satisfy the Pontryagin constraint
and the CS modified field equations.

A full analytic study of exact solutions has been possible only regarding spacetimes with sufficient symmetries that allow
for the modify field equations to simplify dramatically. For such scenarios, however, the search for CS GR solutions have lead
mostly to either Minkowski space or the Schwarzschild metric. This can be perhaps understood by considering the vacuum
sector of &, where the C-tensor becomes

Cab|Rab=0 — Ucd*Rd(ab)C — Ucd*cd(ab)c — O, (84)
where Cgpeg and *C are the Weyl tensor and its dual respectively [Egs. (27) and (28)]. Such a condition implies the Weyl
tensor must be divergenceless via the contracted Bianchi identities, which leads to three distinct possibilities:

(1) The (dual) Weyl tensor vanishes. In vacuum, elements of & are also Ricci flat, so this possibility leads uniquely to
Minkowski space.



16 S. Alexander, N. Yunes / Physics Reports 480 (2009) 1-55

Fig. 1. Space of solutions of Einstein gravity & and CS modified gravity € 4. In this figure, we have set 2k = 1 for simplicity of presentation.

(2) The covariant acceleration of  vanishes. Such a restriction imposes strong constraints on the geometry (cf. e.g. [42]),
leading either to flat space or to the existence of a null Killing vector.
(3) The contraction of the covariant acceleration and the dual Weyl tensor vanishes.

Elements of & are very special, possessing a large number of symmetries and Killing vectors. On the other hand, elements
of G4 \ & cannot possess too many symmetries, which explains why it has been so difficult to find them.

4.2. Spherically symmetric spacetimes

Consider first the most general, spherically symmetric spacetime, whose metric can be decomposed as the warped

product of two 2-dimensional metrics [82,83]: a Lorentzian one g,4 (") (@, B, ... = t, r) with some coordinates x”; and the
metric on the 2-sphere £2; ") (i,], ... =0, ¢)with some coordinates x'. Such a line element can be written in the following
2 + 2 form:

ds® = gap(¥) dx“dxf + > (¥) d22;, (85)

where dﬂjz is aline element of the round 2-sphere and the warped factor is the square of the scalar field @ (x”), often called
“areal” radius.

A spherically symmetric line element [eg. Eq. (85)] always leads to a vanishing Pontryagin density, *RR = 0, and to a
decoupling of the modified field equations [35]:

Rayp =0, Cap = 0. (86)

For the metric in Eq. (85), the only non-vanishing components of these tensors are Ryg, R;j and C,;, provided ¥ belongs to
the generic family [35,34]

¥ =FKx) + &) GK). (87)

In the non-dynamical framework, these results imply that spherically symmetric line elements are always pushed to #.
Similar conclusions also hold for spherically symmetric line-elements in non-vacuum spacetimes.

In the dynamical framework, one must also solve the evolution equation for the CS scalar, which here becomes a wave-
like equation without a source. In the absence of a potential, this wave-like equation need not necessarily have well-defined
decaying solutions that will lead to finite energy contained in the scalar field. If this is the case, the scalar field is forced to
be a constant, which reduces the modified theory to GR.

The study of spherically symmetric line elements naturally leads to the study of Birkhoff's theorem in CS modified
gravity. This theorem states that the most general spherically symmetric solution to the vacuum Einstein equations is the
Schwarzschild line element. For spherically symmetric line elements and the CS scalar of Eq. (87), the non-dynamical CS
modified field equations decouple and the C-tensor identically vanishes, which suffices to guarantee that Birkhoff’s theorem
still holds in the non-dynamical formulation [34].

In spite of the clear persistence of Birkhoff’s theorem in the non-dynamical formulation, this theorem does not in fact hold
in the dynamical framework. In this scheme, the dynamical field equations contain a scalar-field stress—energy contribution
that will unavoidingly lead to non-vacuum (i.e. hairy) solutions. Due to the presence of such a dynamical scalar field,
spherical symmetry need not lead to staticity, and in fact, spherically symmetric spacetimes will in general be dynamical.
Static solutions are, however, still present in dynamical CS modified gravity provided the CS scalar is a constant [84].

The study of the spherically symmetric spacetimes in CS modified gravity leaves us with two important lessons:

e The existence of specific solutions depends sensitively on the choice of the scalar field.
e The satisfaction of the Pontryagin constraint is a necessary but not a sufficient condition for the C-tensor to vanish.

In fact, it is simple to construct a CS scalar, such as a trigonometric function of spacetime, and show that for such a scalar
the C-tensor does not vanish, thus rendering the Schwarzschild metric not a solution of CS modified gravity, in spite of the
vanishing of the Pontryagin density.
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4.3. Why is the Kerr metric not a solution in CS modified gravity?

Consider the Kerr metric in Boyer-Lindquist coordinates (t, r, 8, ¢):

45 A—dsin? @ g2 daMr sin? @ dtdo + (r? +a*)? —ad®Asin?O Odp + L 4 4 5d6? (88)
s° = — - sin Zdr e

X ) X A
where ¥ = r? 4+ d?cos’ ® and A = r? + a*> — 2Mr. When CS modified gravity was proposed, Jackiw and Pi [22] realized

that the Kerr metric would not be a solution of the modified theory because the Pontryagin density is not vanishing:

aM?r

X6
This statement is also true in the dynamical frameworks, because the Pontryagin density will induce a non-constant CS scalar
that will lead to a non-vanishing C-tensor. One can show that the parity-odd quantity in Eq. (89), is also non-vanishing for
the Kerr-Newman and Kerr-NUT spacetimes [81,35], but it is is satisfied in certain interesting physical limits, namely a — 0
(the Schwarzschild limit) and M — 0 (the pp-wave limit).

Just because the Kerr metric is not a solution in CS modified gravity does not imply that a rotating BH solution is absent in
the modified theory. Modifications of the Kerr metric that do satisfy the CS modified field equations can be obtained be either
considering approximate solutions or by studying the dynamical framework. For example, in the far field limit, M/r <« 1,
the Pontryagin constraint is satisfied to @ (M/r)? and approximate modified solutions can be derived. On the other hand,
in the dynamical formalism equation (89) serves as a source term that drives the evolution of the CS scalar, which in turn
sources corrections in the metric [84].

An example of the latter can be found in the quantum-inspired studies of Campbell [85,86,24], Reuter [87] and
Kaloper [88]. For example, in [85,87], ¢ Fq *F® is added to the Einstein-Maxwell-Klein-Gordon action, with ¢ a scalar
(axion) field and F,;, the photon strength field tensor. The equations of motion for the scalar field acquire a source (the
expectation value of a chiral current), when one treats the photon quantum mechanically. Upon accounting for the one-
loop fluctuations of the four-vector potential [89,90], one essentially finds Eq. (21), which on a Kerr background can be
solved to find [87]

¢_5aac050+0 M3 (90)
T 88M 12 )

The scalar field presents a r 2 fall-off and a dipolar structure, identical to the Kalb-Ramond axion [85]. This field leads to

a non-trivial C-tensor that corrects the Kerr line element, thus disallowing this metric as a solution of the modified theory.

Nonetheless, the axion in Eq. (90) could (and has) been used to construct correction to the Kerr metric [84], as we shall

discuss in Section 5.

*RR =096

cos @ (r* — 3a” cos® ©) (3r* — a® cos® @) . (89)

4.4. Static and axisymmetric spacetimes

Let us now consider static and axisymmetric line elements in vacuum and in the non-dynamical framework. Both
stationary and static, axisymmetric spacetimes possess a timelike (9;)? and an azimuthal (8¢)a Killing vector, but the
difference is that static metrics contain no cross-terms of type dtd¢. The most general such metric is diffeomorphic to [20]

ds? = —vdt? + V' p?d¢? + 22 (dp? + Adz?), (91)

where V(p, z), $2(p, z) and A(p, z) are undetermined functions of two coordinates, p and z.

Consider first the canonical choice of CS scalar. The modified field equations once more decouple, as in Eq. (86) and the
spherically symmetric case, which implies all static and axisymmetric solutions are elements of &, identically satisfying the
Pontryagin constraint. Due to this, we can make choose A = 1 and put the metric into Weyl class [20,42]:

d52 — _eZUdtZ + e—ZU [eZk(dpz + dzZ) + p2d¢2] , (92)

where U(p, z) and k(p, z) replace the functions V and £2.
The vanishing of the Ricci tensor reduces to

AU=0, k,=pU%—-U%, k;=2pU,U,, (93)

where A = 92/8p% + 1/p3/d, + 3?/0z? is the flat space Laplacian in cylindrical coordinates. The function k can be solved
for through a line integral once U is determined [42].

The vanishing of the C-tensor reduces to the vanishing of the contraction of the dual Weyl tensor and the covariant
acceleration of the CS coupling field. For a canonical %, one finds [35]

l—wtpt*ct(ab)p + FtZ[*Ct(ab)z — 07 (94)

which leads to a set of nonlinear PDEs for U, in addition to the Laplace equation of Eq. (93).
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The set of equations imposed by Eq. (86) can be solved exactly, yielding either flat space, the Schwarzschild solution or
the following two solutions:

1
ds? = —;dtz +zdz? + Z2(dp? + p*de?) (95)

and
2 2 -1
ds2 = — (L" - 1) de + (m - 1) 2% + 22(dp? + sinh? p dg?). (96)
z Z

These solutions, however, contain undesirable, non-physical features, such as the existence of a naked singularity atz = 0
[Eq. (95)], or the existence of a spacelike Killing vector k* = (9;)® in the “outside” region z > 2m [Eq. (96)].

The above results can also be obtained by noticing that the spatial sector of C;, reduces identically to the 3-dimensional
Cotton-York tensor for static and axisymmetric line elements, which by the decoupling of the field equations must vanish
exactly [35]. This implies the metric must be spatially conformally flat. Lukacs and Perjés [91] have shown that such solutions
to the Einstein equations reduce to Minkowski, Schwarzschild or the line elements of Egs. (95) and (96), as described above.

The above results hold for any CS scalar in the family

%= D(t, p,2) + D (p, z, §). (97)

For even more general CS scalars, as would arise, for instance, in the dynamical formulation, the modified field equations
do not necessarily decouple and, thus, new and interesting solutions could arise. Unfortunately, when this is the case, the
system of partial differential equations becomes too difficult to study analytically and has not really been analyzed in detail.

4.5. Stationary and axisymmetric spacetimes

Now consider stationary and axisymmetric spacetimes [42]:
ds* = —V (dt — wde)* + V' p*dp* + 2° (dp* + AdZ?), (98)

where V, £2, A and w depend on p and z, with the latter identified with angular velocity of rotation about the Killing axis.
Let us first consider the canonical choice of CS scalar, for which the modified field equations decouple once more. The
Einstein equations can be used to set A to unity and put the line element in Lewis-Papapetrou-Weyl form [42]

ds’ = —e?/(dt — wdg)® + e 72V [e*(dp® + d2°) + p?de?*], (99)

where U and k replace V and £2.

The vanishing of the Ricci tensor reduces to a set of partial differential equations similar to Eq. (93), with a non-trivial
source that depends on w and an additional equation for this function. The vanishing of the C-tensor, however, does not
lead to a vanishing Cotton-York tensor, and thus, it does not necessarily imply spatial conformal flatness. Grumiller and
Yunes [35] have argued that it seems unlikely that other non-trivial and physically interesting solutions besides the static
ones could arise, because R;, = 0 and C;, = 0 is a strongly over-constrained differential system. This is an example of
how the non-dynamical theory can lead to an overconstrained system of equations when searching for physically relevant
solutions, but a strict proof remains elusive.

The argument presented above holds for any ¢ in the family

p=L42 (100)
wov
with constants u and v. When the CS coupling is not of the form of Eq. (100), then the field equations do not decouple, the
arguments presented above do not hold and the system become more difficult to analyze analytically.

In the non-dynamical framework, another route to exact solutions for generic CS scalars is through the Pontryagin
constraint. For axisymmetric spacetimes, *RR # 0, and this leads to a complicated set of partial differential equations
for w, U and k. Solutions of *RR = 0 have been found to be of Petrov type II [35], which correspond to the Van Stockum
class [42]

1
ds® = pQRdt? — 2pdtdg + — (dp? + dz?), (101)
ﬁ( )

where 22 = £ (p, z) is arbitrary and there is no d¢? component.

The reduced Van-Stockum class of metrics leads to a complete decoupling of the modified field equations, except for
the dt? component. The vanishing of the C-tensor can be achieved if % = ¥ (p, z), while the dt?> component of the field
equations can be solved to find

2=c, V=02, (102)

2=ct-L  9=2Upz+ip) (103)
=c+—, =-p o),
NG 3
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where ¢ and d are constants. Eq. (102) is non-flat, possessing a non-vanishing Riemann tensor and a third Killing vector
to; — @94 + ctdy, but it satisfies Ry, = 0 and Cy, = 0 independently (i.e. it belongs to ). Eq. (103) is Riemann and Ricci
non-flat (Rgpeg # 0, Rypy = —Cqp # 0), belonging to €48 \ &£. This last solution can be interpreted as a BH solution in the
mathematical sense only, provided §2 vanishes for some p and a Killing horizon appears, because it allows for closed timelike
curves outside the Killing horizon [35].

We see then that physically relevant, stationary and axisymmetry, exact solutions have not been found in non-dynamical
CS gravity, even when considering generic CS scalars fields. We say relevant solutions here, because non-physical ones
have been found, but they either contain naked singularities or closed time-like curves. In fact, as an example of the latter,
recently [92] has shown that the Godel line element ds® = a?(dt? — dx? 4 e**dy? /2 — dz? + 2e*dtdy), which is a subclass of
the metrics considered in this section, satisfies the non-dynamical modified field equations with the CS scalar % = F(x, y),
for some arbitrary function F. Such a solution is of class P because the C-tensor automatically vanishes with such choices.
All evidence currently points at the modified field equations being over-constrained by the Pontryagin condition and the
field equations. Although this evidence is strong, no proof currently exists to guarantee that no solution can be found.
Moreover, in the dynamical framework, the relaxation of the Pontryagin constrain suffices to allow the existence of Kerr-like
solutions [84].

4.6. pp-waves and boosted black holes

Consider line elements that represent exact gravitational wave solutions (pp-waves [93]):

ds? = —2dvdu — H(u, x, y)du?® + dx? + dy?, (104)

where H is the only free function of u, x and y. The Aichelburg-SexlI limit [94] of various BHs is in fact an example of such
a line element. This limit consists of ultrarelativistically boosting the BH, while keeping its energy finite, by simultaneously
taking the mass to zero as the boost speed approaches that of light [95,96].

For such metrics, the Pontryagin constraint vanishes identically, which at first seems in contradiction with the results of
Jackiw and Pi [22], who showed that generic linear GW perturbations lead to *RR = ©(h?). In fact, these two results are
actually consistent, because the line elements considered here and in [22] are intrinsically different and cannot be related
via diffeomorphism. The fact that the Pontryagin density vanishes for the metric of Eq. (104) is related to the fact that the
CS velocity field v, = 9,7 is a null Killing vector v®v, = 0 for such spacetimes [35].

The modified field equations decouple, except for the du? component. Consider first solutions that live in & [ Eq. (86)],
which require the vanishing of the C-tensor, thus forcing

9 = AW + (U, x,y). (105)
The vanishing of the Ricci tensor forces

AH =0, (106)

ZH,yyﬁ,xy = H,xy(ﬁ,yy - 5,xx)~ (107)

Therefore, for any H that solves the Laplace equation in Eq. (106), we can find a ¥ such that Eq.(107) s also satisfied. Such a
scheme allows one to lift any pp-wave solution of the vacuum Einstein equations to a pp-wave solution of non-dynamical
CS modified gravity of class & through a choice of © that satisfies Eqs. (105) and (107) [35].

Now consider solutions that live in €4 \ . All non-uu components of the modified field equations decouple, and thus
the vanishing of the C-tensor is satisfied by scalar field of the form of Eq. (105). Choosing A (u) = 0 for simplicity, we find
that the uu component of the modified field equations reduces to a third order PDE

(40,05 — T xdy)AH = (D sx — O yy)H oy — (Hxx — Hyy)D sy (108)

Simplifying this scenario further by choosing & = a(u)x + b(u)y + c(u), Eq. (108) reduces to the Poisson equation AH = f,
whose source satisfies a linear first order PDE bf , — af , — f = 0, with general solution [assuming b(u) # 0]

Flu,x,y) = eV [a@x + b(u)y] (109)
where ¢ is an arbitrary function. With such a source and two supplementary boundary conditions, we can now solve the
Poisson equation and specify the full modified pp-wave solution [35]. Thus, generic €4 \ & solutions do exist in non-
dynamical CS modified gravity and can be found via the algorithm described above.

4.7. Non-axisymmetric solutions and matter

In the non-dynamical framework, axisymmetry seems to limit the existence of solutions for a certain class of coupling
functions. However, if either axisymmetry, the non-dynamical behavior of ¢ or the vacuum content assumption is relaxed,
it is possible that solutions in fact do exist.

Consider losing axisymmetry first. The general idea here is to add new degrees of freedom in the metric that could
compensate for the overconstraining of the decoupling of the modified field equations. Such an idea is in fact inspired
from approximate far-field solutions found in non-dynamical modified CS gravity, which indeed require the presence of
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additional, non-vanishing, gravitomagnetic metric components. Up to the writing of this review, the only attempts to find
such solutions have failed [35], due to the incredible complexity of the differential system.

Consider next spacetimes with matter content. The Kerr BH is a “vacuum” solution in GR, but it does possess a
distributional energy momentum tensor [97]. Moreover, in string theory and cosmology [28], CS modified gravity arises
from matter currents, so the inclusion of such degrees of freedom might in principle be important. In the dynamical scheme,
for example, one could lift any GR solution to a solution of CS modified gravity by requiring that

1
Rap — EgabR = 87_[-1—;2&, (110)

Cap = 87T}, (111)
where T)?" stands for the stress-energy of matter degrees of freedom (such as the distributional one associated with the
Kerr solution), while TZ, is the energy-momentum of the CS coupling. One would now have to solve the system of PDEs
associated with Eq. (111) for the background which satisfies Eq. (110). Such a task, however, would imply also solving the
equation of motion for the CS scalar, thus reducing this analysis to the study of exact solutions in dynamical CS modified
gravity, which has not yet been performed.

5. Approximate vacuum solutions

Approximate schemes have been employed to solve the CS modified field equations in different limits. The first attempt
along these lines was that of Alexander and Yunes [32,7], who performed a far-field, PPN analysis of non-dynamical CS
modified gravity (¢ = «, 8 = 0) with canonical #. This study was closely followed by that of Smith, et al. [37] who carried
out a far-field investigation of non-dynamical solutions representing the gravitational field outside a homogeneous, rotating
sphere, taking careful account of the matching between interior and exterior solutions. Konno, et al. [98] investigated the
slow-rotation limit of stationary and axisymmetric line elements in non-dynamical CS modified gravity with non-canonical
CS scalar fields. Finally, gravitational wave solutions of CS modified gravity have been studied by a number of authors, both
in Minkowski spacetime and in an FRW background [22,28,31,29,33,36]. The last two set of studies were carried out in the
non-dynamical formalism with the choices « = « and 8 = 0. Little is known about GW propagation or generation in
dynamical CS modified gravity, although early efforts are being directed on that front [84,99].

5.1. Formal post-Newtonian solution

The PN approximation has seen tremendous success to model full general relativity in the slow-motion, weakly
gravitating regime (for a recent review see [100]). This approximation is used heavily to study Solar System tests of
alternative theories of gravity in the PPN framework, as well as to describe gravitational waves from inspiraling compact
binaries, which could be observed in gravitational wave detectors in the near future. For these reasons, it is instructive to
study the PN expansion of CS modified gravity, before submerging ourselves in other approximate solutions.

The PN approximation is essentially a slow-motion and weak-gravity scheme in which the field equations of some theory
are expanded and solved perturbatively and iteratively. As such, this scheme makes use of multiple-scale perturbation
theory [101-104], where the perturbation parameters are the self-gravity of the objects (an expansion in powers of Newton's
constant G) and their typical velocities v (an expansion in inverse powers of the speed of light). For example, matter densities
p are dominant over pressures p and specific energy densities /7, while spatial derivatives are dominant over temporal ones.

The PN framework also requires the presence of external matter degrees of freedom, i.e. bodies that are self-gravitating
and slowly-moving. Such objects can be described in a point-particle approximation [100], or alternatively with a perfect
fluid stress—energy tensor [105]:

T® = (p + pIT + p) u"u” + pg®, (112)

where u® is the object’s four-velocity. In GR, the internal structure of the gravitating objects can be neglected to rather large
PN order [106], and thus one can effectively take the radius of the fluid balls to zero, which reproduces the point-particle
result. This statement is that of the effacing principle [106], which is the view we shall take in the next section when we
study CS modified gravity in the PPN framework. However, care must be taken, since the effacing principle need not hold
in alternative theories of gravity. In fact, as we shall see later on, the effacing principle must be corrected in CS modified
gravity due to modifications to the junction conditions [107-113,21,114].

Perturbation theory, and thus the PN approximation, requires the use of a specific background and coordinate system.
In the traditional PN scheme, one linearizes the field equation with the metric g, = 1nap + hap, Where 7gp is the Minkowski
background, since cosmological effects are usually subdominant. Moreover, a Lorentz gauge is usually chosen hy, * = h /2,
which allows one to cast the field equations as a wave equation with non-trivial, non-linear source terms. One can show
that to first order in the metric perturbation, the linearized CS modified field equations in the non-dynamical formalism,
with canonical CS scalar and in the Lorentz gauge, can be written as [32,7]

1
Oy Hap = — 167 (Tab - zgabT> + o(h)?, (113)
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where the superpotential #,, captures the CS modification to the PN expansion to the modified field equations and it is
given by

Hap = hap + 0 €% Ghpyac, (114)

where €% stands for the Levi-Civita tensor density. The 00 component, the symmetric spatial part and the trace of the

superpotential are equal to that of the metric perturbation, because the Levi-Civita symbol forces the CS correction to vanish.
The formal solution to the modified field equations then reduces to

1
Hap = — 167 D;] (Tab - zgabT) + @(h)z, (115)

where the inverse D’Alembertian operator stands for a Green function integral. This formal solution is in fact identical to
that of the PN expansion of GR in the limit ¥ — 0.

This formal solution can also be cast into a more practical form by perturbatively solving for the metric perturbation [32,
7]. Let us then make the ansatz

hay = hS® + & Cap + O (R)?, (116)
where hflik) is the GR solution, which is ¢-independent and satisfies

hG® = —16m 0" (Tab - %gﬂ) , (117)
and where ¢, is an unknown function that is first order in ¥. When we combine Egs. (115),(114) and (116) we find

Cap + DE @Chyac = 167T50cd(aac|3,71 (Tb)d - %ngT) , (118)

which can be solved for to find

- _ 1
Cab = 167760cd<a365,,] (Tb)d - Egb)dT> , (119)

where we have neglected terms second order in ¢. The metric perturbation then reduces to

1 o 1
hub = —16m D;l (Tab — EnabT> + 167'[196’(&5,71 <5i(aTb)Z,k - Eai(anb)KT,k> s (]20)

where i, j, k stand for spatial indices only.

5.2. Parameterized post-Newtonian expansion

Solar system tests of alternative theories of gravity are best performed within the PPN framework. This framework was
first proposed by Eddington, Robertson and Schiff [115,116], but it matured with the work of Nordtvedt and Will [117-120]
(for a review see e. g. [115]). PPN theory proposes the construction of a model-independent super-metric that represents
the PN approximate solution to a family of gravity theories, parameterized by PPN parameters. Solar system experiments
can then measure these parameters, thus selecting a particular member of this family. Currently, many of these parameters
have been experimentally determined with tight error bars, all of which are consistent with GR [121].

The PPN framework allows for tests of alternative theories of gravity through such PPN parameters. Given an alternative
theory, one must first construct its PN solution and then compare it to the PPN super-metric. Through this comparison, one
can read off how the PPN parameters depend on fundamental parameters of the alternative theory. But since PPN parameters
have been experimental constrained, one can propagate these constraints to the fundamental parameters of the alternative
theory under consideration, thus obtaining an automatic Solar System test.

Solar System tests in the PPN framework require the PN solution to the modified field equations. In this framework,
however, it is not sufficient to leave the solution expressed in terms of the inverse D’Alembertian operator, but instead it
must be parameterized in terms of PPN potentials, which are simply Green function integrals over the stress energy tensor.
Moreover, the PN expansion must be carried out to slightly different orders in v for different components of the metric, so
as to obtain a consistent Lagrangian formulation of the theory.> In the PPN framework, it suffices to compute ggo to O (v?),
goito O (v?) and gijto O (v?). Finally, the Lorentz gauge differs slightly from the PPN gauge, related via an infinitesimal gauge
transformation, where the latter is perturbatively defined via [115]

k 1 k 1 k
hj, " — Eh’j =04),  ho" — Eh ko = 0(5), (121)

5 For example, such order counting is necessary in order to calculate the gravitational deflection of light consistently to first order.
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where i, j, k stand for spatial indices only in the remaining of this section, h¥ is the spatial trace of the metric perturbation
and the symbol @ (A) stands for terms of @ (¢?), with € the standard PN expansion parameter of ©(1/c) [32,7].

With this machinery at hand, we can now perturbatively expand the trace-reversed CS modified field equations. For the
remaining of this chapter, we shall concentrate on the non-dynamical formalism of CS modified gravity, with the canonical
choice of CS scalar. Expressions for the linearized Ricci and C-tensors to @ (4) in an arbitrary gauge and for generic ¢} are
long and unilluminating, so we shall not present them here, but they can be found in [37]. On the other hand, in the PPN
gauge and with the canonical choice for ¢, the linearized Ricci tensor becomes

1 5 1 ; 1 i
Roo = _EV hoo — Ehoo,ihoo, + Ehjhoo,ij + 0(6),

1 1
Roi = _Evzhoi - Zhoo,m +0(5),

Rj = —%vzh,,+<9(4), (122)
while the linearized C-tensor is given by

Coo = O(6),

Coi = —%légomivzhoz,k +0(5),

_ 1, ~0kl 2
ij = —5196 (iV hj)l,k + (9(4), (123)

where V = nffaiaj is the flat-space Laplacian. As in Section 5.1, we find two distinct corrections due to the CS modification:
one to the transverse-traceless part of the spatial metric and the other to the vector metric perturbation.

Let us now solve the linearized CS modified field equations iteratively and perturbatively. To ©(2), the 00 component of
the metric is not modified by the C-tensor and the field equation becomes

Vzhoo = —87'[,0, (124)
because T = —p. Eq. (124) is the Poisson equation, whose solution in terms of PPN potentials is
heo =2U + 0(4), (125)

where U is the Newtonian potential [32,7]. We shall not present these potentials here, but they can be found in [115].
To this same order, the 0i component does not provide any information, while the ij sector leads to the following field
equations:

Vzh,’j + éEOI(l(ivzhj)lk = —87T,05,'j, (126)
where §;; is the Kronecker delta. This equation can be rewritten in terms of the superpotential of Section 5.1 as

Vzﬂi]‘ = —87‘(,081']', (127)
whose solution is [32,7]

Hij =2Us; + 0(4). (128)
Following the same procedure as in Section 5.1, we can use the decomposition of Eq. (116) to find that

g+ 0% iy = 0. (129)

The second term on the left-hand side of Eq. (129) is a second order correction in ¥ and can thus be neglected, which then
renders h; = #; to 9(2), where the latter is given in Eq. (128). The physical reason why the CS modification does not
correct the spatial sector of the metric is related to the source studied here, together with the PPN gauge. In fact, we shall
see in Section 5.6 that when one studies gravitational wave propagation in vacuum, the spatial sector of the metric is indeed
modified. Moreover, if we were to study the ¢ (4) corrections to the spatial sector of the metric, we would probably find
non-vanishing CS corrections, but such a study has not yet been carried out.

To next order, @ (3), the only relevant field equations are related to the gravitomagnetic sector of the metric. The field
equations become [32,7]

2 1 1. ou g2
V=ho + Ehoo,o,' + 513‘6 iVoho x = 167 puy, (130)
which with the lower-order solution of Eq. (125) and the superpotential of Eq. (114) becomes

V2 3o + Ugi = 167 puj, (131)
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whose solution is

7 1
e}foi = _EVI - 5Wi, (]32)
where V; and W; are PPN vector potentials. Combining Eq. (114) with Eq. (116), we can solve Eq. (132) to find [32,7]
7 1 .
h0i=—§Vi—5W,<+20 (VxV);+0(05), (133)

where (V x A)' = EU"ajAk is the standard curl operator of flat space

Finally, to next order, @(4), we need only analyze the 00 component of the modified field equations. Since the 00
component of the C-tensor does not contribute to the field equations to this order, the modified field equations reduce
exactly to those of GR, as also does their solution. We therefore find that the PPN solution to the CS modified field equations
is given by

8oo = gégR) + 0(6),
Zoi = 2P 428 (V x V); + 0(5),

G
gi=g " +0@), (134)

where g;lfR) is the PPN solution of GR. This solution in fact satisfies the Pontryagin constraint *RR = 0 to leading order
because the contraction of the Levi-Civita symbol with two partial derivatives vanishes. Thus, the equations of motion for
the fluid can be obtained directly from the covariant derivative of the stress-energy tensor (the strong equivalence principle
holds).

By comparing this PPN solution to the super-metric of the PPN framework, we can now read off the PPN parameters of
CS gravity [32,7]. Doing so, one finds that all PPN parameters of CS gravity are identical to those of GR(y = 8 =1, =0
ando| = o = a3 = & = & = & = &4 = 0), except for the new term in go;. This CS correction cannot be mimicked by
any standard PPN parameter, and thus, in order to model parity-violating theories an additional PPN parameter x must be
introduced, namely

i =g +x MV xV), (135)
where we have multiplied the curl operator by the total mass M, in order to make x a proper dimensionless parameter. In
CS modified gravity, this parameter is simply x = 29 /M.

Canonical CS modified gravity can then be tested by experimentally constraining yx, which thus directly places a
constraint on the canonical CS scalar ¥ = 1/u. The only requirement for such a contribution to be non-vanishing is that
the PPN vector potential V! be non-vanishing. This is satisfied by non-static sources (i.e. objects that are either moving or
spinning relative to the PPN rest frame). Just because the correction to the gravitomagnetic sector of the metric is non-
vanishing, however, does not imply that physical observables, such as the Lense-Thirring effect, will also be corrected. In
fact, as we shall see in Section 7.1, for such corrections to emerge, the curl of the gravitomagnetic correction to the metric
must be non-vanishing, which holds only for moving point particles.

A caveat should be discussed at this point. As we already alluded to, the point-particle approximation holds in GR for
many sources, such as black holes, neutron stars or other regular stars, because the effacing principle holds and Birkhoff’s
theorem also holds. In CS gravity, however, the former does not necessarily hold and the junction conditions are modified.
One should then also be aware that a homogeneous solution to the linearized field equations might be lacking from this
analysis. Such a solution is most likely oscillatory in nature and would not affect the average behavior of the correction,
probably acquiring importance only when the latter vanishes. In the next section we shall see how such a boundary solution
arises and contributes significantly for spinning bodies, for which the homogeneous correction to the Lense-Thirring effect
vanishes.

5.3. Rotating extended bodies and the gravitomagnetic analogy

The analysis presented so far has dealt with the non-dynamical formalism, concentrating primarily on point particle
sources. Approximate solutions, however, can be developed for extended objects as well. As already described, in GR the
effacing principle guarantees that for certain sources both the extended and point particle approach coincide up to rather
high PN order. This result somewhat relies on the junction conditions of GR, which here are modified due to the presence
of the C-tensor in the field equations. Moreover, the PN scheme is not the only formalism in which far field solution can be
investigated. In particular, the gravitoelectromagnetic analogy [122,123] is also useful to obtain far field solutions, since it
allows one to use machinery from the theory of electromagnetism.

Smith, et al. [37] performed the first detailed analysis of rotating, extended objects in CS modified gravity in the
gravitoelectromagnetic scheme, modeled via the stress-energy tensor

Top = 2tJp) — ptaty, (136)
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where the current J, := (—p,]) and t* = [1, 0, 0, 0] is a time-like unit vector.® Such a choice of stress-energy is equivalent
ot that of a pressureless perfect fluid in the limit as the fluid balls tend to particles. Moreover, Smith, et al. [37] focused on
the dynamical formulation of CS modified gravity, with the conventions « = —¢/3 and § = —1. Such a study is forbidden
in the non-dynamical formalism, because the Pontryagin constraint does not allow for rotating solutions. In the dynamical
scheme, however, such solutions are allowed, provided the Pontryagin density is balanced by the dynamics of the scalar
field.

In spite of working in the dynamical theory, Smith, et al. [37] chose a canonical ¢, thus implicitly treating this field as non-
dynamical. Such a choice of scalar field is formally inconsistent with dynamical CS modified gravity, since the non-vanishing
Pontryagin constraint will force spatial variations on . Nonetheless, this choice could become a good approximation, if one
is only concerned with far-field solutions. This is because, as we have shown in Eq. (89) of Section 4.3, the exterior Pontryagin
density for a rotating source scales as *RR ~ aM? /r’, which then forces

aM? aM?
OV = —24a—— =8l—-—, (137)
r r
with uncontrolled remainders of @ (M /r)%. Thus, spatial variations will induce modifications to the canonical ¥ that are at
most of @ (M /r)3, which is beyond the order considered in this section. A full dynamical study of this problem has yet to be
carried out.

Let us now return to the gravitoelectromagnetic formalism, in which certain components of the metric perturbation are
identified with a four-vector potential, namely

1o b
Ag = —=hgt’, (138)
4
where hg, is the trace-reversed metric perturbation hap = hap — %nabh and h = n®hyg, is the trace of the latter. In analogy
with electromagnetism, one can now define electric and magnetic fields via
E'= 8iAp — doAi, B = e"*gA,, (139)
where i, j stand for spatial indices only. The geodesic equations can then be written in terms of these fields as
F'= —mE' — 4m (v x B)', (140)

where the cross product is that of flat Euclidean space, from which one can read off the Lorentz force acceleration a' = F'/m.
We can now apply this formalism to the linearized CS modified field equations. In the Lorentz gauge, A%, = 0, the modified
field equations become [37]

V.B=0, (141)

.. 3B

VxE=——, (142)
at

V.E=4nG(p+ T2, (143)

- - 9 1 - R

VxB—— — —0OB=4nG, (144)

ot Mg
where mg is a characteristic mass scale defined via

N 2K _ 6k (145)
ST ad ey
In the above equations, the first two arise from the definitions of the four-vector potential, while the last two (Gauss’s
law in Eq. (143) and Ampeére’s law in Eq. (144)) are modified in CS modified gravity, the former arising from the time-
time component of the modified field equation and the latter from the gravitomagnetic sector. Smith, et al. [37] neglect Té’o
because they associate it with the energy density of the scalar field, which they argue must be uniform throughout the Solar
System, not larger than the mean cosmological energy density and negligible relative to p. Moreover, from Eq. (15), we see
that T(',’O is at least quadratic in ¥ and can thus be neglected, provided 38/(2pu?) < 1.
Let us now specialize the above treatment to that of homogeneous rotating source, with mass current

J=p[dxF]OR-T), (146)

where R is the radius of the rotating body, p is its density, @ is its angular velocity, r is the distance from the origin, and ®
is the Heaviside step function. One can now use this mass current in Ampére’s law to solve this equation for A', imposing

6 Recall that indices are raised and lowered with the Minkowski metric in the far-field approximation.
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continuity and finiteness at the origin. The actual expressions for the four-vector potential can be found in [37], but its
associated gravitomagnetic field is given by B = Bgg + Bcs, where the GR piece is simply

r2\ r2 o
. _4.7TG,0R2 (5—3ﬁ>a)+3ﬁr><(rxw), r <R,

= 147
T B (147)
— [20+ 37 x (F x @)], r >R,
r
while the CS correction is given by
Bes = 47GpR? Dy (r) & + Dy (1) ¥ x & + D3(r) 7 x (F x &)} . (148)

The function D, 3 3(r) are actually functionals of spherical Bessel functions of the first j,(x) and second y,(x) kind, given
explicitly in [37]. Remarkably, the gravitoelectromagnetic analogy allows for a solution to the linearized modified field
equations for an extended rotating source, which possesses both a poloidal and toroidal gravitomagnetic field. In other
words, the metric does not only contain gravitomagnetic components co-aligned with the spin axis of the rotating extended
body, but also along other axis, perpendicular to the plane defined by & and 7. Such terms cannot indeed be removed via a
coordinate transformation since B!, is generically non-vanishing.

The solution for the metric perturbation found in the gravitoelectromagnetic analogy for extended sources differs slightly
from that found in the PN scheme for point particles. Some of these differences arise because in the latter the point particles
were allowed to possess non-vanishing angular and linear momentum. The main difference, however, is not due to the
stress—energy tensor studied, but to the fact that extended and point particle treatments are not equivalent in CS modified
gravity. In the former, an additional oscillatory behavior is needed, encoded in the appearance of Bessel functions, in order to
guarantee continuity across the surface of the sphere. Such terms are necessary because the C-tensor modifies the junction
conditions of GR [107-113,21,114].

The gravitoelectromagnetic analogy also sheds some light on the study of exact solutions to CS modified gravity, reviewed
in Section 4. The CS correction to Ampere’s law, Eq. (144) changes the character of the differential system, from a first-order
one to a second-order one. Such aresult is in fact expected from the structure of the modified field equations [ Eq. (18)], since
the C-tensor depends on third-order derivatives of the metric. One then could also expect that approximate solution to CS
modified theory need not be easily obtained as deformations of GR solutions. This is because, in principle, the CS correction
could produce dramatic changes to the dynamical behavior of the solution (i.e. the solution, for example, could be an element
of €4\ & in the nomenclature of Section 4, which would hold little resemblance to GR solutions). CS modified theory and
GR, however, have both now been sufficiently tested to allow for a perturbative treatment of the modified theory, at least
in the Solar System. Whether such treatment is allowed in more non-linear, strong field scenarios remains to be studied
further.

5.4. Perturbations of the Schwarzschild spacetime

Black hole perturbation theory has been incredibly important in GR, leading for example to a better understanding of
subtle issues related to BH physics and the extraction of gravitational waves in dynamic spacetimes. Moreover, through the
discovery of quasinormal ringing, new tests of GR have been proposed (see eg. [124] for a review). These accomplishments
alone suggest a study of BH perturbation theory in CS modified gravity could lead to interesting results. Such a study was
carried out by Yunes and Sopuerta [34] in the non-dynamical formalism with@ = « and 8 = 0.

Let us begin by introducing the basics of BH perturbation theory, as developed in GR. Consider then the following
perturbed metric

8ab = gab + habv (149)

where g, is the background Schwarzschild metric and hg;, is a generic metric perturbation. Henceforth, objects associated
with the background will be denoted with an overhead bar. The spherical symmetry of the background allows one to expand
the metric perturbation in tensor spherical harmonics, thus separating the angulari = {6, ¢} and temporal-radial u© = {t, r}
dependence in the perturbed field equations and yielding a 1 + 1 PDE system. This system can be further simplified by
distinguishing between polar and axial parity harmonics: polar (axial) modes acquire a (—1)' [(—1)"*] prefactor upon parity
transformations. The aforementioned simplification comes about because in GR the perturbative field equations decouple
into two subsystem that can be classified by their parity.

With these considerations in hand, we split the metric perturbation into he, = h3, + hb,, where each of these pieces is
decomposed in tensor spherical harmonics: the temporal-radial sector becomes

Am o __ 4 ¥4
hiw =0, hﬂv = E hfwm = E hﬂn‘j yem, (150)
£,m £,m

the temporal-angular sector is given by

RSB D S L D B D S AR (151)
t,m

£,m £,m £,m
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and the angular-angular sector becomes

h; _ Zh;lm — ZHZmSSm, hg — Z hs,lm Zr <lmy(3m Glmzifm) , (152)

£,m ¢,m ¢,m

asterisks denote components given by symmetry and where Y™ are standard scalar spherical harmonics [see [125] for
conventions], Yfm and Sf’" are polar and axial vector spherical harmonics respectively, and Ylfm, Zlm and S‘m are polar, polar
and axial, tensor spherical harmonics. Vector spherical harmonics are defined for £ > 1 via

Y"=y{", s =€Y" (153)
while tensor spherical harmonics are defined for £ > 2 via

L +1)

Yém = YlmQ,], Zém — ijm + >

YR S =S, (154)
where £2;; and €V are the metric and Levi-Civita tensor on the 2-sphere respectively, while colon stands for covariant
differentiation on the 2-sphere. All metric perturbations are functions of t and r only.

The perturbative field equations can be decoupled in GR in terms of complex master functions, known as the
Cunningham-Price-Moncrief (CPM) master function [126] and the Zerilli-Moncrief (ZM) master function [127,128]. The
former is given by

2
Wi = -0 (hem —h7+ hf'”) ; (155)
¢ r

where Ay = (£ 4 2)(£ — 1)/2, while the latter is given by

r f 2
glm — K™ 4+ (14 10)G™ + 1 [ mfm — k™ — Z(1 4 2)pt™ |}, 156
M 1+)\[{ +( + E) +Al m T T( + Z)pr ( )
where f = 1 — 2M/r is the Schwarzschild factor and A; = Ay + 3M/r.

The perturbative field equations can be written in terms of these master function, obtaining the so-called master
equations

[_a + az Polar/Axml(r):I pM/ZM — 0 (157)
where r, is the tortoise coordinate r, = r +2M In[r/(2M) — 1] and V,**/** are potentials, which depend on r, parity and
harmonic number [125]. In principle, the right-hand side of the master equations is not zero, but depends on some matter
sources, which we neglect here since we are searching for vacuum metric perturbations. Moreover, although the master
functions are gauge invariant, the analysis is simplified if one picks a gauge. Henceforth we choose the Regge-Wheeler
gauge in which H" = 0 = G'™ = p!I".

With all this machinery, we can now study BH perturbation theory in CS modified gravity. Yunes and Sopuerta [125]
studied the non-dynamical formalism, in which the Pontryagin plays a critical role. In terms of perturbation functions this
constraint reduces to

96M
RR= [+ ; (e —him e e+ mym (158)

Although this constraint is automatically satisfied by the background, it is not satisfied for generic metric perturbations.
Remarkably, this precise combination of metric perturbations can be written in terms of the CPM function exactly:

24M (€ + 2)!

*RR = —
5 (£ —2)!

—— Cylmytm, (159)

The Pontryagin constraint then forces the CPM function to vanish for all harmonics ¢ > 2, which is not equivalent to
requiring that all axial perturbations also vanish. One then arrives at the constraint

2
h = h" — ;hfr". (160)

The set of allowed solutions is thus reduced by this constraint, which in fact tends to lead to an overconstrained system
of perturbative field equations, as we shall see next. It is also in this sense that the non-dynamical framework leads to an
overconstrained system of partial differential equations.
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Let us now concentrate on the perturbative field equations in CS modified gravity. In order to simplify calculations, Yunes
and Sopuerta [125] chose a scalar field of the form ¢ = ¥ (¢, r), which possesses the same symmetries as the background.
After harmonically decomposing the perturbative field equations, one finds [125]

g’ﬁrg[ulfg;ar] = —@,iT [U;;)r(rilalL g‘/gm[ulfgllar] = _eﬁm[uggal]’ (161)

g’zm[ulfgfar] =—c'" [Uﬁ)irilalL ‘%[m[ulfgl'ar] = _"Dlm[uﬁgal]’ (162)

‘}fﬁm[uﬁ)rgal] = _"Dﬁm [Ulfgfar]’ ‘llm [U/‘\Zgal] = _gem[ulfg;ar]' (]63)
where U™ and U™ | denote polar and axial metric perturbations respectively

Upgiar = (3 P K™ G, Uiy = (" H™), (164)

and where the right hand sides of Eqs. (161) and (163) also depend on derivatives of . The functionals in Egs. (161) and
(163) are long and unilluminating, so we shall omit them here, but they are presented in full detail in [ 125]. Perhaps not too
surprisingly, the parity-violation induced by CS modified gravity breaks the axial-polar decoupling expected in GR. Instead,
we now find that modes with opposite parity are coupled and cannot, in general, be treated separately.

Due to the non-decoupling of the perturbative field equations, a generic study of their solution is a quixotic task. Yunes
and Sopuerta [125] investigated several specific cases, from which one can then extrapolate generic conclusions. Let us
then first consider the canonical choice of ¥ and single-handed metric perturbations, i.e. purely polar or purely axial
perturbations. In either of these cases, one can show that the Pontryagin constraint leads to an overconstrained PDE system,
and thus, if one set of perturbations vanishes, then all metric perturbations must vanish. Moreover, these conclusions do
not only hold for the canonical choice of ©# but also for many other members of the family 9 (¢t, r) [125]. However, a generic
result for arbitrary ¢+ or arbitrary axial and polar metric perturbations has not yet been produced, due to the incredible
complexity of the perturbative equations.

The overconstraints of the non-dynamical formalism are mainly due to the Pontryagin condition, which is relaxed in the
dynamical formalism. Yunes and Sopuerta [ 125] have studied BH perturbation theory in the dynamical formalism, where ¢
and hgp are treated as independent perturbation parameters. Consider then the split

8ab = &ab + € hgp, (165)
9=t +edd) =10 +7€ Y DY, (166)

£>1,m

where here € and 7 are bookkeeping, independent perturbation parameters. The expansion for ¢ is a bivariate expansion,
where ¥ is some background value for the CS coupling and is spherically symmetric, while $™ are harmonic coefficients of
the ¢} perturbation.

In the dynamical formalism, the Pontryagin constraint is replaced by an evolution equation for the scalar field, which to
leading order is simply 0% = 0, where we have set the potential to zero. To first order in €, the evolution equations become

_ - - - 1 _
_ e%é(*RR) — et {Dw _ [ﬁ.ab + (m\/—g) a ﬁ,b] b — 5 b, + zh,bgabﬁ,b} (167)

where §(*RR) is the functional coefficient of *RR to ©(€) given explicitly in [125]. Similarly, to leading order in € the
perturbative field equations also become modified, with corrections that arise from the expansion of the stress-energy
tensor of ©. By relaxing the Pontryagin constraint, the PDE system ceases to be overconstrained and might allow generic
metric oscillations. However, since T < 1, the magnitude of the CPM master function will be constrained to be small, which
could lead to interesting observational consequences, for example in the emission of energy by gravitational wave radiation.
A full dynamical study of the solution to these equations has not yet been carried out.

5.5. Slowly rotating Kerr-like black holes

Instead of studying arbitrary perturbations, let us now concentrate on perturbations that represent slow-rotation
deformations of the Schwarzschild spacetime. By searching for such solutions, we might gain some insight on how to extend
the Kerr metric in CS modified gravity. In the previous section, we saw that a CS scalar of the form ¥ = ¥ (¢, r) will lead to
an overconstrained system of equations, so in this section we shall explore more general choices.

The slow-rotation limit of stationary and axisymmetric line elements in non-dynamical CS modified gravity (¢« = « and
B = 0)was first studied by Konno, et al. [98]. Consider then the following general, stationary and axisymmetric line element

ds* = —f [1+h(r, )1 +f " [14+ m(r, )] + r* [1 4 k(r, 0)] [d6* + sin® 6 (d¢ — w(r, 6)d1)?] (168)

where f = 1 — 2M/r is the Schwarzschild factor, h, m, k, @ are unknown functions of r and 6. The metric perturbations
are assumed to be linear in the perturbation parameter: J/M?2, the ratio of the angular momentum of the rotating compact
object to the squared of its mass. With this line element, the Pontryagin constraint leads to a condition on the function w,
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namely w ;g + 2 cot@w , = 0, which leads to the solution w = w(r)/ sin® 6. Such a result is so far independent of the choice
of CS scalar.

The modified field equations can be now linearized in the unknown functions and solved, given some choice for . When
a canonical scalar field is chosen, Konno, et al. [98] showed that the linearized equations force these functions to vanish and
thus a rotating solution cannot be found to first order. Note that this result is not in disagreement with the discussion in
Sections 5.2 and 5.3, since there the far-field solutions found cannot be put in the form of Eq. (168).

A solution to the linearized CS modified field equation can in fact be obtained in the slow-rotation limit, provided we
explore other choices for . Konno, et al. [98] showed that with the scalar

¥ =rcosf/Xg, (169)
a solution can indeed be found and it is given by

h(r,0) =m(r,0) = k(r,0) =0,
- Dl D2 2 2
o =S +3 [r* — 2Mr — 4M? + 4Mif In(r — 2M) | (170)

which leads to the Schwarzschild metric, plus a new term in the t¢ sector of the metric, namely,

D
gp = Daf + — [12 — 2Mr — 4M? + 4Mif In(r — 2M)], (171)
r

where D; are constants of integration that are assumed linear in J. Note, however, that if D, # O, the gravitomagnetic
sector of the metric naively looks as if it could diverge in the limit as r — oo increases. On closer inspection, however,
one finds that invariants and physically relevant observables do not diverge. For example, the scalar invariant R?“4R ;4 o
48M? /r® — 4D2/(r* sin? ), which indeed vanishes at spatial infinity, where the divergence at & = 0 or 7 presumably arises
due to the first-order linear perturbation scheme [ 129]. The quantity Ag in ¢ is a constant with units of inverse length, which
curiously does not appear in the solution for @. This is because the embedding coordinate can be factored out and does not
enter into the linearized modified field equations to leading order in the angular momentum.

Interestingly, the above solution cannot be interpreted as a small deformation of the Kerr line element. That is, there
is no choice of D; for which g4 can be considered a small deformable correction to Kerr. Such an observation implies that
the frame-dragging induced by such a metric will be drastically different from that predicted by the Kerr line element, in
fact sufficiently so to allow for an explanation of the anomalous velocity rotation curves of galaxies which we shall discuss
further in Section 7. At the same time, however, Solar System experiments have already measured certain precessional
effects in agreement with the GR prediction [130-132], and thus a drastically different frame-dragging prediction might be
in contradiction with these Solar System tests.

Recently, Yunes and Pretorius [84] have extended and generalized this result. They showed that in fact the solution in
Eq. (170) is preserved for any ¢ in the family

DEN = Ay + A cos ¢ sin@ + Ayt sin g sin @ + A,r cos 6, (172)

where A; are constants. In fact, we can rewrite this CS coupling field as & = 8q,A%?”, where x* = [1, x, y, z] and 8 is the
Euclidean metric. Note, however, that the stress-energy tensor associated with any member of this family [including Eq.
(169)] is constant, and thus the energy associated with such a field is infinite. Because of this, the solution found here cannot
be extended to the dynamical framework.

Moreover, Yunes and Pretorius [84] also found another solution to the slow-rotation limit of the modified field equations,
if one considers a generic CS scalar field in the non-dynamical framework:

- _ - d - 1- 1-
O =f(r,¢)+rg(@) +rh(Cip —1) +rk(9,¢)+rf Tr [—Brf(ratlﬁ)-l- ;f(r, ¢) + rj(r)],

o=—F, (173)

wheref, g, h,j and k are arbitrary functions and C; is another integration constant. This arbitrary function can be chosen such
that the new CS scalar possesses a sufficiently fast decaying stress-energy tensor with non-infinite energy. For example, if
f=g=h=k=0andj = —3jy/r? then ® = j,/r?, for constant jo, and thus Eq. (173) is compatible with the dynamical
framework.

The existence of two independent solutions to the modified field equations in the non-dynamical framework and in the
slow-rotation limit suggests that there is a certain non-uniqueness in the framework encoded in the arbitrariness of the
choice of . This scenario is to be contrasted with the dynamical framework, where the CS scalar is uniquely determined by
its evolution equation and there is no additional freedom (except for that encoded in initial conditions).

In view of this problems with the non-dynamical framework, Yunes and Pretorius [84] studied the same scenario but in
the full dynamical framework. A new approximation scheme is employed on top of the slow-rotation requirement, which
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essentially demands that the CS correction be a small deformation of the Kerr line element, i.e. the CS coupling is assumed
small relative to the GR one. In this way, one finds the solution’ [84]:

50% a 12M 27 M?\ .
d52 = dslz(err + gﬁiKTj (1 7? ETT) SlIl2 0 d¢dt,
5a a cos(f) 2M  18M?
_Jaa 1 7 (174)
8BM r? r 5r2

where dsZ,,, is the slow-rotation limit of the Kerr metric, M is the BH mass and /] = a - M is the BH angular momentum
to leading order. This solution is valid to second order in the slowly-rotation expansion parameter a/M, as well as in the
strength of the coupling o/ (8xM*). Notice that this solution, derived under the dynamical formulation, is perfectly well-
behaved at spatial infinity, remaining asymptotically flat.

Eq. (174) s the first® rotating BH solution in dynamical CS modified gravity, and can be thought of as a small deformation
of a Kerr black hole with additional CS scalar “hair” of finite energy. Although this is a “hairy” solution, Sopuerta and
Yunes [99] have shown that the solution is still entirely described by the mass and the angular momentum of the source. The
no-hair theorem is, however, violated in that the relation between higher-multipoles and the mass quadrupole and current
dipole is CS modified at £ = 4 multipole due to the CS correction in Eq. (174) of the gravitomagnetic sector.

The solution found in the dynamical theory presents interesting parity properties. Since the dynamics of the CS scalar
field are determined by the Pontryagin density, this field is parity-violating (i.e. it is a pseudo-scalar). Both the Kerr metric
and the CS correction to it are also parity-violating, but the latter is induced by a curvature-scalar field interaction, instead of
due to the Kerr distributional stress—energy. In fact, the parity violation introduced by the CS correction becomes dominant
in regions of high curvature.

Moreover, the dynamical solution presented above shows remarkable similarities with some of the far-field results found
in the non-dynamical framework. In particular, it is only the gravitomagnetic sector of the metric that is CS modified,
thus implying that the frame-dragging effect will be primarily corrected. Notice, however, that the CS correction is highly
suppressed by large inverse powers of radius, which suggest that weak-field tests will not be able to constrain the dynamical
framework. We shall investigate this possibilities further in Section 7.

5.6. Gravitational wave propagation

GW solutions have been studied by a large number of authors [22,28,29,33,36,81,99], but mostly in the non-dynamical
theory, which we shall concentrate on here. The first GW investigation in non-dynamical CS modified gravity was carried out
by Lue, Wang and Kamionkowski [ 134], who studied the effect of GWs in the cosmic microwave background (see Section 8).
Jackiw and Pi [22] also studied GWs in CS modified gravity, concentrating on the generation of such waves and the power
carried by them in the modified theory. Shortly after, such waves were used to explain baryogenesis during inflation [28] and
to calculate the super-Hubble power spectrum [29]. The generation of GWs was also studied in the dynamical formalism [81]
through the construction of an effective stress-energy tensor and the Isaacson scheme [99]. Recently, GW tests have been
proposed to constrain CS gravity with space-borne [33] gravitational wave interferometers.

We shall here discuss GW solutions in non-dynamical CS modified gravity, and postpone any discussion of GW generation
to the next section. Moreover, we shall not discuss, in this section, cosmological power spectra, since these will be
summarized in Section 8. GW propagation in CS gravity has only been studied in the non-dynamical formalism with § = 0
and o = «. Let us begin with a discussion of GW propagation in a FRW background. Consider, then, the background

ds* = @® () [—dn® + (8 + hy) dx'dx] . (175)

where a(n) is the conformal factor, 1 is conformal time and x' are comoving coordinates. The quantity h;; stands for the
gravitational wave perturbation, which we take to be transverse and traceless (TT), h := h'; = §Yh; = 0 and 9;h¥ = 0. One
can show that a coordinate system exists, such that the gravitational wave perturbation can be put in such a TT form. For
the remainder of this section, i, j, k stand for spatial indices only.

With such a metric decomposition, one can linearize the action to find the perturbed field equations. In doing so, one must
choose a functional form for the CS scalar and we shall here follow Alexander and Martin [29], who chose ¥ = (7). One
can show that the linearized action (the Einstein-Hilbert piece plus the CS piece) to second order in the metric perturbation
yields

K . . . . il r
Sen + Scs = Z/ dx [(12(27) (hlj_,7 h]w — hlj_k h]iyk) - 19,,7 ik (hqi,nhkq_]',7 - hq,', hkq,rj)] + @(h)3 (176)
%

7 Notice that the solution for # is identical to that found by Campbell [85] and Reuter [87] and discussed in Eq. (90), except that there the backreaction
of this field on the metric was ignored.

8 Shortly after publication of this result, Konno, et al. employed slightly different methods to verify that the solution found by Yunes and Pretorius indeed
satisfies the modified field equations [133].
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where « = «, commas in index lists stand for partial differentiation, 7 is conformal time and é% = &7, Variation of the
linearized action with respect to the metric perturbation yields the linearized field equations, namely [29]

_ 1 _ . -
O = ;ep’“’ [(&.n — 270 ) Bk py + 0., 5hiic ] (177)

where O is the D’Alembertian operator associated with the background, namely

OF = o + 23, — 874, (178)

with f some function of all coordinates and the conformal Hubble parameter # := a ,/a. One could have, of course, obtained
the same linearized field equations by perturbatively expanding the C-tensor.

One can see from Eq. (177) that the evolution of GW perturbations is governed by second and third derivatives of the
GW tensor. Jackiw and Pi [22] were the first to point out that for the canonical choice of ¥ the GW evolution is governed
by the D’Alembertian of flat space only, if we neglect corrections due to the expansion history of the Universe (i.e. if this
vanishes, then the linearized modified field equations for the GW perturbation are satisfied to linear order). Such a result
implies there are two linearly independent polarizations that propagate at the speed of light.

Let us now concentrate on gravitational wave perturbations, for which one can make the ansatz

Aj .
hij = a(ﬂ’) exp [—i (¢(n) — kmix¥)]. (179)

where the amplitude 4, the unit vector in the direction of wave propagation n, and the conformal wavenumber x > 0 are
all constant. It is convenient to decompose the amplitude into definite parity states, such as

Ajj = Agefl + ALe] (180)

where the circular polarization tensors eﬁ’L are given in terms of the linear ones ei}r by [21]

1

ey = 7 (e +iegy) (181)
1 .

el = G (el — iey) - (182)

These polarization tensors satisfy the condition

nielelt = irgy (¢)", (183)

where A\ = +1and A, = —1.
With this decomposition, the linearized modified field equations [Eq. (177)] reduce to

)\‘R'LK 19,,] i)\R‘LK
2 T

. 2 .
[1¢}‘,;5, + (%) + ot + 5 — K2] (1 (9. — 259, ($5+ — i) . (184)
Before attempting to solve this equation for arbitrary ¢ (n) and a(n), it is instructive to take the flat-space limit, that is
a — 1, and thus, @ — 0. Assuming further that time derivatives of the CS scalar do not scale with #, one finds that the
above equation reduces to [29,33]

(idrr + $2L — K2) (1 = dikd) = ireik & dry, (185)

where k is the physical wavenumber 3-vector, t stands for cosmic time and overhead dots stand for partial differentiation
with respect to time. Let us further assume that the GW phase satisfies ¢ ; / qﬁ <« 1, which is the standard short-wavelength

approximation, as well as # = ¥ = const. Then the above equation can be solved to first order in ¢ to find

iAr L0
2

where ¢y is a constant phase offset and the uncontrolled remainder © () stands for terms of the form k2532 or k& 9. The
imaginary correction to the phase then implies an exponential enhancement/suppression effect of the GW amplitude, as this
propagates in CS modified gravity. Recall that here we are interested in the propagation of GWs, which is why the right-hand
side of Eq. (185) implicitly omits the stress—energy tensor. We shall see in the next section that if there is a stress-energy
tensor, then the CS correction depends both on the first and second derivatives of the CS scalar. Lastly, if we had not assumed
that ¥ = const. then the solution would have become

d(t) = o + kt + kt + O(1)?, (186)

d(t) = ¢o + kt + M%kf?(twr@(z?)z, (187)

which still exhibits the exponential suppression/enhancement effect.
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The exponentially growing modes could be associated with instabilities in the solution to gravitational wave propagatlon
One must be careful, however, to realize that the results above have been obtained within the approximation k? P 1>
k¥ Thus, provided B is smaller than the age of the universe, then the instability time scale will not have enough time to
set in. For larger values of &, the approximate solutions we presented above break down and one must account for higher
order corrections. A final caveat to keep in mind is that these results are derived within the non-dynamical formulation of
the theory; GW solutions in the fully dynamical theory are only now being actively investigated.

Let us now return to the field equation for the phase in an FRW background [Eq. (184)]. The solution to this equation is
now complicated by the fact that the scale factor also depends on conformal time, and thus, one cannot find a closed form
solution prior to specifying the evolution of a(n). Let us then choose a matter-dominated cosmological model, in which
a(n) = agn? = ay/(1 + z), where ag is the value of the scale factor today and z is the redshift. It then follows that the
conformal Hubble parameter is simply given by # = 2/n = 2(1 4 z)/2. With this choice, one can now compute the CS
correction to the accumulated phase as the plane-wave propagates from some initial conformal time to 7, namely [33]

M
APrr) = i)\R,LkHO/ [Zﬁ,nn () — n(ﬂ)i| — + 0@, (188)
n
which one can check reduces to the flat space result of above in the right limit. Note that the exponential
enhancement/suppression effect now depends on an integrated measure of the evolution of the CS scalar and the scale factor.
The CS correction to the GW amplitude derives from a modification to the evolution equations of the gravitational
perturbation, but it also leads to important observational consequences. One of these can be understood by considering a
GW generated by a binary black hole system in the early inspiral phase. The GW produced by such a system can be described
as follows

23
hgL = ﬁdﬂ (Mkz()(t)) (14 Agcos t)z exp [—i (¥ (0) + Agr1)] . (189)
L

where d; = agn (14 z) is the luminosity distance to the binary’s center of mass, ¥ (t) is the GW phase described by GR,
ko(t) is the instantaneous wave number of the gravitational wavefront passing the detector and .M is the comoving chirp
mass, which is a certain combination of the binary mass components. The inclination angle ¢, the angle subtended by the
orbital angular momentum and the observer’s line of sight, can be isolated as

L g [20] - 2t
where we have defined
¢ = Héf [1l9,nn(n) - 119,,,(77)] a (191)
n L4 n n*

We see then that from an GW observational standpoint, the CS correction leads to an apparent inclination angle t, which
effectively modifies the actual inclination angle by a factor that depends on the integrated history of the CS correction:

_ sinh (komé(z)> + cosh (7"0(25(2)) cost k(DERD) ,
cost= ko(DE ) ko(DE @) Yeosid T st O (89 (192)
cosh ( s ) + sinh (OT) CoSt 0
0

We see then that the CS correction effectively introduces an apparent evolution of the inclination angle, which tracks the
gravitational wave frequency.

The interpretation of the CS correction as inducing an effective inclination angle should be interpreted with care. In GR, ifa
gravitational wave propagates along the line of sight, such that the actual inclination angle is (eg. 0 or v ), then the amplitude
is a maximum. In CS gravity, however, the amplitude can be either enhanced or suppressed, depending on whether the wave
is right- or left-circularly polarized. When the CS effect suppresses the GW amplitude, one can think of this as an effective
modification of the inclination angle away from the maximum. However, when the CS effect enhances the amplitude, there
is no real inclination angle that can mimic this effect (i.e. the effective angle would have to be imaginary).

The evolution equation for the gravitational wave perturbation depends sensitively on the scale factor evolution
[see, eg. Eq. (177)]. Alexander and Martin [29] have investigated gravitational wave solutions when the scale factor
presents an inflationary behavior. Suffice it to say in this section that Eq. (177) can be recast in the form of a parametric
oscillator equation, with a non-trivial effective potential. In certain limits appropriate to inflation, one can solve this
differential equation in terms of Whittaker functions, which can be decomposed into products of trigonometric functions
and exponentials. In essence, the solutions present the same structure as that of a matter-dominated cosmology. Once the
gravitational wave modes have been computed, one can proceed to calculate the power spectrum, but these results will be
discussed further in Section 8.1.
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5.7. Gravitational wave generation

The issue of GW generation by dynamical matter sources in CS modified gravity was first studied by Jackiw and Pi [22].
Once more, this problem has been treated only in the non-dynamical formalism (8 = 0 and ¢ = «) and with the canonical
choice of ¥, although very recently the much more difficult problem of GW generation in dynamical CS modified gravity has
begun to be investigated [99].

In the presence of a stress-energy tensor, the modified field equations linearized about a Minkowski background
(8ab = Mab + hay) become

L . 1.
Dnhl,' + L(}Epk(lljnhj)k,p — ﬁEpkuhi)kyp = —;le, (193)

where t is the standard time coordinate of Minkowski spacetime, é¥¥ = &%k the D’Alembertian operator is O =
—af + SUE)iBj and overhead dots stand for partial differentiation with respect to time. One can derive this equation simply
from Eq. (177) by taking the limita — 1and # — 0 and reinserting the stress-energy tensor Tj;, which must now be TT,
since so is h; implicitly.

Although the explicit solution to the above equation has not yet been computed for a general CS scalar field, this problem
has been studied for the canonical choice of ¢. With the assumption that # = 0, we then obtain, to first order, the solution
found in Eq. (120), which for a TT stress energy can be recast as

Oyhyj = —;TU-, (194)
where the effective stress—energy has been defined as

Ty =Ty — 0&" ( Ty (195)
We see then that GWs generation in non-dynamical CS gravity with a canonical ¥ is nothing but GR GWs in the presence of
such an effective stress—energy tensor [22].

For concreteness, let us assume the stress—energy tensor represents a monochromatic source, with definite frequency w,
which is radiating GWs in the Z-axis with wave-vector k. The only non-vanishing components of the stress—energy tensor
are then Ty = —T,, and Ty, = Ty, and its Fourier transform shall be denoted T, and T respectively. We then find that the
effective stress—energy becomes

2 _ (T —ikOTc Ty +ikOT,
VTN, +ikdT,  —Ty + ik T,
which exhibits the natural mixture of polarizations of CS GWs.

A natural next step is to compute the power carried by such CS modified GWs per unit angle ds2. Since CS GW theory for
a canonical ¥ is identically equivalent to GR with an effective stress-energy tensor, it follows that the GW power is given by

dPRiy]_

ds2
One is tempted to insert the solution for the effective stress-energy found in Eq. (196) into Eq. (197). This effective
stress—energy, however, is insufficient, since it is only a solution to first-order in ¢ and the expression for the power emitted
requires a second-order solution. Jackiw and Pi [22] have found this solution, which reduces to Eq. (196) multiplied by
(1 — k*92)~1. One then finds that the power emitted is given by [22]

(196)

= 16k G* w? T*;TV. (197)

djg = 32cG?w? (1= I29%) 2 [(1 4+ K2D?) (T2 + T2) + 2ikd (T, T — T, T7)], (198)
which when linearized to second order in & becomes
PR 396620 [(1— k?9?) (T2 +T2) + 2ikd (T.T: — T TY)]. (199)

The power carried by circularly polarized GWs (T = iTy ) is corrected by CS gravity only to second order in ? [22].

The results presented above hold only for the canonical choice of ©. Had we allowed the second derivative of the CS scalar
to be non-vanishing, we would have found a linear correction to the power carried by CS GWs. In the dynamical formalism,
this effect is more clear, as the CS scalar also carries energy-momentum away from the system [99]. Such modifications to
radiation-reaction would affect the inspiral and merger of binaries, as suggested in [99], which leads to a powerful test of
the dynamical formulation that we shall discuss in Section 7.

6. Non-vaccum solutions and Fermionic interactions
The first-order formulation of CS modified gravity was first studied by Cantcheff [135], who realized that the modified

theory would lead to non-vanishing torsion for a canonical CS scalar. Such an idea was later generalized to arbitrary
6 in the non-dynamical formalism and the torsion tensor was specialized to Earth’s gravitational field [6]. Such a
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formulation naturally allows for the coupling of fermions to the modified theory, thus permitting the study of non-vacuum
spacetimes [6]. We shall summarize these results here, beginning with a description of the first-order formalism and
Einstein-Cartan theory, following mainly [19,136,137]. We then continue with a discussion of the first-order formulation of
CS modified gravity.

6.1. First-order formalism

Consider a 4-dimensional manifold .M with an associated 4-dimensional metric gqp. At each point on this manifold, let
there be a tetrad e!, so that the metric can be recast as gg = e{le{jm], where 7y is the Minkowski metric. Internal indices
range I,] = (0, 1, 2, 3), just as spacetime indices do, and often, we will suppress spacetime ones and the tetrad shall be
written e/. We can raise or lower spacetime and internal indices with the metrics g, and ny respectively.

The introduction and differentiation of internal versus spacetime indices is crucial to the first order formalism.
Riemannian fields, like the metric tensor, exist on the base manifold M and have a finite dimension, but gauge fields can be
infinite dimensional and so they must exist on a different vector space. For example, the tetrad e’ and the spin connection
o' are 1-forms on the base manifold, while the curvature tensor associated with it, F¥, is a 2-form on the base manifold.
On the other hand, the fermion field ¥ is a 0-form on the internal vector space. A fiber bundle is defined as the union of the
base manifold and the internal vector space, with each fiber a different copy of the internal vector space. One can think of
the Lie group associated with the fiber bundle as gluing all fibers and the base manifold together [19].

The recovery of spacetime indices is sometimes achieved via the wedge product operator, defined via

!
(AAB)gp = %A[a1..4ap3b1mbq] (200)
with A and Bp- and g-forms respectively. Note that we shall here follow the convention that spacetime indices always appear
after internal ones. The wedge product operator satisfies the following chain rule

D(w) (A A B) = (D(yA) AB+ (—1)PAA (D(w)B) (201)
and the following commutativity relation

AAB=(—1DPMBAA. (202)
Also note that since the wedge product acts on spacetime indices only, it exists on the base manifold and not on the internal
space.

Now that the metric and tetrad have been defined, let us introduce the generalized covariant derivative operator D and
the spin connection V. Given a tensor A, we can define the covariant derivative as

DA = dA™ + ™M A Ayt + ™ A Ay, (203)

DA = dAx — o™ A A, — o™ A A, (204)
where the exterior derivative operator d acts on spacetime indices only:

dAKt = 29,4 y,. (205)

The commutator of covariant derivatives allow us to define the curvature tensor associate with w?, namely
F = do + ofy A o™, (206)

which reduces to the Riemann tensor if the spin connection is metric compatible and torsion-free, i.e. if the connection is
the Christoffel one. One can then show after some calculation that

8oF" = D(yda. (207)
The spin connection has a certain degree of freedom that can be fixed by demanding that it be internally metric
compatible D(,yn! = 0.This condition forces the connection to be completely antisymmetric on its internal indices w® =0.
We can then define the torsion tensor as
T' := Dy,ye' = de' + 'y A e, (208)
which is equivalent to T'y, = 2Dj4ey,. If we reinstate spacetime indices, we find

T%c = 2C%pes (209)

where C%, is the antisymmetric part of the connection, or contorsion tensor. Note that internal metric compatibility is not
equivalent to a torsion-free condition.

The contorsion tensor can be defined purely in terms of wedge products. Let us then decompose the spin connection into
a symmetric and tetrad compatible piece I'/; and an antisymmetric piece C';, the contorsion tensor. The torsion tensor is
then given in terms of the contorsion via

T'=C;né, (210)
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which can be inverted to find

1
Cix = 3 (TUK + Tia + TK]I) . (211)

The contorsion tensor is fully antisymmetric on its first two indices, while the torsion tensor is fully antisymmetric on its
last two indices. Eq. (209) can also be obtained from Eq. (208) in spacetime indices, if we use the transformation law from
spin to spacetime connection:

wa’ = € wi'q e — e e}, (212)

which can be established from D(p)e’ = 0. Eq. (212) is sometimes referred to as “the tetrad postulate”.
The curvature tensor can be expressed purely in terms of the Riemann tensor (that depends only on I'}) and terms that
depend on the contorsion tensor:

FI' =RV +D)CY + 'y A CM, (213)
where D(r is the connection compatible with the symmetric connection. The Bianchi identities in first-order form become

DT =Ry Aef, DR =0. (214)

6.2. First-order formulation of CS modified gravity

Let us now apply the formalism of the previous section to GR and to the modified theory. The Einstein-Hilbert action can
be recast in terms of forms as

K
Sy = */‘ E[ﬂ(}_el VAN e’ AN FKL. (215)
2 )y
One can convert this into Eq. (2) by rewriting the curvature tensor as F/ = (1/2)F" e A e" and using the identity
N NNy (216)
where 6 = ./—g d*x, as well as the Kronecker-Delta relations
€Pe oy = —4 81650, (217)
ﬁadefabef = 44 \/TgagcsdJ, (218)
R faber = +4 615", (219)

Note that full internal index contractions are identically equal to spacetime index contractions, if the quantities contracted
are tensors.
Similarly, we can attempt to recast the CS action in terms of forms via

Ses = g/ 9 FAF, (220)
2 Jy

where the integrand reduces toR AR = Ry A RY for a symmetric connection. Again, Eq. (220) can be converted into Eq. (3)
in the same way as above, which then establishes that 6 *RR = 2R AR for a symmetric connection. We can now integrate by
parts to obtain the CS action in terms of the Pontryagin current, but to do so we first must realize that F A F = d{23, where
the Chern-Simons 3-form is defined as [28,27,31]

2
23 = a)U A\ dwu + 5(0’] A\ a)’K A\ CL)KI. (221)

We then find that Eq. (220) can be rewritten as

Ses = —3/@ A 25, (222)
2 Jy

where we have neglected the boundary contribution. Converting this expression to spacetime indices, one can check that
one recovers Eq. (10) if the connection is symmetric. In fact, the dual to this 3-form is actually the Pontryagin current in Eq.
(9) in disguise, while *(d$23) = *FF/2.

We can now vary the action with respect to all degrees of freedom to obtain the modified field equations. The variation
of the action with respect to the tetrad yields

1 2
Fap — *gabF = —lab, (223)
2 K

since the CS current does not depend on the tetrad, but only the spin connection. Eq. (223) resembles the Einstein equations,
except that the quantity F,, = F¢, and F = FY; are not the Ricci tensor and scalar, but contractions of the curvature tensor.
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The full curvature tensor can be reconstructed once one solves for the contorsion tensor via the torsion condition of the
modified theory. This condition is arrived at by requiring that the variation of the action with respect to the spin connection
vanishes. Let us then rewrite the CS 3-form via

1
23 :a)lj/\FJI — Ewlj/\a)’K/\wK, (224)
such that its variation with respect to wy; reduces to FX. The variation of the action with respect to wy; reduces to
K I kK« KL
SS:_EID(GUKLe /\6’)8&) _E/dﬁ/\FKL(SCU s (225)
2 v

where we have set § = 0 for simplicity and we have integrated the first term by parts. Cantcheff [135] has shown that
8S == 0 s equivalent to the torsion constraint

D (egue' né) = —%dﬁ A Fua, (226)

which is nothing but the CS modified second Einstein—Cartan structure equation. This equation can also be rewritten in
terms of the torsion tensor as

o
e T' nel = —gdﬁ A Fu. (227)

The torsion condition of Eq. (227) shows that, in CS modified gravity, the connection must be torsionfull. Solving for the
torsion in Eq. (227) is non-trivial, due to the implicit appearance of torsion itself through the curvature tensor on the right-
hand side of this equation. However, if we replace this tensor by the Riemann (torsionless) tensor, then we can solve for the
torsion tensor exactly to find®

o

T! = e €™ v Ry, (228)
where here we have used the first Bianchi identity Ryyxy; = 0. Eq. (228) should be interpreted as an approximate solution to
the torsion constraint, where we have neglected higher than second powers of 6 [135,6].

One can now relate this torsion tensor to the gravitational field of a compact binary in the PPN formalism [6]. One can
show that this tensor is proportional to the product of v® with V x V and VU, where Vi and U are the PPN vector and
Newtonian potentials. In fact, there is no choice of 6 for which all components of the torsion tensor vanish. Since this tensor
affects the motion of point particles (in particular the frame-dragging effect [6]), one concludes that non-dynamical CS
modified gravity generically leads to modified precession, irrespective of 6. Care must be taken, however, since in spite of
generically being non-zero, the torsion tensor is after all proportional to the dual to the Riemann tensor. Thus, Earth-based
experiments that search for non-vanishing torsion [ 138-140] cannot measure this effect, since the Riemann tensor on Earth
is prohibitively small.

Are the first and second-order formulations of CS modified gravity equivalent? The modified field equations of Eq. (223)
resemble the Einstein equations, except that the curvature tensor contains torsional pieces. When Eq. (228) is used as the
torsion, one can show that all these torsional pieces conspire to produce the C-tensor of Eq. (18) [135]. One then finds that
the first and second-order formulations of CS gravity are equivalent if and only if the CS action in first-order form is defined
in terms of the torsion-free curvature tensor (ie, in terms of the symmetric connection), such that Eq. (228) is the exact
solution to the torsional condition.

The CS 3-form, however, has been introduced here in terms of the generalized spin connection, for which the torsion
condition is non-linear, depending explicitly on the curvature tensor. For such a torsion condition, the torsion tensor in Eq.
(228) is still formally valid but only to linear order in €, and thus, the first-order formalism is still equivalent to the second-
order one but only to @ (). The @ (9)? corrections to Eq. (228) will modify the field equations, and thus, force them to not be
equivalent to those of the second-order formalism. Cantcheff [135] has further shown that line elements that are solutions
in the second-order formulation of CS gravity (eg. the Schwarzschild metric, which leads to a vanishing C-tensor) are not
necessarily solutions to the field equations of the first-order formulation if higher-order in 6 terms are included.

The inequivalence between the first- and second-order formalism thus depends on quadratic or higher powers of the
CS scalar. The CS modified action considered in Section 2.1, however, only considers linear terms in 6. In principle, there
will be 2 and higher-order terms in the action that one could have to include, since these will also generically break parity
[eg. 92(*RR)?]. A consistent comparison between first- and second-order formalisms thus requires that such terms be taken
into account, if one wishes to define the CS action in first order form in terms of the torsionfull curvature tensor, instead of
the Riemann tensor.

9 This solution is the same as that found by [135] with @ = 2 and shortly after by [6] with « = «. We have further checked that Eq. (228) is indeed a

solution to the torsion constraint of Eq. (227).
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6.3. Fermions and CS modified gravity

One of the advantages of the first-order formalism is that it allows for the inclusion of fermions and bosons in the action.
Let us then consider the inclusion of the following piece to the full action of Section 2.1

Y PRSI

where c.c. stands for complex conjugation, v is a Dirac spinor, y' are gamma matrices and ¢ is a coupling constant. Fermions
are here represented by Dirac spinors, which are gauge field that live naturally in SU(2). The tetrad and the spin connection
of GR, on the other hand, are fields that live in SO(1, 3). Thus, without the machinery of fiber bundle theory one could not
easily couple fermions to CS modified gravity.

From the group structure of i/, one can deduce how the generalized SU(2) covariant derivative acts on Dirac spinors:
DY = ¥ — (1/4) 0" 1117, ¥, where we shall here follow the sign conventions of [73]. Variation of the full action with
respect to Dirac fermions then leads to the massless Dirac equation [6]:

1
DY = geuC M rny, (230)

where we notice that we have not included a mass term for the fermions for simplicity. We see then that the Dirac equation
is modified in CS modified gravity by a source term that depends on the contorsion tensor. Eq. (230) implies that the CS
effects might be enhanced in spacetime regions where the momentum of Dirac fermions is large.

Before we can vary the full action with respect to the connection it is convenient to recast it in first-order form. Doing
so, Eq. (229) becomes

Sp = % / EUKLEI VAN e’ AN EK VAN (ll_ﬂ]/LG(D'(ﬁ + C.C.) . (231)

Upon variation of the action with respect to the connection, Eq. (227) becomes
| o €
GI]KLT N El = ——do A FKL + —ex Nep /\_[(5), (232)
2Kk Ve
where J¢ = Vysyhy is the fermion axial current, e is the determinant of the tetrad field and we have used the identity

yiyUyK = —ie™ysy, + 29"y, (233)

This equation can be solved for the torsion tensor if we once again replace the curvature tensor by the Riemann tensor on
the right-hand side. Doing so, we find [6]

o €
TN = —— ey Rq — —€jaJtel A ek, 234
26 URa = oo€ls (234)
which essentially is an approximate solution that neglects quadratic and higher powers of 6. From this, the contorsion tensor
can be calculated using Eq. (211) to find

3a €
Cy = —vne™R + —epajief. 235
y = g o UNen Jme + o x5 (235)

Since the first- and second-order formalism are equivalent to leading order in 8, one can compute the interacting action
be reinserting the torsion solution in the full action. Doing so, one finds [6]

5= 3¢ f G185 0+ f & (280 Rap — J2vaR) -
32k v 16« v

where we have neglected other terms that are either higher-order in 6 or in the gravitational coupling constant. The first
term is the standard 4-fermion interaction that arises in Einstein-Cartan theory coupled with fermions. The second term
is a new CS contribution that depends on the embedding coordinate, as well as the Ricci tensor and scalar. This new term
represents a 2-fermion interaction and it is not suppressed by the gravitational coupling constant. We can then conclude
that, at least to linear order, fermion current tend to enhance the CS correction, some of the implications of which shall be
discussed in Section 7.

7. Astrophysical tests

All tests of CS modified gravity to date have been performed with astrophysical observations and concern the non-
dynamical framework. After Alexander and Yunes [7,32] realized that the modified theory predicts an anomalous precession
effect, Smith, et al. [37] tested the non-dynamical model with canonical CS scalar with LAGEOS [130-132] and Gravity Probe
B [141,142] observations, placing the first, albeit weak, bound on the CS scalar. In view of these results, Konno, et. al. [129]
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proposed that the CS correction could be used to explain the flat, rotation curves of galaxies, which in turn could yield
yet another constraint on the non-dynamical theory for non-canonical . Recently, Yunes and Spergel [143] used double
binary pulsar data to place a bound on the non-dynamical model with canonical CS scalar that is eleven orders of magnitude
stronger than the Solar System one.

The dynamical model remains untested today, mainly due to the difficulty in calculating observable quantities in
a consistent way. The only possible avenue to perform such a test seems currently to be through gravitational wave
observations [33]. Cosmological tests of the modified theory will be discussed in the next section.

7.1. Solar System tests

The non-dynamical modified theory has been so far only tested through Solar System, frame-dragging experiments.
Smith, et al. [37] studied the anomalous precession inherent to the non-dynamical model with the conventions « = —¢/3
and B = 1 and we shall summarize these results here. With these conventions, ¥ has units of inverse length or mass and
Mmcs is a characteristic mass scale defined in Eq. (145). When testing CS modified gravity, we shall in fact place bounds on
this parameter, which can be trivially related to ¢ by the inversion of Eq. (145).

Only Solar System tests that sample the gravitomagnetic sector of the gravitational field can be used to test CS modified
gravity in the non-dynamical model. As shown in Section 5, the non-dynamical modified theory possesses the same PPN
parameters as GR, except for the gravitomagnetic potential. This implies, in particular, that the perihelion shift of Mercury
or light deflection by the Sun cannot be used to constrain the modified theory. The only physical effect of the non-dynamical
CS modification is the induction of anomalous precession effects.

Precession is a generic term used to address the change in the rotation 3-vector of some spinning object, i.e. a non-
vanishing 4-gradient of the spin angular momentum. Two types of precession can be distinguished: torque-free and torque-
induced. The former corresponds to situations in which the spin angular momentum is not coaligned with the axial Killing
vector. The latter, also known as gyroscopic precession, occurs in situations where there is an additional torque (such as
that of a gyroscope) that pushes on the spin angular momentum vector, forcing it to wobble. Gyroscopic precession can
be studied in a Newtonian framework, but relativity adds three additional corrections: Thomas precession, an additional
special relativistic correction due to the observer’s non-inertial rotating frame; de Sitter or geodetic precession, a GR effect
that accounts for Schwarzschild-like deviations from flat spacetime; Lense-Thirring precession, a GR correction due to the
gravitomagnetic sector of the Kerr metric.

The CS modification can correct several different types of precession, depending on the physical scenario under
consideration. Torque-free precession can occur if one considers the far-field expansion of a non-dynamical CS spinning
black hole metric, where the axis of rotation seems not to be co-aligned with the axial axis of symmetry. In this one-body
scenario, in the absence of external torques, the spin angular momentum of the black hole precesses around the symmetry
axis in a wobbling fashion. The evolution of the wobble angle requires the determination of the Killing axis, from which
one can obtain the frequency of precession, via wy ~ ]/I; to Newtonian order, where I; is the moment of inertia about
the symmetry axis [144]. Since such an arrangement is asymmetric, one expects GW emission leading to spin-down and
alignment. In the non-dynamical formalism, then, spinning black holes would tend to “unspin” themselves via interactions
with the CS scalar, thus relaxing to the Schwarzschild solution. If so, observations of spinning black holes could be used to
constrain the magnitude of the canonical scalar [145]. Such a possibility has not yet been studied in detail.

Torque-induced precession is also modified by the CS correction through the correction to the gravitomagnetic sector of
the metric. Consider, first, the motion of a test body in the external field of a CS spinning source. The far-field solution for
such a source was summarized in Section 5 for extended bodies [37]. In such a field, the orbital elements of a test body will
experience Lense-Thirring precession [ 146], which will be different in CS gravity relative to GR. Smith, et al. [37] studied the
secular time variation of the longitude of the ascending node 2.y, [147] in the non-dynamical modified theory and found it
to be given by

Lo = 2k + s, (237)
where the GR Lense-Thirring drag is given by

26/

QGR =

with eccentricity e, the magnitude of the spin angular momentum of the central body J and the CS correction £2¢s given by

. 15a%
Qcs = R J2(mesR)y1(mesa), @39

with the semi-major axis a, Earth’s radius R, and the spherical Bessel functions of the first and second kind j,(-) and y, (-).
The LAGEOS satellites have measured £2 and found it in agreement with GR up to experimental error, which thus

allows for a test of non-dynamical CS gravity [37]. Fig. 2 shows the ratio of the GR and CS predictions as a function of the

characteristic CS mass [37], where the shaded region corresponds to a 1o deviation from the experimentally measured value.
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Fig. 2. This figure shows the ratio QCS/QGR as a function of CS characteristic mass for the LAGEOS satellites, with semi-major axis a ~ 12,000 km. The
shaded region corresponds to a 10% experimental error bar with a 1o detection confidence [130-132].

The region where the CS prediction is in agreement with experiment is then all mes > 2.5 x 1073 km™'.1° A 20 or 3¢
constraint would increase the shaded region by roughly a factor of two or three, thus forcing mcs > 2 x.10‘3 km~" or mcs >
1.5 x 1073 km™!. Taking the most conservative estimate translates into a bound for the CS scalar of || < 3000 («x /&) km
with more than 99% confidence.

Another type of torque-induced precession is also affected by CS modified gravity, namely that experienced by a
gyroscope. Consider then a gyroscope with spin angular momentum S in circular orbit around the Earth. Neglecting geodetic

precession, which is unaffected in the non-dynamical modified theory, the rate of change S is given by
§t = 2¢B;S;, (240)

where B! is the gravitomagnetic field. The precessional angular velocity is then given by @ := |$ i|/|S'|, which is corrected in
CS by
qscs a
—— = 15—ja(mcsR) [y1(mcsa) + mesayo(mesa)] (241)
Dcr R
where @gg is the GR prediction [37]. In Eq. (241), R is the distance from the center of the Earth to the gyroscope (roughly
7000 km for Gravity Probe B).

Given an experimental verification of the Lense-Thirring gyromagnetic effect, one could then place a constraint on the
CS scalar, as explained previously with the LAGEOS satellites. Gravity Probe B [141,142] was designed to measured precisely
this effect to percent accuracy, but since its launch it has faced certain difficulties that might degrade its accuracy [149].
Smith, et al. studied the possibility that Gravity Probe B could place a stronger constraint than the LAGEOS satellites, but this
was found to not be the case [37].

The estimates of Smith, et al. [37] presented above assume a spherical Earth, where its internal structure is neglected. The
Earth, however is an oblate spheroid with layers of different density. These non-spherical corrections seem not to matter
since the CS correction is affected by them in the same way as GR. Thus, the relative difference between the GR and CS effects
remains roughly the same. Lastly, the estimates described above assume the Earth is not moving in the barycenter frame.
In the point particle case, we saw that if their velocity is non-vanishing then the CS modification leads to a non-boundary
correction to the gravitomagnetic field. These corrections remain to be studied further.

7.2. Binary pulsar test

Non-dynamical (and possible dynamical) CS modified gravity has been shown to modify only the gravitomagnetic sector
of the metric, which does not influence most astrophysical processes. This is particularly true outside the Solar system, where

10 The relation in Eq.(239) is non-monotonic, and thus, many isolated islands exist for which the observed precession is consistent with the CS prediction.
Nonetheless, it is always true that, for the range of values quoted here, the observed precession is always consistent with the CS prediction. The bound
quoted by Smith, et al. are somewhat more stringent, thus including more island but also including regions of the parameter space that are inconsistent
with observations [148].
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stars inside some galaxy will possess randomly oriented velocities that will lead to a vanishing averaged CS correction. On
cosmological scales, the CS effect is also mostly irrelevant since, for example, the equations of structure formation are not
corrected, except for observations of the cosmic microwave background, which we shall discuss in the next chapter.

Some astrophysical process, however, are CS modified. One example of this is the formation of accretion discs around
protoplanetary systems, but although non-zero the CS correction would be difficult to measure because it would be greatly
suppressed by the almost negligible compactness of such systems. Another, perhaps more interesting astrophysical scenario
are double binary pulsars, such as PSR J0737-3039A/B [150], which consist of two rapidly rotating neutron stars that are in
orbit around each other. Neutron stars possess a mass of approximately 1.4Mg, while its radius is on the order of 10 km,
which implies their compactness is roughly 1/5. Such a large compactness leads to strong gravitational fields that can be
used to test GR to an unprecedented level [151].

Consider, then, double binary pulsars and let us model their orbital evolution via a geodesic study of a compact object
in the background of a rotating, homogeneous sphere. Under these assumptions, we can employ the gravitomagnetic field
found by Smith, et al. [37], where the motion is determined by the four-acceleration @ = —4v x B, v is the veloc1ty of one
of the binary components and Bis the gravitomagnetic field of the other [Egs. (147) and (148)]. To leading order in 6,11 the
CS correction to the gravitomagnetic field is

-

Bes = C?Ocos[f(r)] [7 —tang (§ x 7) — (7-7)7]. (242)

with &(r) = Zrlc/(éoz), = 15aé/(4KR) sin[E(R)],T =T/r, i =]~/R2 and (-, x) the Euclidean dot and cross products.
Let us now parameterize the trajectory with equatorial coordinates, where [152]
f = [cosu, cos¢sinu, sintsinu],
t = [—sinu, cost¢cosu, sintcosu],
n=1[0, —sin, cosi], (243)
are the radial, transverse and normal unit vectors relative to the comoving frame in the orbital plane. In Eq. (243), ¢ is the
inclination angle, w is the argument of perigee, u = f 4+ w with f the true anomaly and 2 = 0 is the right ascension of the
ascending node, where here this is co-aligned with the x vector [152].
The variation of the Keplerian orbital elements is determined by the perturbation equations, which can be obtained by

projection of the geodesic acceleration onto the above triad. To leading order, the radial projection a, := @ - is the only one
CS modified, with [143]

aCs —4co 1 § {costcos[E(r)] + sintcosusin[E(r)]}. (244)
The precession of the perigee is given by the perturbation equation w = —a,/(n a e)cosf, where the mean motion
n = +/M/a? and e is the eccentricity.

We shall consider next only the averaged rate of change of orbital elements, and in particular (w). Averaging over one
orbital period [143]

) T 6 2 (1 _ 62)3/2

during which we assume the pericenter is constant and the motion is Keplerian, such that
i~f=n(1+ecosf)* (1 ez)_3/2
r=a(1—e’)(1+ecosf)™". (246)

This last assumption is justified since in the weak field the CS-corrected motion of test particles about any background
remains CS unmodified [99].
The CS correction to the averaged rate of change of the perigee is then, to linear order in the eccentricity [143],

(i) 15 ] éXS'n 2«R i 2ak (247)
W)cs = = =Xsin| — |sin| — |,
ST 2a2e R2R ad b

where X := asin is the projected semi-major axis. Note that the limit e — 0 is meaningless because the orbital orientation
is ill-defined for circular orbits. The scaling found here is consistent with the Solar System results presented in Eq. (239) [37].
The ratio of CS correction to the GR expectation is proportional to a?8 /R?, since (@) ~ J/a°. We see then that a Solar System
test will naturally be weak since a/R ~ 1, while for binaries a/R ~ 9 (10%).

Formally speaking, the sole calculation of perigee precession is not sufficient to constrain an alternative theory with
binary pulsar observations [124]. In principle, at least two other quantities must be computed and measured in order

’

11 Employing 6 as an expansion parameter is not formally valid, since this quantity can be dimensional. Corrections are actually proportional to O(G/R)
or O(6/a), both of which can be shown to be much less than unity here.
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to break the degeneracy in the determination of the individual component masses. In CS gravity, however, other binary
pulsar-relevant quantities will not be corrected, because Cyg identically vanishes for the canonical choice of CS scalar, or
the correction becomes subleading, as in the case of the quadrupole gravitational wave emission formula. The only post-
Keplerian parameters that is CS corrected to leading order is w in the non-dynamical theory with canonical CS scalar and all
parameters can be obtained from [153].

Yunes and Spergel [143] used this calculation to place a strong bound on the non-dynamical framework. Using the
relevant system parameters of PSR J0737-3039A/B found in [153], the CS scalar was constrained to be

0 <4 x 1072 km, = mcs > 100 meV (248)

which is 10'! times stronger than current Solar System constraints. A similar analysis in the full, strong-field dynamical
formalism is still lacking. In particular, the coupling of fermions to the CS term might be relevant for calculations involving
neutron stars [6].

7.3. Galactic rotation curves

The only galactic study that has been currently carried out is related to the flat-rotation curves of galaxies [ 129]. Consider
a collection of stars in a spiral galaxy and measurements of their orbital velocity v and their distance to the galaxy center
r, through the shift of spectral lines. The plot of this velocity as a function of distance is the so-called galaxy rotation curve,
which according to Newtonian mechanics should obey a square-root fall-off v o r~'/2. For a large number of such galaxies,
with different luminosities, Rubin and Ford Jr. [154,155] have found that the galaxy rotation curve flattens with distance,
which implies the existence of additional non-visible, or dark, matter.

Konno, et al. [ 129] have attempted to explain the flatness of rotation curves through non-dynamical CS modified gravity
(0 = —Ilk and B = 0, where [ is a coupling constant) with a non-canonical CS scalar. We have already discussed the
form of the metric obtained in the slow-rotation limit, when assuming 9 o r cos 6 [see eg. Eq. (169) and Eq. (171)]. With
this solution, Konno, et al. [129] studied circular, equatorial geodesic motion, and found that the orbital angular velocity
v :=rd¢/dt = —Lf /(rE), where E and L and the conserved energy and angular momentum, which for large radius becomes

M C
v:i,/7+§+oq>2, (249)

and we recall thatG; is a constant that depends on the spin angular momentum. This result is to be contrasted with the Kerr
metric, for which v = (M/r)/2 —J/r2.

The solution found by Konno, et al. is interesting in that it sheds light on some of the effects of non-dynamical CS modified
gravity on certain observables with a non-conventional CS scalar. But before victory can be claimed over the rotation curves,
one must consider the solution more carefully. In doing so, one discovers that this solution possesses a few drawbacks that
render it rather unphysical as a true spinning, BH solution. One of main problem is rooted in that the solution was found in
the non-dynamical formulation, which as we have argued is quite contrived, arbitrary and probably not well-posed.

One then hopes that an embedding of this solution in the dynamical framework can be found but, as we explain below,
this is impossible. The dynamical formulation requires that a well-defined scalar field couple to the field equations via a
stress—energy tensor. The scalar fields studied in the non-dynamical formulation, however, all possess the feature of leading
to infinite total energy in the scalar field. This issue cannot be bypassed by simply stating that the stress-energy contribution
is second-order in the slow-rotation parameter, since the energy contribution is not large, but infinite. Thus, the solution
discussed above is not a self-consistent one in the dynamical framework.

Moreover, on closer inspection, Yunes and Pretorius [84] have found additional solutions in the non-dynamical
formulation for other choices of CS scalar [see eg. Eq. (173)]. This family of solutions is better-behaved, in that they do
not contain any logarithmic divergences in the metric, but they lead to an orbital angular velocity

M M

in the far-field limit M /r < 1, which cannot explain the flat rotation curves.

At this juncture, one could make the argument that the above analysis is nothing but evidence that Nature somehow
selects the solution found by Konno, et al., but we shall here argue precisely the opposite. The non-dynamical framework
does not suggest that either of the two solutions discussed here is more valid or less valid than the other. In fact, it is the
immense freedom in the choice of CS scalar the leads to two different observables and points at an incompleteness of the
framework. This observation, coupled with the overconstraining feature of the non-dynamical framework, casts some doubt
as to validity of suggesting the CS correction as an explanation of the flatness in galactic rotation curves.

7.4. Gravitational wave tests

Several tests have recently been proposed of the modified theory with GWs. All such tests have so far concentrated on
waves generated by binary systems in the early inspiral phase, where CS correction arises due to the propagation of the wave
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(instead of the mechanism). As we reviewed in Section 5, the main effect of the CS correction on the propagation of GWs
is an amplitude birefringence, characterized by the parameter ¢ defined in Eq. (191). Thus, if a GW detection can constrain
the magnitude of ¢, one can derive a bound on the CS scalar.

Alexander, et al. [33] have proposed a GW test of non-dynamical CS modified with a generic CS scalar through the space-
borne GW detector LISA [156-160]. The sources in mind are supermassive black hole binaries located at redshifts z < 30.In
principle, in order to determine how good of a constraint LISA could place on CS modified gravity, one would have to carry
out a full covariance (Fisher) matrix analysis, including all harmonics in the signal amplitude, since the CS correction affects
precisely this amplitude.

One can obtain an order-of-magnitude estimate, however, by making the following assumptions. First, let there be a GW
detection in two GW detectors, such that one can reconstruct both the right- and left-polarized amplitudes. Second, let us
model the noise as white, with one-sided spectral noise density So. Third, focus attention on the Fisher matrix I';; related to
the parameters that affect the amplitude of the GW signal, neglecting the phase parameters, namely [161,162]

amk 8mk
ry = 20 at, 251
i ZSO/ (axl) (aw) (251)

where the observation period is (t;, t;), A = (D, x, ¢) is a vector of parameters that affect the amplitude (the natural
logarithm of the luminosity distance to the source £» = Ind; and the cosine inclination angle x = cost) and mg is the
scalar detector response. The ensemble average co-variance is then simply v; = (F‘l)ij, where the diagonal components
are a measure of the accuracy in the determination of the ii parameter.

For a GW signal detected on plane (x = 0), the accuracy in the determination of ¢ is given by [33]

(MHp)?> 42
Vg = ———— (252)
4p2 1K — 4

where M = m;m,/(m; + m,)? is the chirp mass, with binary mass components mjy,2, and p? is the squared signal-to-noise
ratio
2 | ¥ 2 2
p =5 ) de (Ax +AD) . (253)
0

with Ag | the GW amplitudes. In Eq. (252), the noise moments are defined via

¥ ko() M\ dt 2130 5
§ = / o® — = 2 (k)43 (254)
t 2 So So 64 kmin
¥ ko(O) M\ de 1/3M 5
g ::/ o®) o S (ka7 [ (255)
4 2 SO SO Kmin
¥ (ko) MNP dt 213m 5 k
X = — = — (kM) 256
/t,. ( 2 ) So So 128 e (256)

For a binary black hole system with total mass M = my + m, = 10° Mg (1 +z)~! at redshift z, a GW one year before
coalescence has a wavelength in the range A = (102, 10%)c Hz ™. For such a system [33]

105100 <104° Hz—1>”2

= 257
1+z—J/1+z So (257)
S 2
_ —40 0 /T o

where hyg9 = Hy/100s Mpc/km. Such a result implies a 1o upper bound on £ of order 10~'° for a LISA GW detection at
z = 15. With the canonical choice of ¥, this translates to a constraint on the CS scalar of approximately ) /x < 1072 km.
Not only is the possible constraint on ¢ five orders of magnitude better than with Solar System tests, a GW detection also
constrains a different sector of the modified theory, since it samples the temporal evolution of the CS scalar, instead of its
local value. This is because a GW detection really constrains the evolution of the CS scalar from the time of emission of the
GW to its detection on Earth.

Perhaps a more interesting test of CS modified gravity can be performed using GWs emitted by extreme-mass ratio
inspirals or binary black hole mergers [99]. These systems sample the strong-gravitational regime of spacetime, in which
the CS correction is enhanced, as shown by the CS modified Kerr solution [84]. The generation of GWs would then also be
CS modified, not only due to modifications in the trajectories due to corrections to the background metric, but also due to
the fact that the CS scalar must carry energy-momentum away from the system. Even ignoring the latter, Sopuerta and
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Yunes [99] have shown that the background modifications lead to extreme- and intermediate-mass ratio inspirals, whose
waveforms are sufficiently distinct from their GR counterpart to allow for a test of the radiative sector of the dynamical
theory over a few-month integration period. A more detailed data analysis study is currently underway to determine the
accuracy to which the theory can be tested.

8. Chern-Simons cosmology

After the quintessence model was proposed to account for the acceleration seen from Type Ia supernovae [4], Carroll
proposed that the quintessence field can generically couple to parity violating terms in the electromagnetic sector [163,164].
This was used as a constraint on the quintessence dark energy models since such parity violating, “birefringent” couplings are
generic. Soon after, the cosmological study of CS modified gravity was first proposed by Lue, Wang and Kamionkowski [ 134]
as a way to search for parity-violating effects from the GW sector of the CMB polarization spectrum. This was so because, in
CS modified gravity, an asymmetry of left and right-handed GWs leads to an anomalous cross correlation in the GW power
spectrum. Such a pioneering study was then followed up by Saito, et. al. [165], who improved on their calculation.

The possibility of parity violation in the gravitational sector led Alexander, Peskin and Sheikh-Jabbari (APS) [28,31] to
propose an explanation for the observed matter-antimatter asymmetry in the universe. The lepton asymmetry is generated
from one simple and generic ingredient: the CS correction to the action, which leads to an asymmetric left/right production
of GWs, and due to the gravitational ABJ anomaly [51,52], chiral leptons are produced. APS were able to account for a correct
amount of lepton asymmetry using the bounds placed on the GW power spectrum amplitude and the scale of inflation. In
what follows, we shall review the inflationary production of GWs with the CS term present. We show how the GW power
spectrum is modified and apply the GW solutions to the inflationary leptogenesis mechanism of Alexander, Peskin and
Sheikh-Jabbari. Following this, we will review the LWK analysis of constraining parity violation in the CMB.

8.1. Inflation and the power spectrum

In this chapter we shall consider CS modified gravity in the context of inflation. The idea of inflation is quite simple:
a period (t;, t) in which the scale factor a(t) ~ e (=4 grows exponentially. During such an epoch, the FRW equations
govern the dynamics of the scale factor a(t) via

a 3 a?
where H := % is the Hubble parameter. We see that inflation, a(t) ~ e, occurs when there is a fluid of negative pressure
p=—p.

In scalar field theories, this requirement can be obtained if the scalar field is slowly rolling down its false vacuum
potential, often referred to as slow-roll inflation. In what follows, we shall assume slow-roll inflation (see eg. [ 166] for further
details) and we shall study the power spectrum of CS birefringent GWs during the inflationary epoch. We will then rederive
the consistency relation between the scalar to tensor ratio and the slow-roll index of inflation following Ref. [28].

a\’ 8rx k 200 @k
-] =—Gp+ and — + — 4+ — = —87Gp, (259)
a a a?

8.1.1. Gravitational waves and the effective potential

Consider inflation driven by a pseudoscalar field ¢ with a standard kinetic term and a potential V (¢, A). Consider also
the Einstein-Hilbert action coupled to the gravitational CS term, as given by Eq. (3) with the choices « = 2«, 8 = 0 and
f(¢) a functional of the inflation, which is identified with the CS scalar.

Let us now linearize the action in an FRW background, as explained in Section 5. The field equations for the GW become
essentially Eq. (177) and, concentrating on plane-wave solutions, we find the evolution equation for the phase in a left/right-
basis [Eq. (184)]. Let us now introduce the quantity z; via

zz(m,K)=a(m),/1- Aslcf—; (260)
a

and the new amplitude p; (17) defined by u; = zhy, where s = {R, L}, Ag; = = and the subscript k reminds us of the
wavenumber dependance. The evolution equation for the phase then becomes a parametric oscillator equation for i3 :

7 z!
()" + (k2 - ;) M = 0. (261)
S
where primes stand for derivatives with respect to conformal time 7. The effective potential z//z; depends on time, on
polarization but also on wavenumber, which distinguishes this CS effect from the standard GR case, where the effective
potential depends on conformal time only.
Let us study the effective potential in more detail. Using Eqs. (260) and (261), this potential is given exactly by

, 2
50 e 0T Rk () Gk ()] 7 (262)
z  a 1T=ak(f'/a?) 2 1—2k(f'/a?) 4 [1-ak(f/a?)]
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For convenience, we choose specify the CS coupling functional f[¢] via [28,31]

N 9

1= Towom2 M

(263)

where Mp; = mp|/+/87 is the reduced Planck mass and & a number that can be related to the string scale. In terms of the
slow-roll parameters ¢ = —H/H?,§ = —¢/(H¢) and & = (¢ — §)/H (an overhead dot means a derivative with respect to
cosmic time), we have at leading order in these parameters (see also Ref. [167])

a(n) ~ (=), ¢ > —Mp I 2e. (264)

From these expressions, one deduces that to leading order

i . 2
o N K opea N (”mf) Va2en (265)
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because # >~ —(1+¢€)/n.
The equation of motion is still in a rather involved form, but it can be simplified further by introducing the characteristic
scale kc and ® parameter [28,31]

N (Hiur\’ 2 N [ H\’
kce=k — | V2 =k—, O=—|—) V2e. 266
<7 "3m2 (Mm) 16 272 (Mpl) (266)
Let us further introduce the variable x = ®kn/8 < 0, such that Eq. (261) takes the form
d*n 64
% + [@ _fs(x)] n=0, (267)
with
2+ 3¢ hs 1 1

) = —5—+ (268)
X

x(1—2Ax)  4(1—Ax)?

Using slow-roll perturbation theory and the functional relations for f (¢), the equation of motion can be maximally simplified
into

d?pu, 1 e 1
dr2

2 16r T
where we have defined T = 16i(1+x)/®. Werecognize Eq. (269) as the Whittaker equation [see eg. Eq.9.220.1 of Ref.[ 168]],
whose corresponding, normalized solution is

] [k = 0. (269)

4mlp 16i(1 4+ x)
Mi'( —_ %P eiknia nOBZWi@/lG.O [T , (270)

where W, ,(z) is the Whittaker function.

8.1.2. CS corrected inflationary gravitational waves on large scales
Let us now concentrate on super-horizon scales, i.e. x ~ 0, such that we can make contact with CMB observables. The
effective potentials can then be approximated via

243 A 1
fi) > =—— 4+ = — -, (271)
X X 4
where the first term gives the standard slow-roll term behavior, while the second term represents the birefringent CS

correction. With this potential, the equation of motion becomes

d?us 64 1 X 243
o~ [ : +6]ui=0- (272)

Using results from Ref. [169], we define

+ €. (273)

256 irs 3
Y 2

LWl+ —% k= ——, &
2 V1+256/6?2
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and simplify the equation of motion in the limit 256/@2 >> 1, which corresponds to large scale behavior, such that Eq. (272)
becomes

d?us 1« 1 )\ 17
——+ - - — — =0. 274
dy2+[ 4+y+<4 § y2 | M (274)
The exact general solution to this equation is given in terms of Whittaker functions
() = G Wi g ) + GROW_ £ (=), (275)

where Cj (k) and C5 (k) are two constants of integration.
Initial conditions are determined in the divergence-free region —1 < x <« 0, where we assume y; has a plane wave
behavior [169]

Cik) = —

4ﬁ£p] eiQ’Ii exp | — MrTe
2k 32

where £p is the Planck length and we have used that W, ¢ (y) ~ e ¥/2y¢ as y — +oo0. This assumption is equivalent to
requiring that non-linear phenomena occurring near the divergence of the effective potential does not affect the initial
conditions in the region x > —1. Indeed, such an assumption is also made in inflationary cosmology, where the vacuum
is assumed to be the correct initial state, in spite of the fact that modes of astrophysical interest today originate from the
trans-Planckian region [ 170]. A possible weakness of the above comparison is that, in the case of the trans-Planckian problem
of inflation [170,171], one can show that (under certain conditions) the final result can be robust to changes in the short
distance physics [170,171]. In the present context, however, it is more difficult to imagine that the non-linearities will not
affect the initial conditions. On the other hand, in the absence of a second-order calculations and as a first approach to the
problem, this seems to be quite reasonable.

) . Gk =0, (276)

8.1.3. Power spectrum and tensor-to-scalar ratio

The power spectrum can be calculated either as the two-point correlation function in the vacuum state or as a classical
spatial average. We take here the latter view, since a fully consistent quantum formulation of the present theory is not yet
available. The power spectrum is then defined as

" 1 "
(hy (0, x) WY (1, %)) = V/dXhij (., %) h” (n,%), (277)

withV = f dx is the total volume. Using the properties of the polarization tensor, straightforward calculations show that

i 1 todk 5 .2
(hi (.0 (. x) = — — I | (278)
T s—LR 0 k
from which we deduce the power spectrum
3 K ’
kP (k) = — (279)
" 72 L a(n)y/1 — A5kf' /a2

The power spectrum is usually proportional to 2k3 /72, where here the factor of 2 is missing because we have not summed
over polarizations.

The CS corrected power spectrum could be calculated exactly in terms of the Whittaker function, but only the large scale
behavior is needed so, in this regime, one has

13ps — 16 L5 k> 2 (26) _70/16
"T @ 2% D (1/2+& —ix0/16) 2

where I'[-] is the Gamma function and « is the value of the scale factor today. Eq. (280) can be expanded to first order in
the slow-roll parameter to obtain

(280)

s 16H2 1 k
ICPi(k) = — 2 ~AT(©)|1-2(C+ 1 e—2eln— —eB(O) |, (281)
Tmg 2 k.
with,
tm1-Zor(Z - Lotto (%), B=4v-—20() (282)
T °16 384 256 ’ - ’

where ¥ is related to the derivative of the Gamma function via ¥ = TI/T'. The amplitude of the CS corrected right-
polarization state is reduced while the one of the left-polarization state is enhanced. Moreover, at leading order in the
slow-roll parameter, the spectral index remains unmodified, since nj = dIn (k*P§) /dInk = —2e for each polarization
state.
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Let us now compute how the tensor to scalar ratio T/S in the modified theory. In CS theory, the scalar power spectrum
is not modified (see also Ref. [172]) and reads [167]

H? k
i®p, = —2 [1 —2€ —2C(2¢ — ) —2(2¢ — §)In —], (283)
Tmpy€E ks

while the tensor power spectrum is given by Eq. (281). The T/S ratio is then given by

T _ 1 3ps _ 1 L R
5 = o) <_Z k P,,) = 16¢ x 5 [A"(©) + A% ()] (284)
¢ s=LR k=kse
2 1
~ 16¢ x [1 n (;84 . ﬁ> @2] , (285)

where we see that the linear corrections in ® has canceled out, and one is left with a second-order correction only.
Alternatively, we can express the above result as the fraction CS correction

(T/S) oo
(T/S)o—o

from which it is clear that the CS correction is not observable, since one has assumed here that ® < 107 (i.e. for the
divergence of the effective potential to be in the trans-Planckian region).

The super-Hubble power spectrum exhibits two interesting regimes: a linear and non-linear one. The non-linear regime
occurs when kn ~ @7, because the effective potential controlling the evolution of the linear perturbations diverges
and linear cosmological perturbation theory becomes invalid. This divergence occurs for all modes (i.e. for all comoving
wavenumber k) but at different times. The full non-linear regime has not yet been investigated.

The linear regime is compatible with the stringy embedding of inflationary baryogenesis [27], part of which we discussed
in Section 3.2. In this context, ® is enhanced, possibly leading to resonant frequencies that could be associated with
the observed baryon asymmetry. Since ® is completely determined by the string scale and string coupling in a model-
independent fashion, one obtains a direct link between stringy quantities and CMB anisotropies:

T/Sozo _ , , 0022 (HM>4 .
- ST
(T/S)o=o 4 Mo

where we have used that

M 2
N=n2/% (—"') , (288)
2 \ Mo

Mo is the ten-dimensional fundamental scale and g; is the string coupling. For reasonable values of string coupling (i.e. weak)
and the string scale set to 10'°GeV, ® ~ 1072, but the stringy embedding admits much larger values of @, forcing the
analysis into the non-linear regime.

Large values of ® (eg. ® > 10~%) require a non-linear calculation, through which one could hope to obtain a significant
modification to T /S that might lead to an observable CMB signature. Unfortunately, it is precisely in this observable regime
where technical difficulties have prevented a full analysis of the cosmological perturbations.

~140.022 x &2, (286)

(287)

8.2. Parity violation in the CMB

One of the major issues in the standard model of particle physics is the origin of parity violation in the weak interactions.
While we know that the other gauge interactions respect parity, it may be the case that the there is a definite handedness
on cosmological scales. The polarization pattern in the CMB fluctuations can leave an imprint of parity violation in the early
universe through a positive measurement of cross correlation functions that are not parity invariant.

The measurement of parity violation from CMB polarization was first discussed by Lue, Wang and Kamionkowski [ 134].
They realized that the presence of the CS term naturally leads to a rotation of the plane of polarization as a CMB photon
travels to the observer. It was later realized by Alexander [30] that gravitational backreaction of parity violating modes can
lead to loss of power for parity-odd spherical harmonics, which lacking a systematic explanation, is observed in the CMB for
low multipole moments.

Such considerations can be understood by studying the polarization state of light as described through the Stokes
parameters. Let us consider a classical electromagnetic plane-wave with electric field given by the following components:

E{(t) = a;sin(wt — €;) and E(t) = ay sin(wt — €) (289)

where we assume, for simplicity, that the wave is nearly monochromatic with frequency w, such that ay, a,, €1, and €, only
vary on time scales long compared to w™~!. The Stokes parameters in the linear polarization basis are then defined as
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I=(@)?+(@)?), Q=) (@)?), (290)
U = (2a,a; cosé), V = (2a,a; siné), (291)

where § = €, — €7 and the brackets signify a time average over a time long compared to ™. The I parameter measures the
intensity of the radiation, while the parameters Q, U, and V each carry information about the polarization of the radiation.
Unpolarized radiation (so-called natural light) is described by Q = U = V = 0. The linear polarization of the radiation is
encoded in Q and U, while the parameter V is a measure of elliptical polarization with the special case of circular polarization
ocurring when a; = a, and § = =+ /2. From here on we will simply refer to V as the measure of circular polarization, which
is technically correct if Q = 0.

While I and V are coordinate independent, Q and U depend on the orientation of the coordinate system used on the plane
orthogonal to the light's direction of propagation. Under a rotation of the coordinate system by an angle ¢, the parameters
Q and U transform according to

Q' = Q cos(2¢) + U sin(2¢), and U’ = —Q sin(2¢) + U cos(2¢),
while the angle defined by

1 U
@ = —arctan | — |,
yorcan )

goes to @ — ¢ following a rotation by the angle ¢. Therefore, Q and U only define an orientation of the coordinate system
and not a particular direction in the plane: after a rotation by  they are left unchanged.

Physically, such transformations are simply a manifestation of the oscillatory behavior of the electric field, which indicate
that Q and U are part of a second-rank symmetric trace-free tensor Pj;, i.e. a spin-2 field in the plane orthogonal to the
direction of propagation. Such a tensor can be represented as

Py = (ﬁ _Op) » (292)

in an orthonormal eigenbasis, where P = (Q? + U?)"/? is ususally called the magnitude of linear polarization. For example,
in two-dimensional, spherical polar coordinates (8, ¢), the metric is £2;; = diag(1, sin? ) and the polarization tensor is

A Q(n) —U(n)sin®
D.. j—
Py = (—U(ﬁ) sinf  —Q(h)sin20 )" (293)
where we recall that (i, j) run over the angular sector only.
The temperature pattern on the CMB can be expanded in a complete orthonormal set of spherical harmonics:
T(ﬁ) (o) 1 R
=1+ 3D Al Yam () (294)
0 =1 m=—1
where
1= L [aar@vs, @ 295
Aimy = T, nT(n)Yg,, () (295)

are the coefficients of the spherical harmonic decomposition of the temperature/polarization map and T is the mean CMB
temperature. Likewise, we can also expand the polarization tensor in terms of a complete set of orthonormal basis functions
for symmetric trace-free 2 x 2 tensors on the 2-sphere,

Pij (R) =\ G yG (o C yC o
To > > [l Yo B + Gy Yoy ()] (296)
1=2 m=—1
where the expansion coefficients are given by
1 o Giion 1 . e Cii
Gy = T / AP (R)Y ) (),  afy, = T / dh P(R)Y )" (). (297)
The basis functions Y(";'m)u(ﬁ) and Y(Clm)ij(ﬁ) are given in terms of covariant derivatives of spherical harmonics by
G 1 k
Yy = N | Yamyi — E-Qijy(lm):k , (298)

and

N
Y((l:m)ij =3 (Y(Im):ikEkj + Y(lm):jkéki) , (299)
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where ¢;; is the completely antisymmetric tensor on the 2-sphere, a colon in an index list stands for covariant differentiation
on the 2-sphere, and N,2 = 2(1 — 2)!/(I + 2)!is a normalization factor. Since the Yy)’s provide a complete basis for scalar
functions on the sphere, the Y((fm),j and Y(C,m)ij tensors provide a complete basis for gradient-type (G) and curl-type (C) STF
tensors, respectively. This G/C decomposition is also known as the scalar/pseudo-scalar decomposition, which is similar to
the tensor spherical harmonic decomposition of Section 5.

Integration by parts transforms Eqs. (297) into integrals over scalar spherical harmonics and derivatives of the
polarization tensor:

G _ N diY: . (f 2.0 (f (300)
Ay = T—O nYgn n) £;7(n),

o =M [ ay () 2 (e (301)
(Im) — To (Im) ij K

where the second equation uses the fact that €., = 0. Given that T and &P are real, all of the multipoles must obey the
reality condition ai(,;';) = (_1)ma)((z.7m)v where X = {T, G, C}. The spherical harmonics Y, and Y(?m)ij have parity (—1)!, but
the tensor harmonics Y(C,m),.j have parity (—1)"1.

The two-point statistics of the temperature/polarization map is then given via

¥ = (@ (@)). (302)

where the averaging is over all 2] + 1 values of m and over many realizations of the sky. This two-point statistic is thus
completely specified by the six (TT, GG, CC, TG, TC, and GC) sets of multipole moments. If the temperature/polarization
distribution is parity invariant, then C,TC and C,GC must vanish due to the symmetry properties of the G/C tensor spherical
harmonics under parity transformations.

Parity conservation, however, is a theoretical bias. Lue, Wang and Kamionkowski [134] provided the first time physical
scenario where /¢ = CF¢ # 0 due to parity violation in the GW power spectrum of the CMB'2. This physical scenario
consisted of GWs sourced by the CS interaction term in Eq. (3) with («, 8) = (1, 0) and ¥ = f(¢) some polynomial function
of the inflaton field ¢. As we have discussed, CS modified gravity leads to amplitude birefringence in GW propagation, which
in turn leads to an excess of left- over right-cicularly polarized GWs that lead to a non-vanishing CITC [134].

In order to understand this, consider GWs during the inflationary epoch. These waves stretch and become classical at
wavelengths on the order of A ~ 1/u, where v ~ 1/f is some CS energy scale, until they eventually freeze as they become
comparable to the Hubble radius. When the waves exit this radius, the fraction of the accumulated discrepancy between
left- and right-polarized GWs can be estimated through the index

€ ~ (My/)(H/Mp)* ($/H?)?, (303)

where H is the Hubble scale and f” ~ 1/u?. The factor Hz/q'ﬁ ~ 107> is associated with the amplitude of scalar density
perturbations, while H/Mp < 107° is related to the amplitude of tensor perturbations [134].

Since long wavelength GWs produce temperature anisotropies of curl type, an excess of left- over right-polarized GWs
g@duces anonzero ClT €. This is because the multipole coefficients a(T,’nf) will be non-vanishing (right) for circularly polarized

r | Gma + Sm—2)AT (k) evenl (+),
fam = {_i(5m.2 — 8m-2)A[ (k) odd (x), .
¢ _ |Gna+dm_2Ar(k)  evenl (x),
Aimy = {—i(5m,2 —8m_2)AT (k) oddl (+), o)

where A,T’C are temperature brightness functions and (4, x) stand for plus or cross, linear GW polarizations (see eg. [173]).
Likewise the multipole coefficients for the gradient component of the CMB polarization are similar, with the replacement
of A,T’C for polarization brightness functions. For a left, circularly polarized GW, the sign of the even-l moments is reversed.
The above equations allow one to understand why parity is not violated with linearly polarized GWs. For example, let us
assume that only + modes are present, then C,T € by construction. However, a right or left, circularly polarized GW possesses
both + and x modes, and thus the cross-correction is non-vanishing:

G =221+ 1) Al (WAL (k). (306)

Lue, Wang and Kamionkowski [134] conclude that the parameter € in Eq. (303) could in principle be measured by a
post-Planck experiment with a sensitivity of 35 wK, a result that was later confirmed by the more detailed study of Saito,
et. al. [165]. Such results have aroused interest in the polarization detection community, pushing them to improve their

12 [ye et al. noticed that the CS term violates both parity and time reflections. Thus, since gravity is insensitive to charge, CPT is conserved.
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detection sensitivities to measure CS-inspired, CMB parity violation. For example, Keating et al. [ 174] have considered non-
vanishing parity violating correlations induced by a class of telescope-beam systematics, which can mimic the birefringence
effect. Furthermore, other authors have generalized the parity violation cross-correlations to CPT violating cross correlations
in the photon sector [175-178,1].

8.3. Leptogenesis and the Baryon asymmetry

Collider experiments have established a symmetry between matter and anti-matter, confirming the prediction of baryon
number conservation in the Standard Model (SM) of elementary particle physics. In the visible Universe, however, there
is an excess of matter over antimatter supported by the recent CMB determinations of the cosmological parameters, in
particular by the WMAP experiment [1]. In view of this, one of the major puzzles in cosmology and particle physics is to
understand why and how the matter asymmetry was generated during the course of the evolution of the Universe starting
from a symmetric “soup” of matter and antimatter soon after the Big Bang. In this section we will show that if CS gravity is
active during the inflationary epoch, a novel mechanism of leptogenesis is generic.

Quantitatively, the baryon asymmetry can be expressed in terms of the ratio of baryon density excess to photon density
excess [179]

Np -10
— =(6.5+0.4) x 107, (307)
y
where ng = np — n; is the difference in number density of baryons and antibaryons and n,, is the number density of
photons. This ratio is time independent, as the evolution of the n, and n,, with the cosmic Hubble expansion are identical.
Such a large baryon excess cannot be explained within the SM [180], because baryon number violating interactions are here
loop suppressed. The only SM source of CP violation in the hadronic sector is in the Dirac phase of the CKM mixing matrix,
which is not enough to explain the asymmetry of Eq. (307).

One can map the problem of baryon asymmetry to that of lepton asymmetry. This is because the SM weak interactions
contain processes, mediated by sphalerons (SU(2) instantons), which interconvert baryons and leptons and are thermally
activated at temperatures greater than 1TeV. Thus, a baryon asymmetry can be generated through the generation of net
lepton number at high temperature through out-of-equilibrium and CP-asymmetric processes [181,182]. Such scenarios
are commonly referred to as leptogenesis.

Leptogenesis is a valid route to explain the baryon asymmetry, provided one can construct a model that fulfills the so-
called Sakharov conditions for leptons [183]:

(1) Baryon number violating interactions should be present.
(2) Charge and parity (CP) should be violated.
(3) CP and baryon number violating interactions should be active when the Universe is out of thermal equilibrium.

These three requirements constitute model-independent, necessary conditions to generate a baryon asymmetry
dynamically from symmetric initial conditions. Within the SM, however, there are no such leptogenesis models, and hence
one is forced to associate the observed baryon asymmetry to physics beyond the SM.

8.3.1. Outline of the mechanism

A mechanism for the creation of baryon asymmetry, associated with gravitational inflationary fluctuations, was
presented by Alexander, Peskin and Sheikh-Jabbari (APS) [28]. The key to this mechanism is CS modified gravity, where
we shall here follow APS and set («, 8) = (8«,0), 6 = f(¢) and associate ¢ with the inflaton field. Referring back to
Section 2.4, the function f (¢) must be odd in ¢, thus implying that f (¢) is odd under P and CP transformations, and allowing
the parameterization of Eq. (263).

Let us first spell out how the three Sakharov conditions are realized in the APS model of baryon asymmetry, so-called
gravi-leptogenesis:

(1) Lepton number violation is generated here via the triangle anomaly, discussed in Section 3.1. In the SM, the lepton
number current (and hence the total fermion number density), has a gravitational anomaly [56]:

04y = N *RR (308)
£ 1672
where the lepton number current is given by J{ = >, £y + Diy®vi, N = N, — Ny equals three in the SM, 3¢
are Dirac gamma matrices, and ¢, v denote lepton and neutrino species respectively. In the SM, the anomaly is thus a
consequence of an imbalance between left- and right-handed leptons.

(2) CP violation manifests itself naturally in CS modified gravity. Here, lepton number is generated due to a non-vanishing
vacuum expectation value of the Pontryagin density in the evolution equation of the CS scalar, which is associated with
the inflaton. In turn, this density is generically non-vanishing during inflation due to GW perturbations.

(3) Out-of-equilibrium conditions arise due to the (exponential) growth of the background spacetime. Such a growth leads
to lepton number production that is naturally out of equilibrium.
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The APS leptogenesis model can be naturally realized if the inflaton field is associated with a complex modulus field.
In such a case, one must guarantee that the inflaton potential is sufficiently flat, such that the slow-roll conditions are
satisfied. The simplest model of this kind is that of single-field inflation and a pseudo-scalar ¢ as the inflaton, known as
natural inflation. Such a model can be expanded to include multiple axions, as in N-inflation models [ 184]. Such models fit
into extensions of the SM and in string-inspired inflationary models.'?

In the remainder of this chapter, we shall use particle physics notation and conventions, where h = ¢ = 1 and
Mp = (8wG)~1/2 ~ 2.44 x 10" GeV is the reduced Planck mass. In particular, we shall follow [186] and choose o = 8k,
B =0,and 6 = f(¢), although we shall often work with the dimensionless functional F(¢) := f(qﬁ)/lel.

8.3.2. Gravitational wave evolution during inflation

Although GW solutions have already been discussed in Section 5, it is instructive to present the expansion of the
Lagrangian to second order in the metric perturbation. In the TT gauge, assuming a GW perturbed FRW metric and using a
left/right basis for the GW polarization, (see Eq. (175)):

2 2 o2
£ = —(hOhg + hgThy) + 16iF T et~ T
(h Ohg + hROh) + 16iF () |:<822 R3iaz "~ 922 319z R)
TR 2’ 9 b P y o
2 2 4
ot = T )+ He? ( Zhgthy — Zh L h o(h 309
+a (arz Rataz -~ ae2 " aroz R>+ ¢ <8t Ratoz -~ ot “atoz R>]+ @ (309)

where ¢ stands for cosmic time dt = a(n)dn and O = 8?7 + 3H9, — 92 /a®. As is clear from Eq. (309), if h; and hg have the
same dispersion relation, *R R vanishes, while otherwise “cosmological birefringence” is induced.
From this Lagrangian, the equations of motion for h; and hz become

Ohy = =2i—hy,  Ohg =+2i—h, (310)

where dots denote time derivatives, and primes denote differentiation of F with respect to ¢. The quantity ©® ~ 2F'H¢ /M3,
which with the functional form of F(¢) becomes ® = +/2¢/(2n%)H? /M3 N, where € = ¢?/2 (HMp)~? is the slow-roll
parameter of inflation [ 186]. We have here used the fact that the inflaton is purely time-dependent and we have neglected
terms proportional to ¢ by the slow-roll conditions.

Gravitational birefringence is present in the solution to the equations of motion. Let us focus on the positive frequency
component of the evolution of h; and adopt a basis in which h; depends on (¢, z) only. In terms of conformal time, then, the
evolution equation for h; becomes

d? 1d d? _d?
— N — 42— — L—ihL:—ZIQ
dn? ndn dz? dndz
which is a special case of Eq. (177). If we ignore © for the moment and let h; ~ ', this becomes the equation of a spherical
Bessel function, for which the positive frequency solution is

he, (311)

ht(k, ) = e K (1 — k). (312)
Let us now peel-off the asymptotic behavior of the solution with non-zero ®. Let then
hy, = €' - (—ikn)e g (i) (313)
where g(n) is a Coulomb wave function that satisfies
d? 5 5 2 2k6O
—g+|kk(1-0)———-——1g=0, (314)
dn? UL

which in turn is the equation of a Schrédinger particle with £ = 1 in a weak Coulomb potential. For h;, the Coulomb term is
repulsive, while for hy this potential is attractive. Such a fact leads to attenuation of h; and amplification of hg in the early
universe, which is equivalent to the exponential enhancement/suppression effect discussed in Section 5.

As we shall see, generation of baryon asymmetry is dominated by modes at short distances (sub-horizon modes) and at
early times. This corresponds to the limit kn >> 1. In this region, we can ignore the potential terms in Eq. (314) and take the
solution to be approximately a plane wave. More explicitly,

g(n) = explik(1 — ©*)*n(1 + a(n))], (315)
where a(n) ~ logn/n.

13 Fora concise review of string-inspired inflation see [185].
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8.3.3. The expectation value of the Pontryagin density

Let us now compute use Eq. (313) to compute the expectation value of “R R in an inflationary spacetime. This expectation
value is dominated by the sub-horizon, quantum part of the GW evolution. Hence, to compute (*RR) we only need the two
point (Green’s) function (h hg):

3k . /
Gx, t; X, t') = (hy(x, hp(X', t)) = / ——e* G, ). (316)
(2m)3
For k parallel to z, the Fourier component Gy, satisfies Eq. (311) with a delta-function source
¢ (P ike) Lk Ge(n, ') '(H”)Za( 0 (317)
— —2(—-+kO)—+k ,n) =i —7).
i ; a k(m, M2 n=n

Let us first consider the case where ® = 0. The solution to Eq. (317) is
RSk, mhg (—k,n") n<n
N (k, hg (=k,n) 0 <,

where R = (HZ/M§,)1<‘3/2, h; is the complex conjugate of Eq. (312), and ht, hg are the corresponding solutions of the hg

equation. Since here ® = 0, h;{‘* = hf‘f. The leading-order effect of ® # 0 is to introduce an exponential dependence
from Eq. (313). The generic solution to Eq. (317) is then

Gro(n, 1) = { (318)

Gk = e_k@ne#—k@n/GkO (319)

forbothn > n’andn < n'.
The Green’s function in Eq. (319) can now be used to contract h; and hy and evaluate the quantum expectation value of
*RR. The result is

(*RR) 16 / ¢k (kn)? - k'O (320)

= — _ (kK . o
a (2m)3 2k3M3, "

where we have neglected subleading corrections in kn >> 1. This expectation value is nonzero because inflation is producing

a CP asymmetry out of equilibrium. The above result and computations seem to depend on the choice of vacuum state and

the form of the Green'’s function, but in fact this is not the case as one can verify by recalculating Eq. (320) using a different

method, such as fermion level-crossing [187].

8.3.4. Lepton and photon number density

The leptogenesis model can be completed by computing the net lepton/anti-lepton asymmetry generated during
inflation. Inserting Eq. (320) into Eq. (308) and integrating over the time period of inflation, we obtain

! Bk 1 SHAEH?O
= U e R Ve
0 Pl

: (321)

where n; is the lepton number density. The k-integral runs over all of momentum space, up to the scale © = 1/F’ at which
the effective Lagrangian description breaks down, but it is dominated by modes at very short distances compared to the
horizon scale. The n-integral is dominated by modes at large 1 and it represents a compromise between two competing
inflationary processes: exponential expansion to large k and exponential dilution of the generated lepton number through
expansion. The dominant contribution to lepton generation then arises from modes in the region kn > 1.

Eq. (321) can be integrated exactly to return

1 H\’ 6
no=—— (= @pﬁ(ﬁ). (322)
7274 \ Mp H

The factor (H/Mp)? is the magnitude of the GW power spectrum. We should stress that the usual GW power spectrum
comes from the super-horizon modes, while the main contribution to n here comes from sub-horizon modes. The factor of
© is a measure of the effective CP violation caused by birefringent GWs, while H? is the inverse horizon size at inflation,
giving n appropriate units. The factor of (11/H)°® is an enhancement over one’s first guess due to the use of strongly quantum,
short distance fluctuations to generate *R R, rather than the super-horizon modes which effectively behave classically.

The significance of the lepton number density can be understood by comparing it to the entropy density of the Universe
just after reheating, or equivalently to the photon number density. Recall that almost all of the entropy of the Universe is
generated during the reheating time and it is carried by the massless degrees of freedom, i.e. photons. Let us then employ
one of the simplest (and at the same time most naive) reheating model: instant reheating. We shall assume that all of
the energy of the inflationary phase p = 3H?M} is converted into the heat of a gas of massless particles p = 7%g,T*/30
instantaneously. The entropy of this gas is s = 27%g, T3/45, where T is the reheating temperature, g, is the effective number
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of massless degrees of freedom, s = 1.8g, n,, [186], and we have assumed an adiabatic post-reheating evolution. With these
assumptions we obtain the photon number density

n, = 1.28g,**(HMp)*".

Recalling that the ratio of the present baryon number to the lepton number originally generated in leptogenesis is
approximately ng/n; = 4/11 [181], in this model we obtain

n H 7/2 6
2B — 4.05 x 10%g%/4 (7> o (ﬁ) . (323)
n, Mp H

A less naive approach could be to follow the dilution of n; and p with the expansion of the universe to the end of reheating.
The final result is the same (see, however, [ 188] for a comment on this point). With the adiabatic expansion assumption, Eq.
(323) can be compared directly to the present value of ng/n, given in Eq. (307).

8.3.5. Is Gravi-leptogenesis a viable model?
In order to answer this question, one must numerically estimate ng/n, . Substituting for ®, Eq. (323) becomes

" g\ -12 6
T~ 2.9 % 1075g3 /e ¥ (—) ( e ) . (324)

n, Mp Mp

Clearly, this ratio depends on five dimensionless parameters: g,, H/Mp;, ©/Mp and the slow-roll parameter € and V.
Some of these parameters are already constrained or given by theoretical considerations. For example, within the usual
supersymmetric particle physics models, g, ~ 100 is a reasonable choice. Moreover, WMAP data, through the density
perturbation ratio §p/p (for a single field inflation), leads to an upper bound on H/Mp, ratio [1] of H/Mp < 10~* and
€ < 0.01,0or H < 10" GeV. Finally, the factor & ~ 10? — 10'° is inferred from the string theory compactification and is
proportional to the square of the four dimensional Mp, to the ten dimensional (fundamental) Planck mass [27] (see also the

Appendix in [27]). If the gravi-leptogenesis model is to be viable, we then have that
©~10"% - 10°, (325)

assuming that H saturates its current bound.

The physically viable range for the parameter « depends on the details of the underlying particle physics model on
which our gravi-leptogenesis is based. For example, within the SM plus three heavy right-handed neutrinos (and the seesaw
mechanism), i could be of the order of the right-handed neutrino mass, in which case i < 10" GeV. If we do not restrict the
analysis to the seesaw mechanism, ¢ could be larger, up to perhaps approximately the energy scale at which the effective
field theory analysis breaks down. Therefore, depending on the details of the model

uw

10°<-——<102-10"". (326)
Mpy
Combining all these considerations, one finds that the gravi-leptogenesis model predicts
n 7 6
2 ~10t0 (—) . (327)
ny Pl

Gravi-leptogenesis thus possesses a large parameter space to explain the observed baryon asymmetry of the Universe, but its
final prediction strongly depends on the ultraviolet cutoff of the effective theory [189,190]. In turn, this cutoff dependence
arises because lepton number is generated by graviton fluctuations, which we know are non-renormalizable in GR. This
issue and that of initial conditions are currently being investigated.

9. Outlook

We have provided a comprehensive review of CS modified gravity from a particle physics, astrophysical, and cosmological
perspective. From the particle physics point of view, the presence of the CS term leads to a gravitational anomaly-
cancellation mechanism in the standard model. In cosmology, the chiral anomaly works together with inflation to amplify
the production of leptons, leading to a viable model of leptogenesis. The parity violation present in the Pontryagin density
leads to direct modifications to GW generation and propagation.

While all of these avenues are promising directions of research, there is still much to understand. One important issue
that needs to be addressed in more detail is that of the coupling strength and the potential of the CS field. In string theory,
the perturbative evaluation of this coupling suggests a Planck suppression, while in LQG it is related to a quantum (Immirizi)
ambiguity. The potential of the CS field, on the other hand, cannot be evaluated with current mathematical methods. Thus,
new non-perturbative techniques need to be developed to fully evaluate these terms. In lack of a concrete, accurate estimate
for these terms, we have taken an agnostic view in this review: to study the observational consequences of the CS term
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and its possible constrains as a function of the coupling strength. Such a view allows the possibility to search for CS effect,
a detection of which would provide theorists with a strong motivation to develop the necessary tools to evaluate the CS
coupling strength and the exact potential of the CS dynamical field.

Another issue that remains open is that of backreaction and propagation effects of fermions in the modified theory.
Massive sterile neutrinos may be a viable candidate for dark matter. In spiral galaxies, dark matter is expected to be at the
center of the galaxy where a supermassive black hole might reside. In the context of CS gravity, the trajectory of sterile
neutrinos would be controlled by the modified Dirac equation [6], which could now be studied in the new CS-modified,
slow-rotating background of Yunes and Pretorius [84]. A modification in the behavior of fermions in highly-dense, strongly-
gravitating systems could change the rate of black hole formation, such as in the the symbiotic supermassive formation
mechanism [191].

A further avenue of future research that is worth exploring is that of an exact solution that represents the exterior
gravitational field of rapidly-rotating black holes and neutron stars in Dynamical CS modified gravity. The slow-rotating
solution found by Yunes and Pretorius [84] has provided some hints as to what type of modification is introduced to the
metric by the dynamical theory, but an exact rapidly rotating solution is still missing. Such a solution would allow for the
study of extreme-mass ratio inspirals and their associated GWs in the modified theory, which could lead to interesting GW
tests via observations with Advanced LIGO or LISA. Moreover, such a solution could also be used to study modifications to the
location of the innermost stable circular orbit and the event horizon, which could have implications in X-ray astrophysics.

A final avenue worth exploring is that of the connection of the dynamical formulation and GW theory. The former
could serve as a platform upon which to test well-defined and well-motivated alternative theories of gravity with GW
observations. An excellent source for such waves are binary systems, the detection of which requires accurate templates.
GW tests of dynamical CS modified gravity would thus require the construction of such templates during both the inspiral
and merger. Inspiral templates could be built through the post-Newtonian approximation, while the merger phase will
probably have to be modeled numerically. Such studies would then allow GW observatories to explore, for the first time,
the non-linear quantum nature of spacetime.
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