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Chapter 1

Einstein gravity and need for its

modification

This review presents itself as a collection of the lecture notes on modified gravity based on
lectures given at UFPB (Universidade Federal de Paraiba), CBPF, UFC (Universidade
Federal de Ceara), and Universidad del Bio-Bio (Chile).

The general relativity (GR) is clearly one of the most successful physical theories.
Being formulated as a natural development of special relativity, it has made a number of
fundamental physical predictions which have been confirmed experimentally with a very
high degree of precision. Among these predictions, the special role is played by expansion
of the Universe and precession of Mercure perihelion, which have been proved many years
ago, while other important claims of GR such as gravitational waves and black holes, have
been confirmed through direct observations only recently.

By its concept, the general relativity is an essentially geometric theory. Its key idea
consists in the fact that the gravitational field manifests itself through modifications of
the space-time geometry. Thus, one can develop a theory where the fields characterizing
geometry, that is, metric and connection, become dynamical variables so that a non-
trivial space can be described in terms of curvature and/or torsion. It has been argued
in [1] that there are eight types of geometry characterized by possibilities of zero or
non-zero curvature tensor, torsion and so-called homothetic curvature tensor, with all
these objects are constructed on the base of metric and connection. Nevertheless, the
most used formulation of the gravity is based on the Riemannian approach where the
connection is symmetric and completely characterized by the metric. Within these lecture
notes, we present namely Riemannian description of gravity where the action is described
by functions of geometric invariants completely characterized by metric (i.e. various

contractions of Riemann curvature tensor, its covariant derivatives and a metric), and
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6 CHAPTER 1. EINSTEIN GRAVITY AND NEED FOR ITS MODIFICATION

possibly some extra fields, scalar or vector ones. So, let us introduce some basic definitions
of quantities used within Riemannian approach.

By definition, the infinitesimal interval in a curved space-time is given as ds? =
G (x)da*dz”. The metric tensor g,, () is considered as the only independent dynamical
variable in our theory. As usual, the action must be (Riemannian) scalar, and for the fist
step, it is assumed to involve no more than second derivatives of the metric tensor, in a
whole analogy with other field theory models where the action involves only up to second
derivatives. The only scalar involving only second derivatives is a scalar curvature R (we

follow the definitions from the book [2] except of special cases):

R = gij,uu; R;w = Ra“ay;

RK}\W/ = 8#1—”;1/ - aﬂriu + FZMFKV - qurip7 (11)

where T, are the Christoffel symbols, that is, affine connections expressed in terms of

the metric tensor as

1
Flrj)\ = igup(augp)\ + a)\gpu - angA)- (12)

The Einstein-Hilbert action is obtained as an integral from the scalar curvature over the

D-dimensional space-time:

5= /d%\M(%R+cm>, (1.3)

where ¢ is the determinant of the metric. We assume the signature to be (+ — ——). The
k? = 87 is the gravitational constant (it is important to note that its mass dimension in
D-dimensional space-time is equal to 2 — D); nevertheless, in many cases we will define
it to be equal to 1. The £,, is the matter Lagrangian.

Varying the action with respect to the metric tensor, we obtain the Einstein equations:
_ 1 2
Guw =Ry — §Rg“,, = k"1, (1.4)

where T}, is the energy-momentum tensor of the matter. The conservation of the energy-
momentum tensor presented as V, 7" = 0 is clearly consistent with the Bianchi identities
V.G = 0.

Among the most important solutions of these equations, one should emphasize the
Schwarzschild metric (taking place for the vacuum, 7),, = 0) which describes the simplest

black hole with mass m, looking like

2 2
ds? = (1 — 2 — (1 - 22
T T

) rdr? — r?(d6* + sin® 0dp?) (1.5)



(actually we in many cases will consider a more generic spherically symmetric static met-
ric (3.20)), and the Friedmann-Robertson-Walker (FRW) metric describing the simplest

(homogeneous and isotropic) cosmological solution:
2 _ 23,2 2 dr? 20702 1 2 0742
ds* = c*dt* — a*(t) 17k2+r(d9 + sin® 0do?) | , (1.6)
— kr

where a(t) is the scale factor, and k = 1,0, —1 for positive, zero and negative curvature

respectively. The matter in this case is given by the relativistic fluid:

52T = (p + P)VuVy + DYy, (1.7)

where p is a density of the matter, and p is its pressure, in many case one employs the
equation of state p = wp, with w is a constant characterizing the kind of the matter.
Besides of these solutions, an important example is represented also by the Godel

solution [3]:
ds® = a®[(dt + e*dy)? — da® — %ez“’aly2 —dZ, (1.8)
which, just as the FRW metric, arises if the matter is given by the fluid-like form:
/€2TM,, = HszuU,} + Aguw, (1.9)

but in this case one has v* = i, p= a%, and A = —ﬁ. Namely these solutions and their
direct generalizations will be considered within our course.

Now, let us make some introduction to quantum gravity. Indeed, it is natural to expect
that the gravity, in a whole analogy with electrodynamics and other field theories, must
be quantized. To do it, one can follow the approach developed by 't Hooft and Veltman
[4]. We start with splitting of the dynamic metric g, into a sum of the background part

G and the quantum fluctuation h,,:

Ju = guu + K'h/u/a (110)

where the  is introduced to change dimension of h,, to 1. As a result, the action can be
expanded in infinite power series in h,,. For the first step, we can choose g,, = 1,,. The

lowest, quadratic contribution to the Lagrangian of h,,, is
1 auﬁl auﬁl uaﬁl v of
Lo = 50u50"hiy = 50300 " hy = 5 0uhapdh™ + 5 0uhup0”"h7, (1.11)

where the indices of h,p are raised and lowered with the flat Minkowski metric. The
Lagrangian (1.11) is called the Fierz-Pauli Lagrangian, it is used within constructing of

some generalizations of gravity.
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The corresponding (second-order) equations of motion are actually the linearized Ein-

stein equations:

1 1 1
G;(S/) = - 5(8>\8,uh)\u + a)\&/h)\u> + §|:|huy + iﬁ“yﬁaaghaﬁ —
1 1
— §n,wmh§ - 56‘”5‘”@ = 0. (1.12)

We have linearized gauge symmetry 6h,, = 0,£,+0,§, in the Lh.s., and linearized Bianchi
identities 8”Gfg,) = 0. As a consequence, afterwards one must fix the gauge, which can be

done by adding the term
1
Lor = —§CMC”, (1.13)
where C,, = 0%hqa, — %(‘th, so one has a new Lagrangian
1 " 1 wp,ap 1 agup,B
L=Ly— §CMC’ = —Zauh(w@ h” + gﬁuhoﬁ hs, (1.14)
which can be rewritten as
1
L= —50%051/“5“”@%, (1.15)

where VoA — %na“nﬁ” — inaﬁ n*, which implies the following propagator in the momen-
tum space:
.nuanuﬁ + nuanuﬁ - %npunaﬁ
< hog(=k)hu (k) >=1 : (1.16)

k2 — e

where D is the space-time dimension (the singularity at D = 2 is related with the fact
that the D = 2 Einstein-Hilbert action is a pure surface term).

Now, let us expand the Einstein-Hilbert action (1.3) in series in h,, by making again
the substitution (1.10) but with the arbitrary background g,,. In this case we see that
the metric determinant and curvature scalar are expanded up to the second order in A as

= 1 1 1
o > Vlgl+ 5he— JhERE + (b2 + ) (117)
[e% [e% 1 e 1 vo a,V

R — R+0OW,—V*VPhas — R*hes — §Va(hﬁhg ) + §V5[hf(2h7a — ho)] +
1
1

1 1 1
= @R = BN, = SHh o+ SHEN (R G = BT) + B RS,

+ Gt s — hyg) ()™ + hOY — hP) —

where hg’a = Vh%, etc., and the covariant derivative is constructed on the base of the

background metric. This expression is sufficient for the one-loop calculations which yield



the following paradigmatic result for the one-loop counterterm arising from the purely

gravitational sector [4], within the dimensional regularization in d-dimensional space-time:

M:§%%BG%W+%mﬁﬂ. (1.18)

Many predictions of GR, from expansion of the Universe (which is discussed now in
any textbook on general relativity, f.e. in [2]) to existence of gravitational waves whose
observations were reported in [5], have been confirmed through observations. Nevertheless,
it turns out that there are problems which cannot be solved by GR itself, so it requires
some modifications. Actually, there are two most important difficulties which the Einstein
gravity faced. The first one is related with the quantum description of the gravity —
indeed, the gravitational constant x2 has a negative mass dimension, precisely to 2 — D in
D-dimensional space-time, thus, the Einstein-Hilbert gravity is non-renormalizable, i.e.
its consistent description must involve an infinite number of counterterms (an excellent
review on quantum calculations in gravity is presented in the book [6]). The second
difficulty consists in the fact that the cosmic acceleration whose discovery was reported
in [7] has not been predicted theoretically since it does not admit explanations within the
general relativity.

Therefore the problem of possible modifications of gravity arises naturally. Actually,
although first attempts to introduce modified gravity have been carried out much earlier,
these two discoveries radically increased attention to modified gravity models.

The simplest attempt to solve the cosmic acceleration problem is based on the in-
troducing the cosmological constant A, i.e. we add to the action (1.3) the extra term
Sp = —é/\fdﬁ‘x\/@. so, in the Lh.s. of (1.4), the additive term Ag,, will arise. It is
easy to see that for the FRW metric, the components of the Ricci tensor and the scalar

curvature are

3G
Ro(] = ——a; Rij = 5w(aa —+ 2@2);
a

i a2 k
R = 6|(—-4+—=+—=1. 1.19
<a+a2+a2> ( )

For the FRW metric (1.6), the Einstein equation for the (00) component, together with
the equation obtained as difference of (ii) and (00) equations, with ¢ = 1 and k? = 87G,
yield

C'L2

1
2 + k= g(SﬂGp + A); (1.20)

i 4 A
= _ZaG(p+3p) + =
- Bﬂ(p+1ﬁ+3,
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where k = +1,0, —1 for positive, zero and negative scalar curvature. As it is well known,
originally A was introduced by Einstein in order to provide a static solution while fur-
ther de Sitter proved that the empty space with negative A will exponentially expand.
Therefore, after discovery of the cosmic acceleration the idea of the cosmological constant
has been revitalized [8]. However, the cosmological constant, by astronomical observa-
tions, should be extremely small (about 120 order less than a natural scale for it given by
M3, ...) which has no theoretical explanation (the search for this explanation constitutes
the famous cosmological constant problem). Besides, the cosmological constant does not
solve the problem of renormalizability of gravity.

There are two manners how to extend the gravity in order to solve these problems.
Within the first approach, we modify the Einstein-Hilbert action through introducing
additive terms. Within the second approach, we suggest that the full description of
gravity involves, besides of the metric field, also some extra scalar or vector fields which
must not be confused with matter being treated as ingredients of the gravity itself, so
that usual results of Einstein gravity are recovered, for example, when these fields are
constant (the typical example is the Brans-Dicke gravity which we discuss further). In
this review, we give a description of these approaches. It should be noted that among
these approaches, an important role is played by adding new terms (and/or fields) aimed
either to break the Lorentz/CPT symmetry or to introduce a supersymmetric extension
of gravity. Within this review we also discuss these approaches.

The structure of this review looks like follows. In the chapter 2, we present various
models obtained through modifications of the purely gravitational sector. In the chapter
3, we consider various scalar-tensor gravity models, such as Chern-Simons and Brans-
Dicke gravities, and galileons. In the chapter 4, we discuss vector-tensor gravity models
and problem of Lorentz symmetry breaking in gravity. In the chapter 5, we review most
interesting results in Horava-Lifshitz gravity. In the chapter 6, we discuss some results

for nonlocal gravity. The chapter 7 represents conclusions of our course.



Chapter 2

Modifications of the pure

gravitational sector

2.1 Motivations

As we already noted in the Introduction, one of the ways to modify gravity consists in
introducing additional terms to the gravitational sector. Such terms are given by scalars
constructed on the base of the metric tensor, i.e. these scalars are functions of the Riemann
tensor, the Ricci tensor, possibly, their covariant derivatives, and the scalar curvature. In
the simplest case the Lagrangian is the function of the scalar curvature only, so, the action

18

S— ﬁ [ &gl (), (2.1)

where, f(R) is a some function of the scalar curvature. Since the Einstein gravity is
very well observationally confirmed, and the curvature of the Universe is known to be
small, it is natural to suggest that f(R) = R+~yR", with n > 2, so, Einstein-Hilbert term
dominates. The case n = 2 is very interesting by various reasons, from renormalizability to
possibility of cosmic acceleration, so, it will be discussed in details. However, other values
of n, including even negative ones which called attention recently, are also interesting.
Another generalization of this action is the suggestion that the Lagrangian depends also
on invariants @ = R, R" and P = R,z R*?, such class of theories is called f(R,Q, P)
gravity, the paradigmatic example is the Weyl gravity (see f.e. [9] and references therein),
where the Lagrangian is given by the square of the Weyl tensor. Besides of these situations,
it is interesting also to abandon the restriction for the space-time to be four-dimensional.
In this context we will consider also higher-dimensional space-times and discuss Lovelock

gravities whose action involves higher curvature invariants.

11
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2.2 R’-gravity

Let us start with the action

_ L 4 172 2
S =1 /d 2/19/(R+ @Ry R* — BR?) + Spat. (2.2)

A simple comparison of this expression with (1.17) shows that this action is of the second
order in curvatures, i.e. of fourth order in derivatives, therefore the theory described
by this action is called R?-gravity. In principle, one can add also the square of the
Riemann tensor, however, since in the four-dimensional space-time the Gauss-Bonnet
term G = R? — 4R, R* + RW,\,)RW’\” is a total derivative, the square of the Riemann
tensor in D = 4 is not independent.

We see that the additive term in this action exactly matches the structure of the one-
loop divergence arising in the pure Einstein gravity (1.18). Therefore, the theory (2.2) is
one-loop renormalizable. Moreover, it is not difficult to show that no other divergences
arise in the theory. Here, we demonstrate it in the manner similar to that one used within
the background field method for the super-Yang-Mills theory [10]. Indeed, the propaga-
tor in this theory behaves as k=*. Any vertex involves no more than four derivatives.
Integration over internal momentum in any loop yields the factor 4, hence formally the
superficial degree of divergence must be w = 4L —4P + 4V = 4. However, we should take
into account that this is the upper limit for w, and each derivative acting to the external
legs instead of the propagator decreases w by 1. Since R, ,, as well as the Ricci tensor,
involves second derivatives, each external I, ,,, I, , R decreases the w by 2. Hence, the
R? or R, R" contributions will display only logarithmic divergences, and higher-order
contributions like R? will yield w < 0 being thus superficially finite. The presence of
Faddeev-Popov (FP) ghosts does not jeopardize this conclusion since their Lagrangian
looks like [4]

Lo = C,008,(DIC), (2.3)

where C, C are the FP ghosts, and D" is the operator defined from gauge transformations

for the metric fluctuation h*":
DIV = M€Y+ D€ — P DuE™ + Opah®™ + DLl + €20 — Do .

So, the propagator of ghosts is proportional to k=2, while the vertex contains only one
derivative. Clearly, presence of ghosts will decrease the w.
Let us discuss various aspects of the theory (2.2). We follow the argumentation pre-

sented in [11, 12]. First, one can write down the equations of motion:

Hu = (a0=28)V, VR —aOR, — (5 —28)g,0R +



2.2. R>-GRAVITY 13

1
+ 2aR™R,,» — 26RR,, — 3 9 (@R R\ — BR?) +
1

1
+ 5(R“V — §Rguy) =T,. (2.4)

Using these equations, one can find the Newtonian static limit of the theory. Proceeding in
the same way as in GR, we can show that the gravitational potential in the non-relativistic
limit is

1 4e ™M 1e ™Mo
— hOO _ _ _ = -
¢ r 3 r * 3 r 7

(2.5)

where mg = (167Ga)™Y/2, and my = (327G (38 — a)) /2. So, we find that the R2-gravity
involves massive modes displaying Yukawa-like contributions to the potential. Following
the estimations from [11], the mqy are about 107'" Mp;. We note that the Birkhoff
theorem is no more valid in this theory since there are mass-like parameters mg, ms, and
instead of the Bianchi identities one will have V,H* = 0.

Then, it is interesting to discuss cosmological solutions in this theory. A remarkable
feature of the R2-gravity consists in the fact that it was the first gravity model to predict
accelerated expansion of the Universe much before its observational discovery. The pioneer
role was played by the paper [13]. In this paper, terms of higher orders in curvature
generated by some anomaly have been introduced to the equation of motion, so the

resulting equation, for the vacuum, looks like

2 1 1
Gu = ki(R\R\— SRB = §gWRaﬁRaﬁ + Zgwli’?) +

1
+ ko(V,V,R—2g,0R —2RR,, + 5g,wR?), (2.6)

where ki, ky are constants. Many terms in the r.h.s. of this equation are present also
in (2.4), actually, at @« = 0 and k; = 0 these equations coincide up to some numerical
coefficients, so, their solutions are not very different. Substituting the FRW metric into

(2.6), we arrive at

a2+ k 1 (a®+ k)
2 o\ & a 27)
1 adda @ aa’ a a*  k?
e T e T L )
M2(a2 TR (a) a4+a4)’
where H? = gfi-, M? = —gZ-, with ky < 0, effectively H is the Hubble constant. In this
case one has the very simple form for the Ricci tensor: Ry = —3H?;.

The solution of (2.7) was explicitly obtained in [13] where it was found that the de
Sitter-like solution is possible, with the scale factor given by a(t) = H~!cosh Ht, or
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a(t) = agexp Ht, or a(t) = H 'sinh Ht, for closed, flat and open Universe respectively.
So, we see that accelerating solution is possible in this theory, just as in the presence of
the cosmological term. Moreover, it is clear that a wide class of models involving higher
orders in curvatures will admit accelerated solutions as well. This result called interest to
f(R) gravity displaying it to be a possible candidate for a consistent explanation of cosmic
acceleration. Afterwards, many cosmological solutions for various versions of the function
f(R) were obtained and observationally tested, some of these results will be discussed in
the next section.

Now, let us discuss the problem of degrees of freedom in R2-gravity. First of all, we
note that there is a common difficulty characteristic for higher-derivative theories, either
gravitational or not. Indeed, in any Lorentz-invariant theory with four derivatives, the

propagator will be proportional to the momentum depending factor looking like:

$) = = 2:8)

T M2
where M? is the energy scale at which the higher derivatives become important. It is

clear that we can rewrite this factor as

[ [ — (2.9)

B Ve

Therefore we see that this propagator actually describes two distinct degrees of freedom,
the massive and the massless one. Moreover, these two contributions to the propagator
have opposite signs (otherwise, if signs of these contributions are the same, the UV behav-
ior of the propagator is not improved). Clearly it means that the Hamiltonian describing
these two degrees of freedom is composed by two terms with opposite signs:

1 1
H = 5(7‘(% -+ 82¢18@¢1) - 5(7‘(% —+ 8@28@(;52 -+ M2¢§) (210)

We see that the energy is not bounded from below, hence, we cannot define a vacuum in
the theory consistently, i.e. one can take energy from the system without any limitations,
as from the well without a bottom. Moreover, actually it means that the spectrum of the
theory describes free particles with negative energy which seems to be nonsense from the
viewpoint of the common sense. Actually this is the simplest example of the so-called
Ostrogradsky instability plaguing higher-derivative field theory models except of special
cases, see a detailed discussion of this example and similar situations in [14]; a profound
discussion of difficulties arising within the Hamiltonian formulation of these theories is
given also in [15]. Moreover, in some cases the higher-derivative theories involve not only
ghosts but even tachyons, for a specific sign of the higher-derivative term. Therefore the

higher-derivative models including the R?-gravity are treated as effective theories aimed
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for description of the low-energy dynamics of the theory (roughly speaking, for the square
of momentum much less than the characteristic mass M?). However, it is necessary to note
that higher-derivative terms naturally emerge as quantum corrections after the integration
over some matter fields, see f.e. [16], so, the presence of higher-derivative terms within
the effective dynamics in many field theory models including gravity is natural.

Within our R2-gravity model, the presence of ghosts can be illustrated as follows.
If one will extract only physical degrees of freedom, whose role is played by transverse-
traceless parts of spatial components h;; = K;; + Fj; of the metric fluctuation, and scalar

fields , one will see that the quadratic action will look like [12]

EK = _%KUDKU + %Fij(lj + m%)FZ —
1
- ghT[(Sﬁ—Ba)mZD+fy]DhT+..., (2.11)

where hy = h;; — V‘thm is a trace part. We see that here, K;; and F}; behave as two
degrees of freedom, with one of them is massive and another is massless, and their signs
are opposite. Hence, the ghost contributions emerge naturally. We see that the number
of degrees of freedom is increased, besides of tensor modes we have also scalar ones, and
each of them is contributed by usual and ghost ones (the contribution for the scalar h’
can be also split into usual and ghost parts).

Clearly, the natural question is — whether is it possible to deal with ghosts or even
avoid their presence? There are several answers to this question. One approach is based
on extracting the so-called ”"benign” ghosts whose contribution can be controlled [17].
Another approach is based on considering the theory where the propagator has a form of
the primitive monomial rather than the product of monomials as in (2.8). The simplest
manner to do it consists in treating of the Lagrangian involving only higher-derivative
term with no usual two-derivative one. Within the gravity context it means that one
introduces the so-called pure R? gravity where the usual Einstein-Hilbert term is absent.
This theory was introduced in [18], with its action can be treated as the special limit of
R? gravity: S = \/@ (BR? + k™2R), with k2 — 0. The propagator will be proportional
to

11,

Guupa(k) = @ﬁp;w,pcra

(2.12)

with P9, = 1p,P

uv,po pIH
at R?. One can show that on the flat background, only scalar mode propagates [18]. Tt

the P,, is the usual transverse projector, and 3 is a coefficient

is clear that there is no ghosts in this theory (in [18] it is also argued with analysis of

degrees of freedom). It is interesting to note that the Breit potential for this propagator
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displays confining behavior:

d?’k‘ eiE-F

V(7) :/W? o |7, (2.13)

So, this theory has only one difficulty — it does not yield Einstein-Hilbert limit which was
tested through many observations. Many aspects of the pure R2-gravity are discussed in

[19], see also references therein.

2.3 f(R)-gravity

Clearly, the natural development of the idea of R? gravity will consist in suggestion that
the classical action can involve not only second but any degree (involving negative!) of
the scalar curvature. Thus, the concept of f(R) gravity was introduced. Its action is
given by (2.1), with f(R) = R+ yR".

First of all, we can discuss the renormalizability of this theory along the same lines
as in the previous section. It is easy to see that the term proportional to RY (or, which
is similar, to N-th degree or Riemann or Ricci tensors) is characterized by the degree of

divergence w, in the four-dimensional space-time given by
w=4L —2n(P —-V)—2N = (4 —2n)L + 2n — 2N. (2.14)

Clearly we see that now discussion of the renormalizability is more involved than for
n = 2 (the similar situation occurs for Horava-Lifshitz-like theories where increasing
of the critical exponent z implies in growing not only of degree of momentum in the
denominator of the propagator but also of number of momenta in vertices). Actually, for
any n > 2 one should classify possible divergences with various values of N for the given
n. Many examples of quantum calculations in theories for various n, as well as in other
higher-derivative gravity theories, including studies of one-loop divergences and running
couplings are presented in [6], see also references therein. It is clear that the ghosts will
arise for any polynomial form of f(R) just as in the case of R?-gravity, so, conceptually
the quantum calculations for n = 2 and for n > 2 do not differ essentially (for discussion
of renormalizability aspects of f(R) gravity, see also [20]).

The main line of study of f(R) gravity consists in a detailed investigation of its clas-
sical, especially cosmological aspects. The modified Einstein equations in this case look
like

F(R) Ry — %g,w F(R) + (9 VAV — VuV,)f'(R) = 87GT,. (2.15)
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It is clear that the dS/adS spaces will be vacuum solutions of these equations yielding
f(R) = bR?+ A, with b being a constant. Then, to study the cosmological aspects, we can
use the expressions for components of the Ricci tensor and scalar curvature (1.19). In a
whole analogy with (2.7) one can find that, if the f(R) involves R? term, the corresponding

cosmological equation will be

a2+ k 1 [(a2+k\> 1 [a
o2 = Oz 02 T M aﬁ—i_“‘ )

where H is the constant, accompanying the R? term, cf. (2.7), and M is the constant

accompanying the higher curvature term. The dots in parentheses are for other terms with
2n time derivatives (if £ = 0 they are all homogeneous, involving the same degrees of a
in the numerator and in the denominator). It can be shown (see f.e. [15] and references
therein), that in this theory, for any n > 2 the solutions again presented by hyperbolic
sine and cosine and exponential, just as in R? case [13]. We conclude that this theory
describes well the inflationary epoch where the curvature of the Universe was large hence
the higher-derivative contributions are important. In principle, in this earlier epoch one
can use the action introduced in the manner of [18, 19] where the Einstein-Hilbert term
is suppressed, and f(R) = yR"™ as a reasonable approximation. At the same time, an
interesting problem is — how one can adopt the form of the f(R) to explain the actual
accelerated expansion of the Universe, in the case where the curvature is very close to
zero, so, R™ terms with n > 1 are suppressed.

In [21], a bold departure from usual forms of the f(R) function was proposed: this
function was suggested to be

f(R)=R-— 'u—4. (2.16)
R

The quantum description of this theory near the flat background is problematic. However,
it can be treated perturbatively in principle near some other background.

Let us discuss the equations of motion for this choice of f(R). In the vacuum case
(T, = 0), we have

pt 1 pt pt
(1+ ﬁ)R‘“’ — 5(1 — E)ng + (9,0 — VHV,,)E =0. (2.17)
For the constant scalar curvature, one finds
3
R = %224, (2.18)

this is (a)dS solution, and in the case of the negative sign, at u # 0 we indeed have an
acceleration [15], so, this model allows to explain accelerated expansion for the constant

curvature case.
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Unfortunately, this model suffers from a tachyonic instability. Indeed, after taking the
trace of (2.17) we find
3 /J,4 /J,4
—R+ — +30(—=) =0. 2.19
+ 22430k (219)
After we make a perturbation d R around an accelerated solution described by a constant
negative curvature, i.e. R = —/3u% + 6R, we find that the §R obeys the equation

2
—0R+ ——00R =0, 2.20
and in our signature (+———) this equation describes a tachyon. Actually, this instability

is very weak since p? is observationally very small, hence the first term in this equation
is highly suppressed. It should be noted that for a non-zero density of the matter the
instability is much worse, but adding the R? term into the action improves radically
the situation [15]. Therefore this model was naturally treated as one of candidates for
solving the dark energy problem. However, the model (2.16), in further works, was treated
mostly within the cosmological context (see also a discussion of asymptotic behavior of
cosmological solutions in [21]).

Let us note some more issues related to f(R) gravity. First, it was argued in [15] that
the f(R) gravity model is equivalent to a some scalar-tensor gravity. Indeed, let us for
the first step define f(R) = R+ f(R), so f(R) is a correcting term. Then, we introduce
an auxiliary scalar field ¢ = 1 + f'(R). Since this equation relates R and ¢ it can be
solved, so one obtains a dependence R = R(¢). As a next step, the potential looking like

U(¢) = (6 — DR(¢) — F(R(9)), (2.21)

implying U'(¢) = R(¢), is defined. As a result, the Lagrangian (2.1) turns out to be

equivalent to

Li=/lgl(¢R - U(9)). (2.22)

Then, we carry out the conformal transformation of the metric:

e

gab = (bgaba (b = exp( T@)v (223>

therefore the Lagrangian is rewritten as

- 1 - 1
Lo = Ial(gg gl — 33" 0u0p = V(2)).

Vig) = Lv(exm @m) exp (— 16”%) (2.24)

167G 3 3
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Therefore, the f(R) gravity turns out to be equivalent to the general relativity with the
extra scalar, i.e. to the scalar-tensor gravity. The form of the potential is therefore related
with the form of the function f(R).

Clearly, the natural question is about possibility to obtain other important gravita-
tional solutions within the f(R) gravity context. First, for the Godel metric (1.8), as well

as for its straightforward generalization defined in [22] as Godel-type metric:

ds®> = (dt + H(r)d¢)* — D*(r)d¢® — dr* — dz?, (2.25)
where i D
) = m? 2.2
L T (2.26)

with w, m are constants, the scalar curvature is constant, hence the equations (2.15) are
simplified drastically since the term involving covariant derivatives of f(R) goes away,
and the L.h.s. of these equations turns out to be a mere combination of constants. It
was shown in [22] that both causal and non-causal solutions are possible, with f(R) is an
arbitrary function of the scalar curvature, while to achieve causality, it is not sufficient to
have only a relativistic fluid as in [3], and one must add as well a scalar matter — one must
remind that since the Einstein equations are nonlinear, the solution of sum of two sources
is not equal to the sum of solutions generated by each source. As for the black holes,
we strongly recommend the excellent book [23] where Schwarzschild-type BH solutions in
f(R) gravity are considered, see also [24] and references therein.

In [23], a wide spectrum of possible generalizations of f(R) gravity was discussed, such
as f(R,L,,) and f(R,T) models, where L, is the matter Lagrangian, and 7" is the trace
of the energy-momentum tensor. However, within our study we will pursue another aim —
we will suggest that the matter is coupled to the gravity in the usual form while the free
gravity action depends on other scalars constructed on the base of the Riemann tensor

and metric. This will be the subject of the next section.

2.4 Functions of other curvature invariants

Let us suggest that instead of the function of the scalar curvature only, we have also
functions of other scalars. There are many examples of studies of such models, so we
discuss only some most interesting ones, the f(R, Q) gravity, the Lovelock gravity and
the Gauss-Bonnet gravity.

We start our discussion from the f(R, Q) gravity. In this theory, the Lagrangian is a

function not only of the scalar curvature, but also of @ = R, R*", so,

S = /d‘*fo(R, Q) + S (2.27)
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The equations of motion are found to look like [25, 26]

f
fRR;w - §g,uu + QfQR(BuRV)ﬁ + g,ul/DfR - v(uvu)fR +

+ D(fQRuu) - 2v)\[v(u(fQRz)/\))] + guuvava(fQRaU) = H2Tm (228>

pv?

where fg = g—é, fr= %, and T, is the energy-momentum tensor of the matter.

As an example, we consider the Godel-type metric (2.25). One can show, that, unlike
general relativity, such solutions are possible not only for dust but also for the vacuum
(with non-zero cosmological constant), in particular, completely causal vacuum solutions
are possible [26]. Clearly, the solutions of this form are possible also for the presence of
the matter given by the relativistic fluid and a scalar field. Again, as in [22], all Einstein
equations will take the form of purely algebraic relations between density, pressure, field
amplitude and constants from the gravity Lagrangian. As for the cosmological metric,
the possibility of accelerating solutions can be shown just in the same manner as in
the previous sections. Among other possible solutions in f(R, Q) gravity, it is worth to
mention Reissner-Nordstrom black holes [27] and wormholes [28]. Further generalization
of this theory would consist in consideration of function not only of R and @), but also of
P = R,,ap R with study of the corresponding theory called f(R,Q, P) gravity is in
principle not more difficult, see f.e. [29].

Now, let us make the next step — suggest that the dimension of the space-time is not
restricted to be four but can be arbitrary. This step allows us to introduce the Lovelock
gravity. Its key idea is as follows.

Let us consider the gravity model defined in the space-time of an arbitrary dimension
[30], called the Lovelock gravity:

S = /dD:)s\/@(coAchlechg—l—...). (2.29)

Here ¢y, c1,ca, ... are some constants possessing nontrivial dimensions. It is natural to
suggest that they, up to some dimensionless numbers, are given by various degrees of the
gravitational constant. Each term with 2n derivatives is topological, i.e. it represents
itself as a total derivative at D = 2n, and identical zero in minor dimension. We note
that there is no higher derivatives of the metric in the action. This action is characterized
the following properties displayed by the Einstein-Hilbert action: (i) the tensor A,g, the
Lh.s.of the corresponding equations of motion, is symmetric; (ii) the covariant divergence
of A, vanishes; (iii) the A,p is linear in second derivatives of the metric.

The general form of the term with 2n derivatives in the Lagrangian corresponding to
(2.29) can be presented as [31]:

L, = i67117/2n RI72 Rj2n71j2n

on "J1-J2n 1112

(2.30)

12n—1192n"
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where the 2n-order Kronecker-like delta symbol is

1 11
i Lo

J2n

= . . (2.31)

iZn 12n
5j1 T 6j2n

62112n
J1---J2n

It is easy to check that at n = 1, we have the scalar curvature, and at n = 2, the Gauss-
Bonnet term. The term with n = 0 s is naturally treated as the cosmological constant.

As a result, we can write down the action;

5= L / Paflgl Y a0 L,, (2.32)
K 0<n<D/2
Here, zero order is for A, first — for R, second — for G. The «,, are some numbers, and \ is
a length scale, f.e. Planck length, it is given by x in D = 4 where the x~! has a dimension
of inverse length.
The Lh.s. of the modified Einstein equations looks like [31]

2(n—1 .
Gaﬁ = Z an)\ ( )G(n)a57
0<n<D/2
G A 1 Qil...ion lejz RjanljZn 2.33
(n) 8 _2n+1 Bj1---Jan irig * * i2n—102n" ( . )

It is clear that G gy = —%gag, G)ap = GSBH =

o8 — 3 Rgap is the usual Einstein tensor.
The r.h.s. of the modified Einstein equations is not modified within this approach, so we
have Gop = K*Typ.

It turns out to be that although the Lh.s. (2.33) of the modified Einstein equations
is very complicated, these equations admit some exact solutions for an arbitrary space-
time dimension, i.e. for the presence of terms with very high orders in curvatures. The
most interesting cases are the maximally symmetric (anti) de Sitter space and the FRW
cosmological metric.

In the (a)dS space, the Riemann curvature tensor is given by

g
Raﬁyé = p(gaygﬁcg - gacggﬁ“{)v (234>

with o is a some number. In this case the vacuum equation yields >>  (,0" = 0, with
0<n<D/2
Bn = %an, and this equation possesses some roots for o (in general complex ones).

Each value of ¢ allows to find the corresponding scalar curvature.
We can solve the modified Einstein equations also for the FRW metric (1.6):

a at+k
Rino = _gija; Rijkl = T(Qikgjl - gilgjk)a (2~35)
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with A = w, where as usual £ = —1,0,1, and the Lh.s. of modified Einstein

equations yields

1

NGy = = Y. B.A" (2.36)
0<n<D/2
1 Gii

2. — _—__Jw n—1 20 o

AGij 220D -1 > BA [Qn)\ + (D —2n —1)A].

0<n<D/2

For the vacuum one immediately finds A = const which implies exponential expansion.
For the fluid, also there are hyperbolic and trigonometric solutions. So, we conclude that
the Lovelock gravity is consistent with accelerating expansion of the Universe.

Concerning the general Lovelock theory, it must be noted that already third-order
contributions to the action, those ones with six derivatives, imply very complicated equa-
tions of motion. The explicit expressions for initial terms of Lovelock Lagrangians up to
fifteenth order (for which, the whole expression involves tens of millions of terms) can be
found in [32].

Now, let us discuss the Gauss-Bonnet gravity in the arbitrary spacetime dimension,
that is, the theory with the action

S = / dPz+/|g] R 4 F(G) + L) (2.37)
The equations of motion of this theory are

%GW = 2T+ %guyf (G) = 2F(G)RR, + AF(G)R) Ryx —
— 2F(G)Rurp R, — 4F(G)Rype B + 2RV, V,F(G) —
— 2Rg,, V?F(G) — 4RIV, V,F(G)
— 4R’V ,N,F(G) +4R,,V?*F(G) + 4g,, RV ,\V ,F(G) —
- 4RW/\0V)\VPF(Q)

2T, + H, (2.38)

with F(G) = f'(G). As a simple example, we discuss the solution of this equation in the

braneworld case, i.e. we consider the five-dimensional metric
ds® = gudatdz” = 62A(y)nabda:“d:£b - dy2, (2.39)

where we suggest that the indices p, v vary from 0 to 4 while a,b — from 0 to 3, and y
is the extra (fourth) spacial coordinate, and A(y) is called the warp factor [33]. In [34],

these equations have been solved for the case when the matter is given by the scalar field
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¢, 50, Ty = nae** (30 + V(¢)), and Ty = 1¢™ — V(¢), for the simplified situation
G = const = +1200. Explicitly, for positive B(= G/120) = b?, the solution is

4 dA(A)?

and for the negative B = —b* — in the form
4  dA(A')?

In principle, there are more situations when the modified Einstein equations in the Gauss-
Bonnet gravity can be solved. We note that the braneworld solutions could be found not
only for Gauss-Bonnet gravity but for other gravity models including the already discussed
f(R) gravity (see f.e. [35] and references therein), however, we do not discuss the details

of braneworld solutions here because of the restricted volume of this review.

2.5 Conclusions

We discussed various extensions of Einstein gravity characterized by modifications in the
purely gravitational sector. These modifications are based on adding new scalars repre-
senting themselves not only as various degrees of the scalar curvature but also as functions
of higher order curvature invariants. We explicitly demonstrated that the R? gravity is
all-loop renormalizable, and that the most important solutions of general relativity, such
as cosmological FRW metric and Godel metric continue to be solutions within modified
gravity. Moreover, we showed that modifications of the pure gravitational sector allow
for accelerated cosmological expansion being thus examples of reasonable solutions for
the dark energy problem, so that the problem of choosing a better modification of the
gravity apparently can be solved in principle while the problem of choice for the most ad-
equate modification of the gravity is actually more observational and experimental than
theoretical.

Within this section we presented several other interesting results. First, we described
the argumentation allowing for establishing the equivalence between modifications in the
pure gravitational sector and adjusting the action of the extra scalar field coupled to
gravity, which implies that the f(R) gravity is equivalent to the scalar-tensor gravity
with an appropriate potential. Second, we discussed the 1/R terms whose form seems to
be highly controversial since the observed curvature of the space-time is very small hence
these terms are very large. Third, we considered possible generalizations of the gravity

consistent within the extra dimensions concept.
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Further development of a general gravity model consists in the idea that for the com-
plete description of the gravity it is not sufficient to study only the metric, so that the
gravity model should be extended through adding some other fields which are necessary
being fundamental ingredients of the complete theory. So, one must consider scalar-tensor
and vector-tensor gravity models. We will consider some examples of these models in our
next chapters.



Chapter 3

Scalar-tensor gravities

3.1 General review

In the previous chapter we demonstrated that modifications of the pure gravitational
sector allow for obtaining interesting results, in particular, for a consistent explanation of
the cosmic acceleration. At the same time, we noted that f(R) gravities are dynamically
equivalent to some gravity models whose action is given by the sum of the usual Einstein
term and the new term depending on the extra scalar field [15]. This field, being related
with the function of the curvature, evidently cannot be associated with the matter, hence
it is natural to suggest that the complete description of gravity is given by composition
of the dynamical metric tensor and this scalar field, so we have the scalar-tensor gravity
model. Another motivation for a scalar-tensor gravity arises from quintessence models in
cosmology which involve a very light scalar field called the quintessence field and are known
to explain accelerated expansion of the Universe as well as the cosmological constant
which therefore implied active application of the quintessence field within the inflationary
context [36]. The advantage of the quintessence in comparison with the cosmological
constant consists in the fact that the very tiny mass of the quintessence field (estimated
to be about 10733 €V [37]) is much more reasonable from the theoretical viewpoint than the
extremal smallness of the cosmological constant giving the famous cosmological constant
problem, since even the massless scalar fields are physically consistent.

While the quintessence is well discussed now (see f.e. [37] and references therein),
there are other interesting manners to introduce new scalar fields in the gravity, moreover,
while the quintessence field is treated as a matter, the scalar fields introduced within these
approaches are interpreted as ingredients of the complete description of the gravity rather
than the matter. One of these manners is the Brans-Dicke gravity where the gravitational

constant whose negative dimension is responsible for a non-renormalizability of the gravity

25
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is suggested to be not a fundamental constant but a function of a some slowly varying
fundamental scalar field. Another one is the four-dimensional Chern-Simons modified
gravity where the pseudoscalar field allows to implement the CPT (and in certain cases
Lorentz) symmetry breaking in the gravity context. And actually, one more model is
intensively discussed in this context, the galileons model. Namely these models will be

considered in the present chapter.

3.2 Chern-Simons modified gravity

3.2.1 The 4D Chern-Simons modified gravity action

The three-dimensional Chern-Simons (CS) term has been originally introduced in the
paper [38] within the electrodynamics context, as an example of a term conciliating gauge
invariance with the non-zero mass. It has been immediately generalized to the non-Abelian

case, so, one has the CS Lagrangian in the form
2
LA = e“”’\(AZ&,Ai + gf“bcAZAlb,Af\), (3.1)

where A, = AT is the Lie-algebra valued gauge field, and fobe are the structure con-
stants. In the gravity case, the role of the gauge field is played by the connection, and
the three-dimensional gravitational CS term looks like [38, 39]

1
2K2pu

2
Sos = 5 [ dre™ (T 40055+ STATATL). (3.2)

3 ne

In principle, in non-Riemannian geometries we can use an independent connection rather
than the Levi-Civita one, however, the general situation is outside of the scope of this
review. Here, the ¢***, which can take values 1,0, —1, is the usual Levi-Civita symbol,

not the covariant one. Varying this term with respect to the metric, one finds
1 3 v
s = g / PO Sg,,, (3.3)
where

1
CH = ———e""V R + (1 4> v) (3.4)
2y/lg]

is the three-dimensional Cotton tensor. It is evidently symmetric and traceless. The p is

a some constant of the mass dimension 1. So, the modified Einstein equations look like

a4 icw _0. (3.5)



3.2. CHERN-SIMONS MODIFIED GRAVITY 27

It is useful also to write the linearized form of the action (3.2) obtained from (3.2) under

the replacement g, = 1, + Khy:
1
50 =5 / BLh €0,,0° (01, — 0,0, )1 (3.6)

We see that this action is, first, explicitly gauge invariant under usual linearized gauge
transformations 0h,, = 0,&, + 0,&,, second, involves higher derivatives. However, after
obtaining the equations of motion for the full linearized action formed by the sum of
the terms (1.11) and (3.6), one finds that the physical degrees of freedom satisfy the
second-order equation [38], with their propagator behaves as (O + p?)~!, thus, in the 3D
CS modified gravity there is no problems with negative-energy states discussed in the
previous chapter. The similar situation occurs in the four-dimensional case as well.

The generalization of this theory to the four-dimensional case turns out to be straight-
forward, however, in this case, similarly to the electrodynamics, this generalization essen-
tially involves the CPT (and in certain cases Lorentz) symmetry breaking. From the
formal viewpoint such a generalization is performed through replacement e** — b€,
with b, is a constant vector, which allows to convert the CS term to the Carroll-Field-
Jackiw (CFJ) term which in the Abelian case looks like

Lopy = b, A,0,A,. (3.7)

In principle, such a replacement of the three-dimensional Levi-Civita symbol by the
four-dimensional one contracted with a vector already allows to write down the four-
dimensional gravitational CS term:
2
Losgran = [ ' b,(L 50,05 + ST AL, (3.8)

with its linearized form is
1
S0 = —3 / A Th 0,307 (O — ,8,) 7 (3.9)

We note that this action is invariant under the same linearized gauge transformations.
Now, it is very interesting to discuss some motivations for this term.

First of all, already in 1984, much time before the interest to Lorentz-CPT breaking
strongly increased, the gravitational anomalies have been discussed in [40]. In this paper,
the topological current K* was introduced, with its explicit form is

VAT b e | 2nbpepa
KP =221 0,0 + gFWFVbF/\c), (3.10)
with its divergence is

1
apr = §€MVQBRW/76RQ§V§ = *RR (311)
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We note that the 3D gravitational Chern-Simons term, up to overall multiplier, is equal
to the K3 component, i.e. the component of this current directed along ”extra”, z axis.
It is clear that the integral from (3.11) over the space-time is a surface term. To
include it to the action in a consistent form, one should introduce a new field 9 called the
CS coefficient. As a result, we can add to the usual Einstein-Hilbert action the new term

proportional to ¥ which we call the CS action Scg:

1 1 1
Sos = g3 [ e guk") = 5 5los
1 1
SEH+CS = ﬁ/dllx(\/ —gR—FZrl?*RR) (312)

Here, v, = 0,9 is a vector. We note that in principle this vector is rather a function
of space-time coordinates than the constant, hence, in general the gravitational CS term
breaks the CPT symmetry. However, the 1 can be treated as an external, but not dy-
namical, field, therefore one can choose v, to be the constant vector. This immediately
implies the Lorentz symmetry breaking, therefore in this case the 4D CS modified gravity
whose action is given by the second equation in (3.12) turns out to be the first example
of the gravity model with the Lorentz symmetry breaking.

The equations of motion for the CS modified gravity can be easily obtained. Varying
the CS term Iog defined by the first equation in (3.12), we get

I = / d* e/ —gC" 84, (3.13)

with gabrd — 70

Vgl

v 1 o U 1% ogro * TUOV * TVO,
OU - —5['[10(5 ® BVOCRB ‘l’ € BV(XRZ) _l_ 'UUT( R K + R M)]? (314)

is a Levi-Civita tensor (not a simple symbol!), and

is the Cotton tensor, and v,, = V,v,. One can check that the covariant divergence of the

Cotton tensor is proportional to the invariant *RR:
1
V,.CH = §UV “‘RR. (3.15)

This divergence plays the crucial role when the modified Einstein equations are considered.
Their explicit form is
G" + C" = g*TH, (3.16)

so, due to the Eq. (3.15), we find that the conservation of the energy-momentum tensor
requires the vanishing of the divergence of the Cotton tensor, which, according to (3.15),

yields an additional consistency condition

*RR =0, (3.17)
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which must be checked for any solution. However, since in many cases, including, among
other, the rotational symmetry, the curvature tensor has the structure Rju[a, i.€. its only
non-zero components are Ryio1, Ro202, - - -, this consistency condition will be automatically
satisfied in these cases.

The further extension of the Chern-Simons modified gravity (CSMG) was carried out
through assuming the nontrivial dynamics for the ¥ CS coefficient. The key idea is as
follows [41]: we assume that the action of CSMG includes the kinetic term for ¥, looking
like

_ 1 4 1 m - - ;E *
S = 2K2/d o/lgl(R + SV Vi = V() = =" RR), (3.18)

with now *RR = e"°R,,sR,;"’, i.c. it is redefined with the Levi-Civita tensor e"** =
VAP

Vsl

, and instead of the Pontryagin constraint, one has the equation of motion for ¥:

oV
* = —w(O —). .
RR = —a(00 + - ) (3.19)

If we have a metric consistent within the non-dynamical CS framework with a specific 1,
it is consistent in the dynamical case if the r.h.s. of this equation is zero. Then, the ¥ field
generates the additional contribution to the energy-momentum tensor 7*”, and hence, to
the r.h.s. of (3.16).

Now, we present, first, some classical solutions for the CS modified gravity, second,

the methodology allowing the gravitational CS term as a quantum correction.

3.2.2 Classical solutions

So, our task will consist in solving the equations (3.16) with the additional condition

(3.17). As a first example, we consider a static spherically symmetric metric [39]:
ds* = N?(r)dt* — A%(r)dr? — r2dQ2. (3.20)

This is a very broad class of metrics including Schwarzschild, Reissner-Nordstrom and
many other metrics. As we already said, in this case the non-zero components of the

curvature tensor are R[], SO, the consistency condition (3.17) is automatically satisfied.
For this metric, one has only non-zero components of the Ricci tensor R] = rf;{?v RY =
L(1-4)+ %. Then, we can consider the vacuum case 7" = 0, and choose the vector

v, = 0,V to be purely timelike, v, = (i,ﬁ), with p = const, i.e. ¥ = % In this case,
the components C% and C% = C™ of the Cotton tensor immediately vanish [39]. A bit

more involved calculation (see details in [39]) allows to show that the C*/ components also

vanish. As a result, we conclude that the spherically symmetric static solutions of the
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usual Einstein equations solve the modified equations (3.16) as well. It is clear that if one
suggests the ¥ to be dynamical, the equation (3.19) for ¥ will be satisfied if the potential
is zero, and ¥ = ﬁ We note that this choice for 1} is a particular case of the expression
¥ = Kyt used within studies of the Lorentz symmetry breaking in CSMG which we will
discuss further.

Moreover, it has been shown in [41] that all, even non-static ones, spherically sym-

metric metrics given by
ds? = g, (2")dz"dz” + ®*(2*)dQ?, (3.21)

where d€)? is the 2-sphere line element, so that the coordinates on the sphere are x?, and
x# are two remaining coordinates (one of them is necessarily timelike), solve the modified

Einstein equations (3.16) for
¥ = F(a") + ®(a")G (2", (3.22)

where G(z') and F(27) are the arbitrary functions of sphere coordinates and remaining
coordinates respectively, and ® is defined in (3.21). The class of spherically symmetric
metrics (3.21) involves not only the static ones (3.20) but also many other metrics, includ-
ing the FRW cosmological metric (the cosmological aspects of CSMG were also discussed
in many papers, f.e. in [42]). Some types of metrics with cylindrical symmetry were also
shown in [41] to be consistent within the CSMG.

Now, let us discuss the consistency of the Gédel-type metric (2.25) in CSMG. We
consider the equations of motion (3.16) in the tetrad base, following [43].

In the non-dynamical case, with appropriate choice of units, the equations (3.16) imply

Rap + Cap=r(Tap — %UABT) + Anas; (3.23)
CcAB = —%[5CADE(VDR§)8CQ9 + *REATBY pV ) + (A < B).
The divergence of modified Einstein equations is
V048 = %*RRaBﬁ. (3.24)

In tetrad base, the components of Ricci tensor for Godel-type metric are constant, which

is an essential advantage of this base. Actually, one has
ROO = 2w2, Rll = R22 = 2&)2 — m2, R = 2(w2 — m2). (325)

Following the methodology described in [44], we consider three cases of H and D consistent

with the conditions of space-time homogeneity of the metric (2.26):
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(i) hyperbolic, H = %[cosh mr —1], D = % sinh mr;
ii) trigonometric, H = 2[1 — cosmr], D = L sin pur;
w m

(iii) linear, H = wr?, D =r.
Repeating the argumentation from [44], one immediately sees that for 0 < m? < 4w?,
4w?

there is a noncausal region with r > r,, where sinh? e = (T —1).

So, at m? > 4w? there is no problems with causality.

Now let us choose the matter. We have three most important its examples [44, 43]:
(1) Fhlld, TAB = (p +p)uAUB _'_pnABv uA = (17 07 07 0)7 TOO = p, T11,22,33 =P

(ii) Scalar, ¥ = s(z — 2y), Too 33 = 82—2, Ti122 = _g‘
(iii) Electromagnetism, Fy3 = —F30 = esin[2Q(z—z)], Flo = —Fy = —E cos(2Q(z—20)),
Too,11,22 = %, T33 = —é.

The matter can be presented by composition of these three types. Then, the non-zero

components of the Cotton tensor in this base look like

Coo = Q%W(ﬁlwz —m?); Oy =Cy= %Cbo;

o - S

Cop = —%aajg (4w — m?);

Coz = —%aa—fw(élaﬂ —m?);

Cis = %%%(4@2 —m?);

Coy = % g:gt(%? —m?). (3.26)

It is clear that the Cotton tensor is traceless, C4 = 0. To cancel the off-diagonal com-
ponents of Cap we choose ¥(z) = b(z — zp) which matches the suggestion done above
that the vector vy, = 9p0 is constant, which will be further used to study the Lorentz
symmetry breaking. We introduce also k& = bw, and require 4w? # m?.

The system of the modified Einstein equations (for 00, 11=22, 33 components respec-
tively) looks like:

1 1 3
2w + 2bw(4w? —m?) = 562+§p—A+§p, (3.27)
1 1 1
202 —m? +bw(dw? —m?) = 562—§p—l—/\—|—§p,
1 1 1
0 = ——e®— = LA+ =)
2@ 2p+s + +2p

We note, that, just as in the Einstein case [44], this system is a purely algebraic one. Let

us solve these equations. After some manipulations we arrive at equations for m? and w?,
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with & = bw (we note that at b = 0, the usual GR solution is replayed since in this case,
v =0!):

(2+8k)w? —2km®> = p+s*+p, (3.28)
2+4k)w?—(1+k)m* = —s+¢ (3.29)

One of the interesting new results having no GR analogue is the vacuum noncausal solution
2 1

m?=uw? b= —355, A = 0. Some other interesting conclusions of the above system are
that, unlike the general relativity, the hyperbolic causal solutions are possible in CS
modified gravity, and that trigonometric and linear solutions can arise only for a non-zero
electromagnetic field [43].

If one suggests that the CS coefficient is dynamical, more new solutions having ana-
logues neither in GR nor for the case of the non-dynamical CS coefficient are possible, see
details in [43], with again the Einstein equations will be reduced to the algebraic equa-
tions involving some extra additive terms in comparison with (3.27). In particular, one
can have a vacuum solution, where only cosmological constant is non-zero while density,
pressure and all fields are zero.

At the same time, it is necessary to emphasize that not any solution consistent in
the GR will be consistent also in CS modified gravity. The paradigmatic example is the
Kerr metric which fails to satisfy new equations of motion [39, 45]. It has been shown
then in [46] that, to satisfy the modified Einstein equations in the dynamical CS modified
gravity, the Kerr metric should be also modified, by adding the 1¥-dependent terms, with
the equations of motion are afterwards solved order by order in ¥J. Clearly, studies of
consistency of various metrics possessing no rotational symmetry within the CS modified
gravity represent an open problem.

To close the discussion of the classical solutions, it is necessary to discuss the propaga-
tion of the plane waves. Similarly to the Section 2.2, we introduce the transverse-traceless
components hg-T which are the only physical variables in the theory (so, there are only
two independent components, that is, if the plane wave propagates f.e. along x3, we have
only hyy = —hge =T and hjy = hyy = 9).

In this case, for the time-like vector v, = (u~1,0,0,0) the quadratic Lagrangian takes
the form: )

1 ..
Ly = —hig DA+ @eljkhngakhé- +..., (3.30)

where dots are for physically irrelevant (non-propagating) degrees of freedom.

The corresponding quadratic equation of motion is

1 ij L j
—§DhTJT - o *O0h] pp = 0. (3.31)
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As a result, one immediately concludes that the dispersion relation is the usual one,
k2 = k2, and both polarizations propagate with the speed of light.

The natural question is — what differs these polarizations? A more careful analysis
iwt—ikz

[39] shows that, for plane waves proportional to e , one finds that there are two

basic (circular) polarizations 7' = .S and T' = —iS, with their intensities proportional to
(1+ 5)—2 and (1 — ﬁ)_2 respectively. This difference of intensities can be treated as a
consequence of parity breaking.

It should be noted that if we consider, instead of the CS term, the one-derivative
term h,,,e**"°0,0,hY, with 6* being a space-like vector, we will have two polarizations
with physically consistent dispersion relations £ = 46 + /p? + 62, so, in this case the
velocities differ from speed of light [47]. However, this term is not gauge invariant, which,

within the gravity context, means that it breaks the general covariance.

3.2.3 Perturbative generation

The special interest is attracted to the gravitational CS term within the context of study of
the Lorentz symmetry breaking. The main reason consists in the fact that, besides of the
CPT symmetry breaking, for a special choice of the CS coefficient ¥ = b, 2", where b, is a
constant vector (as we already noted in the previous subsection, this choice is consistent
with the Godel-type solutions), the CS term displays Lorentz symmetry breaking, taking
the form (3.8), or, for the weak field, the linearized form (3.9). Therefore the natural
idea consists in a generation of this term as a perturbative correction, similarly to the
generation of the CFJ term in the extended QED, see f.e. [48]. This similarity is supported
by a natural analogy between the gravitational anomalies [40] and the Adler-Bell-Jackiw
(ABJ) anomaly [49]. Moreover, it follows from [50] that this anomaly is deeply related
with the ambiguity of results, therefore, it is natural to expect the ambiguity of the
gravitational CS term as well.

So, one can start with the action of spinors coupled to gravity, where the Lorentz-

breaking vector b, is introduced:

S = [ daed @ —m ~ s + Do, (3.32)

b¢ is a (Riemannian) connection. We note that the CS

here, p = b"efv,, and w, = iwubca
term dominates in the limit m — 0 while the one-derivative term discussed in [47] vanishes
in this limit. The corresponding one-loop effective action is given by the following trace

of the logarithm:
IV = iTrIn(i — m — prys + ). (3.33)
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Just the same approach was used in [48] for the Lorentz-breaking extension of QED. In
the weak gravity case, we can use the approximation e,, ~ 7., + %h“a. The trace in
the above equation, however, can be calculated both in the weak field case and in the
full-fledged gravity case, with use of the Feynman diagrams or of the proper-time method.

It is interesting that, similarly to the CFJ term, the 4D gravitational CS term is
ambiguous, i.e. the results for it depend on the calculation scheme. So, within all these

approaches, the linearized gravitational CS term
Scs = C’/d%hw,e”pmb,{& (Oh,” — 0”0 hye) (3.34)

or its full-fledged analogue (3.8) with the overall factor equal to 2C, was shown to arise,
with the constant C' depends on the method of computation. So, in [51], where the
calculations were carried out in the weak gravity case with use of the Feynman diagrams
constructed for the action (3.32), it was found that C' = 52—. Further, in [52], this
scheme has been realized for the finite temperature case where the zero component of the
internal momentum is supposed to be discrete, ko = (2n + 1)7T, so that the result is

1 K. 1% vV Ao
Scg = /d4x Py [192%26% N (Oh,” — 8”0 h,y) (3.35)
2

D" V) (808" U) 1
—u —u’ | hyo |,
O O

i.e. it looks like a sum of the zero-temperature result (3.34) and the term proportional to
T2

In [53], where the proper time method has been used for the full-fledged gravity, so, the
result was found in the form (3.8), with C' = 55— Finally, in [54] it has been argued that

due to the arbitrariness in defining of conserved currents within the functional integral

T
+ Eboe”““’\u,ﬁ,\ (

approach, the constant C' is actually completely ambiguous. The similar situation occurs
in QED [55]. However, the ambiguity of results is known to be highly controversial, and
in gravity it is even more controversial than in electrodynamics. For example, in [56] it
was claimed that, if one suggests that the b, is the vacuum expectation value (v.e.v.)
of a some dynamical field, the correct result for the 4D gravitational CS term is zero,
as is also required by the gauge invariance of the Lagrangian (and not only the action).
Nevertheless, the question whether the requirements of [56] are indeed so necessary is still
open, as the presence of ambiguities in generic Lorentz-breaking theories is a strongly
polemical problem.

However, there are also other interesting scalar-tensor gravity models which we will

consider now.



3.3. BRANS-DICKE GRAVITY 35

3.3 Brans-Dicke gravity

The Brans-Dicke (BD) gravity is one of the most known and studied scalar-tensor gravity
models. Originally, it has been introduced in [57], basing on the idea that the physical
space itself possesses geometrical features beyond those ones given by the matter (this is
one of the forms of the so-called Mach principle), so, the action of the BD gravity was

introduced in the form

S = / d'z\/1g|(oR + %Oagb@“gb + 167 Lo ) (3.36)
In this theory, the new scalar field ¢ (which does not contribute to the matter Lagrangian)
plays the role of the effective gravitational constant; indeed, if one chooses ¢ = ﬁ,

the theory reduces to the Einstein gravity with the usual matter. One advantage of
the theory consists in the fact that the coupling constant w is dimensionless, hence the
negative-dimension constants jeopardizing the renormalizability of the gravity are ruled
out. Also, in this case the gravitational constant has a dynamic origin being related with
an asymptotic value of the ¢.

For this theory, one can derive equations of motion:

_ %“’:@ + %amaw +R=0; (3.37)
1 8 1 1
Ry, — ig;wR = (%) T — % ((%(b@,,(b - iguu8p¢8p¢) + a [vu(au¢) o gWD¢] ’

where 7),, is the energy-momentum tensor of the usual matter (not including ¢). Con-

tracting this equation with ¢g"”, we find

8m w 3
R=— ()1 - L sre + 200, 3.38
()7~ Gawores 3.3
which we can combine with the Eq. (3.37), obtaining
8m
O¢ = T. .
o= (=) 39

The equations (3.38,3.39) are analogues of the Einstein equations and can be solved.
As a first example, we consider the static spherically symmetric metric (3.20) which

we now rewrite as
ds? = e at> — 2P0 (dr? 4 r2d0?) (3.40)

In the vacuum case, T}, = 0, this metric will be a consistent solution of equations of

motion [57]. Explicitly, one finds

1— 2B 1/
ea(r) — e r .
1+28] 7
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P = 660(1+

9B 1 _ 2B (A=C—=1)/x
—_ l ] : (3.41)

T2
1_@ C/\
]

r

o(r) = GoeoC [

The cosmological solutions also were found in [57] where they were shown, in the vacuum

case, to look like

¢ = ¢ot', a = apt?;
2 29w
- 1= 1230

- 3.42

so, accelerating solutions (¢ > 1) are possible for w > 2. Further, various papers, contin-
uing this study, discussed cosmic acceleration in BD gravity in details, see f.e. [58].
Now, let us discuss the Godel-type solutions (2.25) in the BD gravity. It has been
shown in [59] that the nontrivial solution, i.e. that one with a non-constant scalar ¢
(otherwise the BD gravity reduces trivially to the Einstein gravity) is possible only if the

action (3.36) includes the cosmological constant as well, so, one has
S = / d'x/1gl (#(R — 20) + %aaww 167 L), (3.43)

The modified Einstein equations, in the tetrad base, look like
8T w 1
G — AN — <E> 74~ 2 (040000 — 3940000 0) +
+ o7 (Vo' — 0306) , (3.44)

and choosing again the matter in the form of a composition of the fluid and electromagnetic
field (see Section 3.2.2), with the angular velocity parametrizing the Godel-type metric
(2.25) and defined within the conditions (2.26) is now denoted as € instead of w, we find
that the case ¢ = ¢(z) yields

407 —m? = <%7T> (p+ E3), m?+2A= —%/. (3.45)

The typical cases are:
(i) 492 —m? = 0 (causal solution!), p+ EZ = 0. In this case ¢ is a trigonometric function.
(i) p = const, ¢ = const — trivial case reducing to GR.

For ¢ = ¢(t), one arrives at ¢ = const, and this case is also trivial. In principle, more
involved situations can be studied as well. As for the black hole solutions in BD gravity,
we strongly recommend the classical paper [60]. In principle, many other solutions for
the BD gravity have been studied, including global monopoles, wormholes etc., but the

limited volume of these notes does not allow for their detailed discussion.
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3.4 Galileons

One of the most important examples of the scalar-tensor gravity models is the galileons
theory proposed originally in [61]. Its key idea is as follows: let us consider the most
general scalar-tensor action involves no more than second derivatives of the metric tensor
and no more than the first ones of the scalar field. Effectively, it was a suggestion of the
Lovelock-like construction not only in the gravitational sector but also in the scalar one.

Effectively, we suggest the action to look like

S = [ 4o/ =GL(9us, 0 DDag; 6,009 (3.46)

As a result, the equations of motion involve various tensors constructed on the base of
the Riemann curvature and its covariant derivatives, and various derivatives of the scalar
field. In principle we can have the gravity equations of motion with Lovelock-like 1.h.s.
and non-canonical scalar-dependent r.h.s., and strongly nonlinear equations of motion for
scalar. We note that there is no ghost problem here since there is no higher derivatives. We
note that in principle, even on the flat background, one can have a theory of a scalar field
with highly nonlinear equation of motion. the so-called K-theory (see [62] and references
therein).

However, the model (3.46) was forgotten for a long time and revitalized only in 2008,
in the paper [63] where the concept of galileons was formulated. Its key idea consists
in invariance of the theory with respect to the combination of dilatations and conformal
transformations so that the new scalar 7 varies as m — 7 4 ¢ + b, 2", where c and b, are
constants. These transformations look similarly to the Galilean ones, therefore the m was
called the galileon. So, again, the key idea is that we have derivative couplings but no
higher derivatives in the kinetic term.

There are five terms with the symmetry above. Let us introduce notations II*" =
9w, [A] = Al for trace (so, §[IT)dn - Or = 3079"7d, ), [II] = O, etc.), and use a dot
for the usual scalar product like A- B = A, B*. So, we can write our five terms as:

L, = 7,

Ly = —%0%-0%;

£, = —5mor o

Ly = —i([ﬂ]z&r~87T—2[H]87T-H~87r—[H2]87T~87T+287T-H2-87T);
Ly = —é([n]?’aw-an—3[H]207r-n-a7r—3[H][n2]a7r-a7r+

+ 6[H]87T-H2~87r—|—2[H]387r-87T+3[H2]87T~H-87r—687r~H3~87r). (3.47)
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The complete Lagrangian of 7 is a linear combination of these terms: £ = ¢; L1 + oL +
csL3 + caLy + c5L5. Clearly, the next step consists in coupling of these Lagrangians to
gravity. But let us first describe some perturbative effects of these couplings.

One of the interesting effects is that these galileon terms £; are not renormalized under
quantum corrections! The reasons are as follows [64]. First, the galileon is massless, so, its
propagator is 1/k*. Then, all galileon couplings cs, ¢4, 5 have negative mass dimensions,
therefore the contributions to these terms possess quadratic and even higher divergences.
After integration of subloops, the leading divergence is proportional to [ d*k(k?)", with
n > —1, and this integral vanishes within dimensional regularization. Finally, the sub-
leading contributions to galileon vertices vanish as well (this proof is more sophisticated
being based on analysis of symmetries). In principle, such conclusions are natural for a
massless theory with derivative couplings. Other divergent contributions in the galileons
theory in the flat space, which do not match the classical action, in particular, involve
more derivatives (f.e. O terms), are discussed in [65].

Clearly, the next step is the coupling of the scalar 7 to the gravity. One of the first

ideas consists in coupling of galileons to the curvature, so we have terms like [66, 67]:

55y = / d* /=g (m, ) (1, G, (3.48)

where 7, = V7, etc., or the higher terms like 7,7 7G,,, or the simplest terms 77" G
(the last term is the example of the John term, see below). So, effectively we have
a gravity-coupled scalar field with strongly nonlinear dynamics involving derivative de-
pending couplings. As it has been claimed in [67], these terms are of special interest
within the cosmological context, where it has been explicitly shown that the solutions
with constant H = % are consistent for the presence of galileons, therefore the de Sitter-
like exponential expansion is possible in this case, with neither potential term for the
scalar nor cosmological constant are employed, therefore the galileons theory is a sound
candidate for the role of the dark energy. In [68], it was argued that only the minimal
scalar-gravity couplings must be considered, as a result, there were introduced four typical

galileon-gravity couplings called John, Paul, George and Ringo:

£J0}m = VJ (W)GHVV‘H?TVVTF;
Lpou = Vp(7)Puwpe V'V 7NN,
ﬁGeorge - VG(TF)Ra
ERingo = VR(T‘-)Q (349)
where Pref = —2eP7¢*°R,, 5 is the double dual of the Riemann curvature. In [68],

the cosmological aspects of this theory were studied, especially, it was argued how the
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known cosmological self-tuning problem is solved in this theory. Various issues related to
the cosmic acceleration in this context are studied numerically also in [69]. Many other
papers are also devoted to galileon cosmology. However, up to now the galileons are
mostly considered namely within the cosmological context, there are only a few papers on
other solutions such as f.e. black holes (see f.e. [70]). An interesting review of galileons is
presented in [71]. To close this section, we note that many aspects of galileons still must
be studied.

3.5 Conclusions

We formulated several examples of scalar-tensor gravity models whose form does not

match the standard quintessence-gravity Lagrangian £ = /| g|(16irGR — %g““@uqﬁ@,,gb —
V(¢)) which is well studied, both within the cosmological and QFT contexts. Explicitly,
we considered the 4D CS modified gravity, the Brans-Dicke gravity and the galileons
theory. These theories display new interesting features.

First of all, the CSMG allows for the CPT symmetry breaking, and, for a certain form
of the CS coefficient, also for the Lorentz symmetry breaking, opening thus a way for
intensive studies of the Lorentz-breaking modifications of gravity. Some of these studies
will be discussed in the next chapter. Besides, in the presence of the gravitational CS
term new solutions impossible within the usual GR arise.

Second, the Brans-Dicke gravity represents itself as a theory allowing to rule out the
gravitational constant possessing negative mass dimension and hence implying in problems
with quantum description of the gravity. Moreover, it turns to be that some new solutions
which are not consistent within the GR, are also possible.

Third, the galileons theory turns out to be a sound candidate for a description of the
dark energy allowing for accelerated solutions. Besides of it, the galileons contributions
to the action arise within applying the Stuckelberg approach for the massive gravity.
Essentially, at the first step one introduces the new vector field to construct the gauge
invariant extension for the mass term of the gravity, and at the second step, to achieve the
gauge symmetry for this vector field, one introduces the scalar field whose action matches
the galileon form [72].

To conclude, for the scalar-tensor gravity models, one has essentially new results. One
of the most interesting conclusions is the possibility to introduce the Lorentz symmetry
breaking within the gravitational context, for a special form of the CS coefficient. How-
ever, it is clear that in this context, an extension of gravity through introduction of vector

fields seems to be more promising since the vacuum expectations of vector fields can yield



40 CHAPTER 3. SCALAR-TENSOR GRAVITIES

constant vectors necessary to introduce privileged space-time directions breaking thus the

Lorentz symmetry.



Chapter 4

Vector-tensor gravities and problem
of Lorentz symmetry breaking in

gravity

4.1 Introduction and motivations

The interest to vector-tensor gravity models strongly increased in recent years. One of the
main motivations to studying these models arises from studies of the Lorentz symmetry
breaking. Indeed, as it is well known, in the flat space the explicit Lorentz symmetry
breaking is implemented through introduction of a constant vector (tensor) generating a
space-time anisotropy (see f.e. [73, 74]). As we already noted in the previous chapter,
this methodology allowed to define, for example, the Carroll-Field-Jackiw term (3.7) as
well as many other terms discussed in [73]. However, in the curved space the explicit
Lorentz symmetry breaking faces serious problems. First of all, the definition of the
constant vector (tensor) itself in this case becomes highly controversial: for example,
while in the flat space the constant vector k* is defined to satisfy the condition 0,k* = 0,
this condition cannot be applied in a curved space since it breaks the general covariance.
The possible ”covariant extension” of this condition like V,k* = 0 would imply in extra
conditions for the space-time geometry (and, moreover, nobody could guarantee these
conditions to be satisfied for a general choice of the vector k,). In principle, one can
also deal with derivative expansions of the corresponding effective actions, where various
orders of derivatives of ”constant” tensors are considered (see f.e. [75]), however, it is clear
that in this case the definition of the constant vector (or tensor) simply loses its sense,
and such a vector becomes an extra field. Moreover, in many cases such possible new

terms are not gauge invariant which means that together with the Lorentz symmetry, the

41
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general covariance for such terms is broken as well (the problem of breaking the general
covariance in modified gravity is discussed in details in [76]; in principle, it should be
noted that breaking of general covariance occurs for the term w”u”R,, proposed in [77]
as a possible example of CPT-even Lorentz-breaking term for gravity, as well as for the
one-derivative linearized term discussed in [47]).

Therefore, the most appropriate method for implementing the Lorentz symmetry
breaking into a curved space-time turns out to be based on the spontaneous symmetry
breaking. Its essence is as follows. One considers the action of the metric tensor coupled
to the vector field (again, similarly to the previous chapter, this vector field is treated as
an ingredient of gravity model itself but not as the matter, thus, we have the vector-tensor
gravity) so that the purely metric sector is presented by the usual Einstein-Hilbert action,
and the dynamics of the vector field is described by the Maxwell-like term, plus a poten-
tial whose minimum yields a vector implementing the Lorentz symmetry breaking, and
maybe also some extra terms responsible for a vector-gravity coupling. The paradigmatic
example is the bumblebee action [78] (the name ”"bumblebee” itself was introduced in
[79]), looking like

1 1
o 4 v v 2
S = /d x\/ 9| (—167TG(R+§B“B R,) — ZBWB“ —V(B"B, £b )) ) (4.1)
Here ¢ is a dimensionless constant, B, = 0,8, — 0,8, is the stress tensor for the

bumblebee field B,, and V is the potential possessing an infinite set of minima By,
satisfying the condition B} By, = £b* (the difference of signs reflects that the vector By,
can be either time-like or space-like, while > > 0). So, actually choosing of one of the
vacua By, allows to introduce the privileged direction. The potential is usually chosen
to be quartic in the field B, by renormalizability reasons. Alternatively, one can deal
with Einstein-aether theory where, instead of this, the minima arise due to a constraint
multiplied by a Lagrange multiplier o, so that one has V = o(B*B,, +b*), but the kinetic
term is not Maxwell-like being a more generic quadratic function of covariant derivatives
of the vector B,,. In principle, one can consider the vector-tensor gravity models without
potential [80], however, in this case the spontaneous Lorentz symmetry breaking cannot
occur. Such theories are considered mostly within the cosmological context (see f.e. [80]).

Within this chapter, we discuss some interesting classical results for the Einstein-aether
gravity and for the bumblebee gravity. At the end of the chapter, we also will review some
terms proposed in [73, 74] as possible extensions of the Einstein gravity allowing to break
the Lorentz symmetry explicitly. As for the Horava-Lifshitz gravity, although it represents
itself as an example of non-Lorentz-invariant gravity model, it is described in terms of the

essentially distinct methodology and will be discussed in the next chapter.
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4.2 Einstein-aether gravity

So, let us implement the spontaneous Lorentz symmetry breaking in a curved space-time.
To justify importance of this approach, one can remind that namely spontaneous break-
ing mechanism has been initially proposed to explain the origin of the Lorentz symmetry
breaking in the low-energy limit of the string theory [81]. Following this approach, one
considers a vector field B, with a constant square, i.e. B*B, = +b?, which is implemented
via introducing the constraint with use of the Lagrange multiplier ¢, adding to the La-
grangian the potential V = o(B*B,, £ b?). Alternatively, as we already noted above, one
can introduce the quartic potential. The approach based on the Lagrange multiplier has
been adopted within gravity studies in the paper [82]. In this case, the above constraint
is generalized to a curved space-time as g"’u,u, — 1 = 0, where u, is the aether vector
field.
Our starting point is the action [82]

= 1 4 af v
§= - /d V=g [ R+ A, — 1) + K2V V], (42)
where
KO0 = ¢1g°%g,, + 20268 + 36207 + cqu®u’y,,. (43)

This action involves an above-mentioned constraint introduced with use of the Lagrange
multiplier A\. The ¢y, ¢9, 3, ¢4 are some dimensionless constants. It is interesting to note
that the term R,su®u® proposed as the aether term in [77] arises in this theory (together
with some other terms) for the particular case c3 = —¢y when the commutator of covariant
derivatives yielding a curvature tensor emerges [83].

The corresponding equations of motion look like [83]:

gaguo‘uﬁ =1 VQJO‘M — 4t Vyu = Aut;

1 (8]
Tag = —angﬁu + VM(J (Muﬁ) - ‘]M(auﬁ) — J(ag)u”) + (4.4)

+ (Vi) (V*u,) = (Vatim) (V)] + catiqtip + [u,V, JJ* — e Jugug.

Here @ = u*Vout, J°, = K f}ngu”, and L, is u-dependent part of the Lagrangian. We
note again that the vector u, has nothing to do with the usual matter, so, the Einstein-
aether theory is an example of the vector-tensor gravity.

So, now our task will consist in finding some solutions for these equations, or, to be
more precise, in checking the consistency of known GR solutions within the Einstein-

aether gravity.
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As the simplest example we choose the spherically symmetric static metric, which is
consistent since the vector u, is time-like, in order to satisfy the constraint. In our case,

it is convenient to choose this metric in the form slightly different from (3.20), namely,
ds* = N(r)dt* — B(r)(dr* + r?dQ?). (4.5)

The consistency of this metric within the Einstein-aether gravity has been verified within
perturbative methodology for various relations between the parameters ¢y, cs, c3, f.e. ¢1 +
co+c3 =0, and ¢4 can be chosen to be zero without any problems since it can be removed
through a simple change of variables (see details in [83]) so that the N(r) and B(r) turn
out to be represented as power series in = 1/r providing that they tend to 1 at infinity
as it must be, with some lower coefficients in these power series, up to 1/73 terms in large
r limit have been explicitly found in certain cases.

For example, treating the black holes solutions, one can show [83] that the metric

2M  2BM? 2vM
ds* = (1 - =—+ g —)dt? — (1 — ) (@ + 12d02). (4.6)
r r r
is consistent in this theory, with v = 1 (this is is the usual value characteristic for

Schwarzschild metric) and [ expressed in terms of coefficients ¢, ¢z, c3. Actually this
solution is the Schwarzschild metric modified by the additive term.

Similarly, much more solutions for the Einstein-aether gravity can be obtained, in par-
ticular, the cosmological ones. In this context, the detailed study of various cosmological
aspects of this theory has been performed in [84] where the model involving two scalar
fields coupled to Einstein-aether gravity has been considered, and it has been explicitly
demonstrated on the base of the numerical analysis of solutions that the consistent po-
tential for these fields is the exponential one, and the de Sitter-like solutions can arise
both in the past (inflationary Universe) and in the future (de Sitter attractor). Earlier
the idea of using the Einstein-aether model in order to explain the cosmic acceleration
has been claimed in [85]. All this allows to conclude that the Einstein-aether gravity can
be considered as an acceptable solution of the dark energy problem. Besides of this, a
detailed discussion of various aspects of Einstein-aether gravity, including discussion of
plane wave solutions and observational constraints on parameters of the theory, can be
found in [86]. Also, we note that the Einstein-aether gravity also displays some similarity
to the Einstein-Maxwell theory, see [82].

However, it is clear that the Einstein-aether model is problematic from the quantum
viewpoint. Indeed, its action involves a constraint. As it is well known (see f.e. [87]),
a theory with constraints, being considered at the perturbative level, requires special

methodologies like 1/N expansion which clearly cannot be applied to the Einstein-aether
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gravity since it involves only four fields u*. Moreover, in principle such a theory, when
treated in an improper manner, can display various instabilities. Therefore, the natural
idea consists in introducing the spontaneous Lorentz symmetry breaking not through
constrains but through choice of a some minimum of the potential. This idea gave origin

to the bumblebee gravity [78, 79] which we become to discuss now.

4.3 Bumblebee gravity

So, let us begin with considering the bumblebee gravity. Our starting point will be the
action (4.1). The key features of this action, in comparison with the Einstein-aether
action, are the following ones.

First, this action is characterized by the generic potential, instead of the constraint,
which makes it better for quantum studies since the usual perturbative methodology can
be applied. Second, the kinetic term is Maxwell-like which is essential to avoid arising of
ghost modes. Again, the & sign reflect the fact that b*> > 0. We note again that the vacua
By, are given by the condition BY By, = +b? and these vacua are not required to be
constants, in a curved space-time, which avoids the difficulties connected with definition
of the constant vectors in this case.

First effect to note here is that after Lorentz symmetry breaking, we will have Nambu-
Goldstone modes: if we introduce the vector b, corresponding to one of the vacua, i.e.
bb, = +b?, define B, = b, + A,, and rewrite the action (4.1) in terms of b, and A,
the resulting form of the action will be given by the Maxwell term, plus the axial gauge
term proportional to (b*A,)?, plus new couplings of the vector A, with the curvature,
like A*A"R,,, plus the Carroll-like term b*0" R,,, [77].

Let us discuss some exact solutions for this theory. First, we consider the static
spherically symmetric metric, following the lines of [79], for the reasons of convenience,

we rewrite the metric (3.20) as:
ds? = —e20) g4 1 o200 42 4 124002, (4.7)

Then, we choose the vacuum vector to be purely radial, i.e. b, = (0,b(r),0,0), thus
one has V,,b, = 0 if b(r) = £ /2bhyer"), ¢ is a constant, and the variable ¢(r) becomes
irrelevant within modified Einstein equations.
For this metric we find the only non-zero component of the Ricci tensor and the
corresponding scalar curvature to be
R — 2_p’; R 2[1+ 2(7"p’2— 1)6_2’)]‘

r T

(4.8)
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It is convenient to introduce a new dynamical variable ¥ = 1‘5; * Tts action will look

like:

2

2
S = p /dtdrr2e”+¢[(3 + 00V + (1+ %T‘I’/)], (4.9)

where by was defined above.

The equation of motion, after varying with respect to ¢, is

2

b
(B3+0HY + (1+ 507‘\11/) = 0. (4.10)
Its solution is U(r) = Uorl=3 with 3 — L = (3 +b2)/(1 + b3/2), and
grr = €7 = (1= Yor* =171, (4.11)

so, this component is similar to g,. of the Schwarzschild metric, therefore our solution
is characterized by the event horizon. In principle, more results for this metric can be
obtained, f.e. the Hawking temperature [79]. The case when the b, vacuum vector
possesses not only the radial component but also the temporal one has been also discussed

Jpee’
2K where

in [79], as a result, the Schwarzschild-like solution will carry extra factor e
« is a constant, the sign + is for the temporal component, and the sign — for the radial
one, with the values of K; are different for these two components. Therefore, we conclude
that the Lorentz symmetry breaking generates the black hole solutions.

Another important example is the cosmological FRW metric. Here we review its
description within the bumblebee context presented in [88]. Explicitly, as a first attempt,
we suggest the vector B, to be directed along the time axis, B, = (B(t),0,0,0). Evidently,
in this case the stress tensor for the bumblebee field vanishes, and the only nontrivial

component of the equations of motion for the B, is

, 3 a
(V' — @E)B = 0. (4.12)
Thus, the bumblebee field either vanishes or, at £ = 0, stays at one of the minima of the
potential. In this case, it is possible to show numerically that one has the de Sitter-like
expansion of the Universe.

More generic solutions can be obtained for B, # 0. However, in this case the numer-
ical analysis is necessary. Explicit studies carried out in [88] show that in this case, the
de Sitter-like solutions arises for many values of parameters of the theory confirming this
a possibility to have a cosmic acceleration due to the bumblebee field, therefore, one can
conclude that the spontaneous Lorentz symmetry breaking can explain the dark energy

problem.
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Finally, we consider also the Gédel solution (1.8). Within the bumblebee context it
has been considered in [89]. In this case, the energy-momentum tensor is suggested to
be a sum of that one for the relativistic fluid (we note that namely this form has been

employed in [3]):

Th = puvy, + Mg, (4.13)
and that one for the bumblebee:
1
T. = Bu.B,* — Zgu,,B,\pBA” —Vguw+2V'B,B,, (4.14)

where V' is a derivative of the potential with respect to its argument. Therefore, the

modified Einstein equation (in an appropriate system of units where x = 1) looks like
G =Th +T5. (4.15)

The Einstein tensor G, and the matter energy-momentum tensor 7' é‘f (4.13) in the bum-
blebee gravity are the same as in the usual Einstein gravity with the cosmological term.
Therefore, the Godel metric continues to be solution in our theory if and only if the energy-
momentum tensor of the bumblebee field will vanish. To achieve this situation, we suggest
that the field B, is one of the vacua which, for the quartic potential V' = %(B“Bu +0?)?,
will yield vanishing of the potential and its derivative. So, it remains to find the vacuum
for which the stress tensor B, = 0, B, —0, B, would vanish as well (the part proportional
to Christoffel symbols vanishes identically). It is clear that the case of the constant B,
is an excellent example. Some interesting cases of such vacua, for the metric in the form
(1.8), are: B, = (ab,0,0,0), B, = (0,ab,0,0), B, = (0,0,0,ab) (we note that the Godel
metric is characterized by the constant parameter a).

It remains to check consistency of these solutions with the equation of motion for the
bumblebee field:

V,.B" =2V'(B*)B". (4.16)

These equations are satisfied immediately. Indeed, the Lh.s. is zero since B* = 0 for these
solutions, and its covariant derivative is also zero, and the r.h.s. is zero for the quartic
potential, if B, is one of the vacua. Therefore, we conclude that the Godel solution is
consistent in the bumblebee gravity. More detailed discussion on this solution can be
found in [89]. It is clear that a more generic Gédel-type solution (2.25) can be analyzed
along the same lines.

An interesting discussion of the bumblebee field is presented also in [90]. The starting

point is the generalized bumblebee Lagrangian

L= R— (35" BasBys — V(BY), (4.17)
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where V' is a some potential of the bumblebee field, ( is a coupling constant, and g*7 =
9“7 + BB*B" is the effective metric.

Then, we carry out background-quantum splitting for gravitational and bumblebee
fields by the formulas gng = 1o + hap and B, = B, + A,, where B, is one of vacua, i.e.
V(B?) =V'(B* =0.

As a result, we arrive at the linearized equations of motion for the fluctuations hgg,
Ay

Gos| = V"(B*)B.BsB?,
1 .
705 F,s[A] = Q—CV”(B2)B‘132|. (4.18)

where | symbol is for a part linear in fluctuations h,g, Aa, f.e. B?| = 2B*A, — B*B’h,g,
and 7% = n* + BB*B’ (it is interesting to note that the similar metric arises within
aether studies). The F.;[A] = 0,45 — 05A, as usual.

We can introduce background-dependent densities

Pm = —V”(B2)B2BQ|,
V"(B*)y/1B% ,
pe = :I:TB| (4.19)

and a 4-velocity u, = + \/];—2', as a result the equations of motion become

Gagl = pmuaupg,
P FsalAl = pelia, (4.20)

replaying thus the Einstein and Maxwell equations respectively. Effectively we showed
that our background field B, plays the role of the charged dust. We note that in principle,
the B, and A, fields can be coupled to usual matter in various manners being treated
either as usual photon or as a some extra particle.

To conclude, we see that the bumblebee gravity can be treated as a sound candidate,
first, to implement the Lorentz symmetry breaking within the gravity context, second,
to display consistency with astronomical observations, due to validity of most important
general relativity solutions. Among other results one can mention study of dispersion
relations in a linearized bumblebee gravity where the constant bumblebee field triggers
deviations from the standard dispersion relations [91]. However, much more aspects of the
bumblebee gravity, especially problem of validity and consistency of many other solutions,
are still to be studied. In this context, one of the most important issues is the study of
perturbative aspects of the bumblebee gravity, and only first steps in this study are done

now.
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4.4 Conclusions

We discussed vector-tensor gravity models. Just as in the previous chapter, the additional
field, in this case the vector one, is treated not as a matter field but as an ingredient of
the complete description of the gravity itself. The most important aspect of these models
consists in the fact that some of them, namely those ones involving potential terms for
the vector field, can be extremely useful within the context of the spontaneous Lorentz
symmetry breaking. The known examples of these theories are the Einstein-aether gravity
and the bumblebee gravity.

The Einstein-aether theory has been formulated earlier. Within it, the potential term
generating the spontaneous Lorentz symmetry breaking is implemented through the con-
straint with the corresponding Lagrange multiplier field. From one side, this action is
rather simple, but from another side, the presence of the constraint generates essential
difficulties for the perturbative description. Therefore, the bumblebee model is certainly
much more promising. Moreover, the bumblebee approach displays an advantage in com-
parison with the naive application of the QFT approach suggesting to couple dynamical
fields with the constant vectors (tensors) which, as we already noted, cannot be consis-
tently defined in a curved space-time.

The bumblebee approach allows to introduce many Lorentz-breaking vector-tensor
terms. The term B*B"R,, from (4.1) is effectively nothing more that the gravitational
aether term proposed in [77]. We note that treating of the B, as one of the bumblebee
vacua rather than the usual constant vector allows to avoid breaking of the general co-
variance. In a similar manner, other Lorentz-breaking gravitational terms introduced in
[74] can be treated. As a result, relaxing the condition for the Lorentz-breaking vector to
be constant, we have a theory consistent with the general covariance requirement.

We note that the term B*B"R,,, is the particular case of the term s*” R, discussed in
[74]. Actually, in [74], two terms are presented, so, the possible Lorentz-breaking extension

of gravity is introduced through adding the term

5S = / d'2\/191(s" Ry + 1 Ryuny), (4.21)

where s#, t"** are coefficients of explicit Lorentz symmetry breaking (in this review, we
consider only the zero torsion case). However, up to now the main attention (see f.e. [91])
was paid to the s*¥ term while the t***? = 0 condition was applied.

To close the discussion of the Lorentz symmetry breaking in gravity, let us say some
words about the weak (linearized) gravity. We have noted already that, for the specific
form of the Chern-Simons coefficient, the gravitational CS term (3.6) displays Lorentz

symmetry breaking. In [47], another, one-derivative Lorentz-breaking term in the lin-
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earized gravity has been studied. In principle, much more Lorentz-breaking terms in the
linearized gravity can be introduced. However, it is clear that many studies of Lorentz
symmetry breaking in gravity are still to be carried out, and it is natural to expect that

such studies will be performed in the next years.



Chapter 5

Horava-Lifshitz gravity

5.1 Introduction

As it is well known, the most serious problem of the gravity is the problem of its quantum
behavior. Indeed, we have noted in the Chapter 1 that the Einstein gravity is non-
renormalizable since the mass dimension of the gravitational constant is negative. The
natural improvement of situation could consist in adding the higher-derivative terms which
clearly make the UV asymptotics of the propagator better. However, it is known that in
this case the ghosts arise which makes the theory to be unstable, hence higher-derivative
gravity models can be used only as effective theories for the low-energy domain.
Therefore, in [92], the following idea has been proposed: let us suggest that the desired
extension of gravity involves only second time derivatives, so, the ghosts will be ruled
out, and higher spatial derivatives, therefore the UV behavior of the propagator will be
improved. The similar models for the scalar field, with modified kinetic terms like %gb(@g +
(—1)*aA*)¢ have been introduced a long ago within the condensed matter context in [93]
where they were used to describe critical phenomena. In other words, we suggest that
the Lorentz symmetry breaking is strong. Further, such theories with strong difference
between spatial and time directions have been denominated as theories with space-time
anisotropy. The number z, defined in a manner similar to the action above (once more,
if the action involves two time derivatives, it involves 2z spatial derivatives), is called
the critical exponent. For the Lorentz-invariant theories, one has z = 1. To recover the
Einstein limit, one must suppose that the action involves also lower-derivative terms. One
can verify that in such a theory, the dimension of the effective gravitational constant will
depend on z, being actually equal to z — d, in a d-dimensional space-time. Therefore, in
(3+1)-dimensional space-time, the gravity model formulated on the base of the space-time

anisotropy (further such theories became to be called the Horava-Lifshitz (HL) theories)
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is power-counting renormalizable at z = 3. However, it is clear that for such a theory, the
perturbative calculations will be very involved.
In this chapter we present a general review on HL gravity, introduce definitions and

describe most important classical solutions.

5.2 Basic definitions

So, let us construct the gravity model on the base of a strong difference between time and
space coordinates. Following the methodology developed in [92], we consider the space-
time as a foliation R x M3, where R is the real axis corresponding to the time, and M3 is
the three-dimensional manifold parametrized by spatial coordinates. The most convenient
variables to parametrize the gravitational field in this case are the Arnowitt-Deser-Misner
(ADM) variables [94], that is, N, N;, g;; defined from the metric:

ds® = gudatds’ = goo dt® + 2 go; da'dt + g;j da'dx! =
= —N%dt* + g;;(da’ + N'dt)(da? + N'dt), (5.1)
so, g;; is the purely spatial metric, and one has the shift vector N; = go; and the lapse

function N given by N = (gijNiNj — 900)1/2~

The Lagrangian was suggested to be in the form

) 2 ) H H 6 l
\/_N( (K; K9 — )\K)——CUC“rQ 2[ RyV;RL —
S Bl L S Y S P C ) (5.2)
g v 8(1—-3)\)" 4 " ‘
where the R;; is a purely spatial curvature constructed on the base of the spatial metric
gij, and
1
Kij = 537(9is = VilN; = V;Ni), (5.3)
is the extrinsic curvature, with the dot is for a derivative with respect to ¢, K = g” K,
and
i — (R~ Lo
Y= - - 5.4
VA — 7o) (5.4)

is a Cotton tensor. It involves three spatial derivatives, hence the term C;;C* is of sixth

order. So, it is clear that the propagator in this theory behaves as G(k) ~ 1#—1136 As
2

we already noted, this implies power-counting renormalizability of the theory, and the

gravitational constant k is indeed dimensionless.
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The form of the Lagrangian (5.2) has been motivated by ”detailed balance” condition
[92] requiring that the potential term (i.e. the part of the action which does not involve

the extrinsic curvature K;; which only includes the time derivatives) is

K2 oW oW
=L AN G :
SV ] \/g 591’]’ ijkl 591@1’ (5 5)

where W is a some action, and Gjp = %(gikgjl + gugik — Ngijgr). For z = 2, one has
W =W, = 2; [ dPz\/g(R — 2Aw), and for z = 3, one chooses W = W3 to be the 3D
Chern-Simons action, so, §W3 = C% (a similar expression for the Cotton tensor in 2 + 1
dimensions has been considered in the section 3.2), and substitution of W = Wy 4+ Wj to
(5.5) yields the potential term given by (5.2).

However, there are only very few attempts to do quantum calculations in the HL grav-
ity [95]. Actually, however, in these papers the gravity is suggested to be a background
field, only the matter is quantized. At the same time, it is clear that the calculations
of quantum corrections in a pure HL gravity, besides being extremely involved techni-
cally, must answer the fundamental question — whether the form of quantum corrections
matches the form of the classical action, i.e. whether the HL gravity is multiplicatively
renormalizable? This question is still open.

Let us now write down the equations of motion for the HL gravity. We use approach
and notations from [97] with Qx = N(yRg + 26C%;). It should be noted that gg is not

a fundamental dynamical variable of the theory. For ggg one has

53 58,  0Sm 0N w0
N = AN R Ly L) .

We note that, since N = (g;; N'"N7 — goo)'/?, one has (fg% = — . Hence,
G = ENQ%WK@K“—AK%+¢%%C”+J (5.7)
ijk

€ ..
+ Y—=RyV,R. + CRijR7 + nR* + €R),
Vg Vil (R nk” +¢R)

where
2 K2 K21 K2
Oé—§> 6__2—1,04’ 7—2—1027 C__87
Rl —4N) ¢ = k22N
T= 32130 8(1—3\)"
3Kk u?A?
o= —sitan s @y = NOR, +28Cy) (5.8)

8(1 — 3\)
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are constant parameters of the theory.

For go; we find

;gil g\g]l =20V (K" — AKg") —T" = 0. (5.9)
Finally, for g;; we find
G = Ty, (5.10)
where
Gy=GP+G2+ 0P + a0+ 6P 1+ GY. (5.11)

Here, with O = V2, one has

alN . .
GS) = QOéNK,kKk — TKleklgij + Oé(KikNj)’k + Oé(KjkNi)’k —
— (K Ny)F + (i 4 ),

aAN a\

@ kl
Gj = —20ANKK; + ——Kg; fgzkg]zat(f 9K9")

— aA(KgiNj)* — aME g Ni)* + aA(K gy Ni)* + (i ¢ 7).,
N , .
G = NERj; - 5(§R+ 0)gij — ENj + E0Ngi; + (i < j)

ij
Gy = 2NyRR; - gﬁRzgzj +2n0(NR)gi; — 2n(NR);; + (1 < J) ,
G = DN(CRy + 5Cy)) = (N(CRu+ 5 C))i)* +
T+ (NCRM + 20" gy + (i 4+ ).
and
fo) = ;Ejil {(sz) kit + (@) kingit —

= (Qmi)ign gt — (Qmi) ik Rjt — (Qmi ) :n i

+ (Q" Rri)mgjr + 1( R Q. ) :nij + QmiRjz;k] +

+ 2N(RyRY

- g(ﬁckzckl + YRuC* + (R RM) gij — %kacklgij +

+ (i ). (5.12)

These equations are very involved. However, already now we can indicate some situations

where the equations are essentially simplified.



5.3. EXACT SOLUTIONS 95

First of all, it is clear that the equations of motion are simplified when the variable to
be found depends only on one argument (examples of such variables are scale factor and
radial function). Second, the case of a diagonal metric simplifies the system immediately
since one has N; = 0 and N = y/|goo|]- We note that the static spherically symmetric
metric (f.e. non-rotating black hole) and FRW metric are diagonal. As for the Godel
metric, it has been considered in a tetrad base which strongly simplifies calculations
(see [96] for details). Now, let us consider examples of solutions for gravitational field

equations.

5.3 Exact solutions

So, let us consider the exact solutions. Again, as earlier, we consider three examples —
cosmological FRW metric, black hole and Gdédel-type metric.

We follow [97]. So, for the cosmological case, one suggests N = N(t), N; = 0 (since
the FRW metric is diagonal), and g;; = a?(t)7;;, where 7;; is the maximally symmetric
spatial metric yielding constant scalar curvature: R = 6k, and R;; = 2kv;;, therefore
V,R = 0, and the Cotton tensor is also zero, Cj; = 0. The matter is suggested to be the
function of time only, ® = ®(¢). We can introduce the new Hubble parameter H = ﬁ,
where a = a(t) is the usual scale factor in (1.6).

It is natural to suggest that the matter is given by a scalar field which, as usual in
cosmology, depends only on time. As a result, the equation of motion for N looks like:

6kE  12k%(C+3n) @2

3a(3\ —1)H? + 0 + =+ i =z T V(). (5.13)

For g¢,;, one finds

.3 2ke  AK2(C + 3
203\~ )(H + JH?) + 0+ — — ( - )

(1)2
=~ V(@) (5.14)

a

Finally, for a matter the equation is

1, @ o 1

—H. (= H— + Vs = 0. 1
Nat(N) 3 N + 2Vq> 0 (5.15)
One can verify that cyclic or bouncing solutions are possible [98]. In the vacuum one
can prove also the possibility of static solutions, while in the presence of the matter, the

solutions can be obtained only numerically [99].
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We can have also static spherically symmetric solutions described by the Eq. (3.20).
Clearly, the possibility of black hole solutions is of the special interest. We start with the
particular case of the metric (3.20):
dr?
F(r)

It is clear that the Schwarzschild and Reissner-Nordstrom metrics match this form.

ds* = —f(r)dt* + + r2dQ?, (5.16)

In [100] it has been explicitly shown that, for A = 1, one has

flr)y=1+wr? - \/r(w27“3 + 4wM), (5.17)

The w is a function of constant parameters of the theory. The essential conclusion is that
at large distances, i.e. r < (M/w)"/?, one has f(r) ~ 1 — 24 4+ O(r~"), that is, the
Schwarzschild result, i.e. the consistency with the general relativity is achieved.

It has been demonstrated in [100] that the equation f(r) = 0 has two solutions, so
this black hole has two horizons with 7, = M(1 4 /1 — ﬁ) The naked singularity is
avoided at wM? > 1/2.

Now, let us consider the Godel-type solution (2.25). It has been considered in details
in [96]. First of all, we note that g5 = D?* — H> = G(r) (other two components of g;;

are 1), and N = D) S, the positiveness of G(r), and hence satisfying the causality

v G(r)

condition, is necessary to have a consistent (real) value of N!

After some change of variables discussed in [96], we can rewrite this metric as
2
ds? = —(dt’ + =™ dy)? + X dy? + dr? + 2, (5.18)
m

with G(z) = v?e*™® > 0, and v* =1 — A;nij, so, the causality is guaranteed if v > 0. For
this metric, R1212 = —m2’02€2mm, K12 = —Uwem””, Cij = 0, R = —2m2.

To verify the consistency of this solution, we choose the fluid-like matter with
" = (p+ p)uu” + pg"”. (5.19)

Namely this matter has been used in the original paper [3]. After solving algebraic
equations we find m? = 2w? or m?* = 1w?. However, both these solutions appear to be
not completely satisfactory since they are non-causal (as it has been proved in [44], the
causality is achieved for m? > 4w?). As for constant parameters of the theory A, u, A,
they can also be found in terms of m, w, p, p, the explicit values are given in [96].
Therefore, we have seen that these solutions of GR are consistent within the HL
gravity, at least asymptotically. Again, it is important to note that it is power-counting
renormalizable (although up to now there is no examples of full-fledged quantum calcu-
lations in the theory). Nevertheless, it must be noted that the HL gravity also displays

some difficulties which we will discuss now.
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5.4 Modified versions of HL gravity

While the HL. gravity seems to solve the problem of renormalizability, and the most im-
portant classical solutions in it are consistent with the GR in certain limits, the consistent
description of degrees of freedom in it turns out to be problematic. This fact has been
firstly described in [101]. Following this paper, the main problem of the HL gravity is
as follows: the full-fledged general covariance group is broken up to the subgroup which
leaves the space-time foliation to be invariant. In other words, since there is no more
symmetry between space and time, one has the reduced gauge group for spatial coordi-
nates only. Thus, the gauge symmetry is partially broken, which implies in arising of new
degrees of freedom which can imply unstable vacuum, strong coupling and other unusual
effects [102]. It was claimed in [101] that the extra mode is found, but it appears to satisfy
the first-order equation of motion and hence does not propagate.

To illustrate this fact, let us consider the equations of motion (5.6,5.9,5.10). As we
already noted, they are invariant under three-dimensional gauge transformations in lin-
earized case looking like 0g;; = 0;§; + 0;&. These transformations allow to impose the
gauge N; = 0[101, 102]. Afterwards, the Eq. (5.3) takes the form: ¢;; = 2N K;;. However,
in the system (5.6,5.9,5.10) there is no equation for the evolution of N! And since N is
separated from all other dynamical variables, it cannot be fixed by gauge transformations.
As a result, one concludes that N describes the new degree of freedom. To study it we

take the time derivative of (5.7), combine it with other equations, and arrive at
Vi (N[ = )VIK + F' (K, Ry, K)|) = 0. (5.20)

It is easy to see that we have 13 dynamical variables (K;, g;;, V), five constraints given
by (5.6,5.9,5.20), so, we rest with 8 independent variables. Using three gauge parameters
& we can eliminate three variables more. For five remaining ones, we have four initial
conditions for two helicities of h;;. So, we stay with one extra degree of freedom!

More detailed analysis performed in [101] shows that if we consider k;;, small fluctua-
tion of Kjj, its trace £ = k! does not propagate since V2x = 0. So, we can conclude that
this extra mode is non-physical.

Returning to dynamics of N, we can fix N through the additive term in the action
given by S, = [ d*xdt,/gN5(N~? — 1), which implies strong coupling (roughly speaking,
due to the presence of the constraint). Under some tricks like covariant extension (i.e.
introducing of Lorentz-covariant analogue), it appears to be equivalent to Einstein-aether
action (¢ is a Stuckelberg field) S, = [ d*zdt,/g5(V,pV*"$ —1) [103], ¢ is called chronon
since there is a gauge in which this field is equal to a time coordinate, ¢ = t.

It was argued in [103] that if we introduce u, = ?/“—%, with X = ¢,,0"¢0" ¢, we can
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add some terms to our action to get a consistent theory!

Actually, we have
1
S = - /d4x\/—g(R4 + (A = D)(V,u)? + au(V,u" )M (Vaw,) + ..., (5.21)

and this action, for splitting ¢ — ¢ + x, yields reasonable dispersion relations for x like
w? = Cp?, with C' is a some number. In [103], also some cosmological impacts of this
term were studied. An aside result is an emergence of Einstein-aether action. So, the
consistent extension of the HL. gravity is found.

Another approach is based on use of so-called projectable version of the HL gravity,
where the lapse N is suggested to be a function of a time only, N = N(¢). However, it
turns to be that although in this case the theory is strongly simplified, the scalar excitation

is still unstable and cannot be ruled out [104].

5.5 Conclusions

Let us make some conclusions regarding the HL gravity. As we already noted, the key
idea of the HL gravity is that the usual general covariance is an essentially low-energy
phenomenon but not a fundamental feature of the nature. In a certain sense, it can be said
that the HL concept was developed to ”sacrifice” general covariance in order to conciliate
desired renormalizability with absence of ghosts. In this context, it should be noted that
breaking of general covariance in gravity is discussed as well in "usual” Lorentz-breaking
gravity models without strong space-time asymmetry [76].

We demonstrated how the known GR solutions are modified within the HL context.
Within the cosmological context, accelerated and bouncing solutions are possible thus the
HL gravity is a good candidate to solve the dark energy problem. We demonstrated that
there are black hole solutions behaving like usual Schwarzschild BHs at large distances.
Also, we demonstrated that the Godel-type solutions consistent within the HL gravity are
non-causal but the Gédel solution itself is non-causal.

However, quantum description of the HL gravity is rather problematic. One of the rea-
sons is the very complicated structure of the classical action implying a possibly very great
number of divergent contributions, therefore while the HL is power counting renormaliz-
able, we cannot yet be sure that it is multiplicatively renormalizable. Another difficulty
is the problem of an extra degree of freedom. While this problem was in principle solved
in [103], where the "healthy extension” of HL gravity was introduced, the problem now
consists in obtaining physically consistent results on the base of this extension. There-
fore, even in this case we have more questions than answers. To close the discussion, we

recommend an excellent review on HL gravity given by [105].



Chapter 6

Nonlocal gravity

6.1 Motivations

As we have noted several times along this review, the main problem of various gravity
models is the development of a consistent quantum description for these models. Indeed,
the Einstein gravity is non-renormalizable, and introduction of higher derivative additive
terms implies in arising of ghosts. We have argued in the previous chapter that the Horava-
Lifshitz gravity appears to be a good solution since it is power-counting renormalizable,
and ghosts ate absent since the action involves only second time derivatives. However,
the HL gravity, first, is very complicated, second, breaks the Lorentz symmetry strongly,
third, displays a problem of extra degrees of freedom whose solving, as we noted, requires
special efforts. At the same time, the concept of nonlocality developed originally within
phenomenological context in order to describe finite-size effects (see f.e. [106]), began
to attract the interest. Besides of this, the nonlocality enjoys also a stringy motivation
since the factors like e” emerge naturally within the string context [107]. The key idea of
nonlocal field theories looks like follows. Let us consider for example the free scalar field

whose Lagrangian is

L= 6f(@/N)s, (61)

where f(z) is a some non-polynomial function (with A is the characteristic nonlocality
scale) which we choose to satisfy the following requirements.

First, at small arguments this function behaves as f(z) = a+ z, in order to provide the
correct 0+ m? IR asymptotic behavior. Second, this function decays rapidly at |z| — oo
(in principle, we can consider only Euclidean space, so, z is essentially positive), so that
integrals like [5° f(2)2"dz are finite for any finite non-negative n, to guarantee finiteness

of the theory (in principle in some case this requirement is weakened, if the theory is

59



60 CHAPTER 6. NONLOCAL GRAVITY

required to be not finite but only renormalizable). Third, the f(z) is required to be so-
called entire function, i.e. it cannot be presented in the form of a product of primitive
multipliers like (z — a1)(z — a2) .. ., so, its propagator has no different poles (as we noted
in the Chapter 2, namely presence of such a set of poles implies in existence of ghost
modes). The simplest example of such a function is the exponential, f(z) = e *.
Another motivations for nonlocality are the loop quantum gravity dealing with finite-
size objects, and the noncommutativity, where the Moyal product is essentially nonlocal
by construction. At the same time, it is interesting to note that although the so-called
coherent states approach [108] has been motivated by quantum mechanics, by its essence
it represents itself as a natural manner to implement nonlocality, so that all propagators

ok with 0 is the noncommutativity parameter. Within the gravity

carry the factor e
context, use of the nonlocal methodology appears to be especially promising since it
is expected that the nonlocality, being implemented in a proper manner, can allow to
achieve renormalizability without paying the price of arising the ghosts. The first step in

this study has been done in a seminal paper [109].

6.2 Some results in non-gravitational nonlocal theo-
ries

Before embarking to studies of gravity, let us first discuss the most interesting results in
non-gravitational nonlocal theories, especially within the context of quantum corrections.

As we already noted, effectively the nonlocal methodology has been applied to pertur-
bative studies for the first time within the coherent states approach [108] which includes
Gaussian propagator guaranteeing convergence of quantum corrections. Further, various
other studies have been performed. An important role was played by the paper [110]
where the effective potential in a nonlocal theory has been calculated for the first time.

In this paper, the following theory has been introduced:
1
L= —§¢(exp(D/A2)D +m?)p — V(). (6.2)

Here, A is a characteristic nonlocality scale. For this theory, one can calculate the one-loop

effective potential given by the following integral:

1 [ d'k k2
n _ = E _YEy1.2 2 1"
v 5 / ) In (exp( A2)kE +m*+V ) : (6.3)

It is clear that at k* < A2, the theory is reduced to usual one. The exponential factors

guarantee finiteness. It is easy to see that there is no ghosts in the theory since there
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is no different denominators O + m? in the propagator of the theory. However, the
integral (6.3) can be calculated only approximately for various limits, and it is easy to
see that it diverges as A — oo (in [110], a some procedure to isolate this divergence
has been adopted). Further, this study has been generalized for the superfield theories
representing themselves as various nonlocal extensions of Wess-Zumino model and super-
QED, in [111]. Tt is clear that when, in these theories, one consider the limit of an
infinite nonlocality scale A — oo, the theory returns to the local limit and becomes to be
divergent, i.e. the nonlocality acts as a kind of the higher-derivative regularization, so, the
quantum contributions are singular in this limit growing as A? if the local counterpart of
the theory involves quadratic divergences, or as In A2, if it involves the logarithmic ones.
From a formal viewpoint, the existence of these singularity can be exemplified by the fact
that the typical integral in nonlocal (Euclidean) theory grows quadratically with A scale

since [ (gjr];4 k—lze_kz/ A% o A2, Effectively, the problem of the singularity of the result at

A — oo is nothing more that the the problem of large quantum corrections arising also
in higher-derivative and noncommutative field theories.

At the same time, the problems of unitarity and causality in nonlocal theories require
special attention since the nonlocality is commonly associated with an instant propagation
of a signal. These problems were discussed in details in various papers. So, it has been
claimed in [112] that the problems of unitarity and causality can be solved at least for
certain forms of nonlocal functions. Further this result was corroborated and discussed
in more details in [113]. However, the complete discussion of unitarity and causality in
nonlocal field theories is still to be done. Otherwise, the nonlocal theories must be treated
only as effective ones.

So, to go to studies of gravity, we can formulate some preliminary conclusions: (i)
there is a mechanism allowing to avoid UV divergences: (ii) this mechanism is Lorentz

covariant and ghost free: (iii) the unitarity and causality are still to be studied.

6.3 Classical solutions in nonlocal gravity models

So, let us introduce examples of nonlocal gravity models. The paradigmatic example has
been proposed in [114], where the Lagrangian £ = £/|g|F(R) was studied, with

R, e /M _1
F(R)=R - —(T

. (6.4)

Here the d’Alembertian O is covariant: O = ¢"'V,V,. This is nonlocal extension of

R2-gravity.
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First of all, it is easy to show that this theory is ghost-free. Indeed, we can expand
00 e .
F(R)=R+ Z_:OWRD R, (6.5)

1(=nn*
6 (n+1

can eliminate first ®, and then 1, through their equations of motion):

with ¢, = — . We can rewrite this Lagrangian with auxiliary ® and scalar ¢ (we

1 2
£=z/loll <I>R+wZM2n+2 " — (@ — 1) = =), (6.6)

Then we do conformal transformations ¢,,, — ®gmn, with ® ~ 1 + ¢, to absorb & in

curvature term. As a result, we arrive at the Lagrangian

1 3
£=z\lgl(R + Z S — $9+ 5009). (6.7)

with the equations of motion are

v =30¢; ¢=2 Z M2"+2 a"p. (6.8)
From here we have equation of motion for ¢:
Ontl e0/M?
(1-6 Z Cn o) = 1+ W]gb =0, (6.9)

The 1.h.s. is evidently entire, so we have no ghosts.

We conclude that the nonlocality in gravity sector can be transferred to matter sector!
This is valid for various models. In a certain sense, this fact is analogous to the observation
made in the section 2.3 where it was argued that the f(R) gravity, representing itself as
an example of higher-derivative theory, can be mapped to a some scalar-tensor gravity
with no higher derivatives in the gravity sector.

The Lagrangian (6.4) can be rewritten as [115]:

L= \f( R+ RF (O)R — A+ Ly). (6.10)

The function F'(O) is assumed to be analytic, as it is motivated by string theory, and,
moreover, in the analytic case the theory does not display problems in IR limit. The
Gaussian case, which is especially convenient from the viewpoint of the UV finiteness, is
the perfect example. The equations of motion, for M2 = G~!, take the form

M3 A

55+ 2AF(O)RIGY = T4 + A0f + AKY — S(KS + K))
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— %RF(D)R&‘ +2X\(¢"*V,V, — LO)F(O)R, (6.11)
0o n—1
Kz!j = gMP Z fn Z aleRaan_l_lR;
n=1 =0
0o n—1 e )
Ky = Y f,>_ 0RO"'R, F(O)=) f,0
n=1 =0 n=0

It is important to note that in two last lines O acts only to the adjacent R.
Now, the natural problem is finding some solutions of these equations. In [115], the

following ansatz has been proposed, with rq, 7, are some real numbers:
OR—7rR—ry=0 (6.12)
which implies (here fj is zeroth order in expansion of F'(O) in series)
FOR = F(rn)R+ 2(F(r) = f). (6.13)

This allows to reduce the order of equations to at maximum second. It is clear that
constant curvature makes the equation trivial, just this situation occurs for Godel-type
solutions.

One can found nontrivial cosmological solutions for this theory. In particular, bouncing

solutions, for r; > 0, are possible:

a(t) = ag cosh(\/gt). (6.14)

Let us give more details for cosmology. Indeed, if we substitute the FRW metric (1.6) to
(6.11), and suggest that, as usual in cosmology, p = po(%2)*, we have from (6.12), with

r1 # O:

ABBH .. o 9 9 . T9
Py +7HH +4H* —12H°H = —2rH* —r H — R (6.15)
whose solution is H = /% tanh(,/%t) which just implies hyperbolic dependence of a(t)

(6.14). Tt is well known that namely such a scenario (decreasing of scale changing then
to increasing) is called bouncing scenario. We also introduce hy = H/M?.

The density can be found as well: if we use G = Mp?, and redefine F(O) — F(O/M?),
with M is the characteristic nonlocality scale, we find
3(M3ry — 2\ fors)(ry — 120y M*)

12r — 4ry

Po = : (6.16)

Let us discuss possible implications of the equation (6.15). The cosmological constant
_7”2M123
4rq

turns out to be equal to A = , and there are three scenarios for evolution of the

Universe:
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1. A< 0,71 >0, 7y >0 — cyclic Universe (in particular one can have cyclic inflation).
2. A>0,7r <0, ry >0 — first contraction, then very rapid inflation (super-inflation)
a(t) o< exp(kt?).

3. A>0,7 >0, ry <0 — constant curvature R = 4-23

M_12;.7
So we find that accelerating solutions are possible within all these scenarios. Again,

i.e. de Sitter solution.

we note that in the constant scalar curvature case, we have drastic reducing of equations.

Moreover, it has been shown in [116] that for £ = \/EMF(D)\/M, with
F(O) being an arbitrary analytic function, there are hyper-exponentially accelerating
cosmological solutions a(t) oc e’

The next step in study of nonlocal theories consists in introducing non-analytic func-
tions of the d’Alembertian operator. The simplest case is F/(0) = . Actually it means
that we must consider terms like RO~!R. It is clear that the gravity extension with such a
term is non-renormalizable since the propagator behaves as only k%, so we gain nothing in
comparison with the usual Einstein-Hlbert gravity [117]. However, theories with negative
degrees of the d’Alembertian operator can display new tree-level effects, especially within
the cosmological context where an important class of nonlocal gravity models has been

introduced in [118]. The action of this class of theories is

S = /d4x\M(%(R+Rf(m—lR) —20) + L) (6.17)

We note that the presence of the factor O~! actually implies in “retarded” solutions
behaving similarly to the potential of a moving charge in electrodynamics. Further, this
action has been considered in [119], and below, we review the discussion given in that
paper.

It is convenient to rewrite the action (6.17) with use of two extra scalar fields £ and 7:

S— /d%m%[}za T F() — €)+ €0y — 2A] + L,,). (6.18)

Varying this action with respect to & and expressing = O7'R, we return to (6.17).
This corroborates the already mentioned idea that the modified gravity is in many cases
equivalent to a some scalar-tensor gravity.

Then, we vary (6.18) with respect to the metric and 7 respectively:

0¢ + fy(n)R = 0;
S0l RO+ £(1) =€) = 0u60% — 2A] = Ry (14 f(n) — €) +

b 50800+ 90,) — (gwD = T, 9)(() — &) = ~GTo (619)
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We consider the FRW cosmological metric (1.6) with &

= 0. As usual, the Hubble
parameter is H = 7. The evolution equation for matter is usual:

p=—3H(p+p).

(6.20)
For scale factor and scalars, we have
. d? d
2(1+ (1) = €) + il + (5 — HZ)(F0) =€) + Glp+p) =0
n+3Hn = —6(H + 2H?);
£+ 3HE = —6(H + 2H?) f,(n). (6.21)

We start with the de Sitter space corresponding to H = Hy = const, with the scalar
curvature is R = 12HZ.

The equation of state is p = wp, as usual, so, we have the
following solutions for the scalar n and the density:

—4Hy(t — to) = moe” "1,
p(t) = poeddtetot, (6.22)

Then we introduce the new variable ¥ = f(n) — &, and its equation of evolution is

U+ 5HoW +6H(1+ V) —2A 4+ G(w —1)p = 0. (6.23)

For n we have

02 fo + (7 + 3Hon — 12H2) f,, = ¥ + 3HoW. (6.24)

This equation is a necessary condition for existence of the de Sitter solution.
Let us consider the particular case 9 = 0 in (6.22). So, (6.24) reduces to
16 HZ [y — 24H2 f,, = U + 3HoW. (6.25)

So, knowing ¥, one can find f(n). It remains to solve (6.23). Some characteristic cases
are:

e pp=0: V¥ = 016_3H0t + 026_2H0t -1+ %2-7

o w=0: U =Ce3H! L Che2Hot _1 4 —322 — —&%06_31{0%.
0

o W — —1/32 \If == Cle_gHot -+ 026_2H0t 1 —+ H2 + 4Gp0 _2H0tt
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As for the function f(n), in all cases it will be proportional to ¢”?, with 3 > 0 (or,
at most, linear combination of such functions with various values of ). Effectively we
demonstrated arising of the exponential potential widely used in cosmology.

An important particular case is 7y = 0. It follows from (6.22) that we have for § # 4/3:

_ 3foB —Ho(t—t0)/p €0 —3Hq(t—to) .
S = T3poaf T3¢ o
4
n = —AH(t—t); w=gz-1 A= 3H; (1 + &);
6(8 —2)H{ fo
= M7 Iofo 6.26
£o 6G ) ( )

so we can have exotic matter for 0 < 5 < 2. And at § = 2 we have vacuum. If 5 = 4/3,
we have w = 0, and p < 0 (ghost-like dust).

However, we note that the nonlocal modifications of gravity are used mostly in cos-
mology. One of a few discussions of other metric within the nonlocal gravity has been
presented in [120] where not only cosmological but also (anti) de Sitter-like solutions
were discussed for theories involving, besides of.already mentioned term RF(O)R, also
the terms R, F}(O)R" and RWQBFQ(D)RW“B, with F, Fy, Fy are some functions of the
covariant d’Alembertian operator.

Let us say a few words about other non-analytic nonlocal extensions of gravity. In
[121], the additive term p?RO~2R was introduced and shown to be consistent with cosmo-
logical observations. However, this theory turns out to be problematic from the causality
viewpoint [122]. Also, in [123], the first-order correction in p? to the Schwarzschild solu-
tion in a theory with this term has been obtained explicitly.

To close the discussion, it is important to note that the nonlocal gravity can arise as an
effective theory as a result of integration over some matter fields. Namely in this manner,
the term RO™'R contributes to the trace anomaly, at least in two dimensions, in [16].
Therefore, the presence of nonlocal terms can be apparently treated as a consequence of

some hidden couplings with matter.

6.4 Conclusions

We discussed various nonlocal extensions of gravity. The key property of nonlocal theories
is the possibility to achieve UV finiteness for an appropriate choice for nonlocal form
factor(s). However, apparently explicit quantum calculations in nonlocal gravity models
would be extremely complicated from the technical viewpoint, therefore, up to now, all

studies of such theories are completely classical ones. Moreover, most papers on nonlocal
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gravity models are devoted to cosmological aspects of these theories, and the results
demonstrated along this chapter allow to conclude that nonlocal extensions of gravity can
be treated as acceptable solutions for the dark energy problem. At the same time, nonlocal
theories, including gravitational ones, display certain difficulties. The main problem is
that one of unitarity and causality which still requires special attention.

To conclude this chapter, let us emphasize the main directions for studies of nonlocal
gravity models. First, clearly, it will be very important to check consistency of different
known GR solutions, especially, various black holes (including f.e. non-singular and ro-
tating ones). Second, various nonlocal form factors, not only Gaussian ones, are to be
introduced, and their impact must be tested within the gravity context. Third, study
of quantum effects in nonlocal gravity models is of special importance since namely at
the perturbative level the main advantages of these theories such as the expected UV
finiteness are crucial. It is natural to hope that these studies will be performed in next

years.
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Chapter 7
Summary

We discussed various modifications of gravity introduced within the framework of the
metric formalism. As we noted, in principle there are two fundamental problems to
be solved by gravity: first, explanation of cosmic acceleration, second, development of a
theory consistent from the quantum viewpoint. Within the models we presented, different
attempts to solve these problems are taken. It turns out to be that the problem of
cosmic acceleration is solved by many extensions of gravity, and actually the main issue
in this context consists in finding the theory fitting better the observational results (for
discussion of cosmological constraining of gravitational models, see f.e. [124] and many
other papers). At the same time, the problem of formulating perturbatively consistent
gravity theory appears to be much more complicated. While the simplest way to construct
the renormalizable gravity model is based on introducing higher-derivative terms, this
manner suffers from a problem of arising ghost states. To solve the problem of ghosts,
one can follow two ways: either break Lorentz symmetry in a strong way introducing
the HL gravity (effectively it means that we have a higher-derivative regularization in a
spatial sector only) paying a price of arising a very complicated theory, and moreover,
treating the Lorentz symmetry as an essentially low-energy phenomenon, or introduce
nonlocality which allows to achieve renormalizability or even to rule out divergences, but,

in this case, solving the problems of unitarity and causality would require special efforts.

One more way to solve the problem of renormalizability of the gravity is based on its
supersymmetric extension. As it is well known, supersymmetric extension of any field
theory improves essentially its ultraviolet behavior since so-called ”miraculous cancel-
lations” of UV divergences occur [125]. It is well known that the mechanism of these
cancellation is very simple — since fermionic contributions carry an extra minus sign,
under an appropriate relations between coupling constants occurring due to the super-

symmetry, some of fermionic divergent contributions cancel bosonic divergent contribu-

69



70 CHAPTER 7. SUMMARY

tions (for example, while the ¢! theory and Yukawa model display quadratic divergences,
the Wess-Zumino model involving these theories as ingredients displays only logarithmic
divergences). Moreover, there are known examples of completely finite supersymmetric
theories, the paradigmatic example is the N' = 4 super-Yang-Mills theory, where N is a
number of supersymmetries (number of sets of generators of supersymmetry). Clearly,
this called interest to a possible supersymmetric extension of gravity, so, the supergravity
(SUGRA) was introduced (see [126] for a review). However, the N' = 1 SUGRA is still
non-renormalizable, therefore, the extensions of SUGRA with larger values of N' began
to be introduced. The maximal N allowing for a consistent theory is 8, for SUGRA
(for larger values of NV, higher spin fields arise, and they cannot be consistently coupled
to gravity. It should be noted also that the interest to SUGRA models with high A is
motivated also by possible applications of these theories to superstrings.

So, let us briefly review the most important results found within N' = 8 SUGRA
obtained in series of papers by Bern, Dixon, Kosower and collaborators. In [127] it was

proved that the degree of divergence, at N'= 8, in D dimensions and L loops, is
w=(D—-2)L - 10. (7.1)

So we see that divergences in four dimensions begin only from five-loop order! It is
interesting to note that the approach from the same paper allows to show that the N = 4
super-Yang-Mills theory is all-loop finite.

Further, on the base of the unitarity cuts approach, in [128], it has been proved that
the four-point functions in N/ = 8 SUGRA satisfies the same finiteness condition in the

D-dimensional space-time
D < 0 +4 (7.2)
L ’ '

which for D = 4 implies all-loop finiteness of these functions. Then, in [129], with use
of some identities applied for sets of more than 30 supergraphs, it was proved that some
extra cancellations occur, so, the finiteness of N' = 8 SUGRA is achieved up to four
loops at D < 5. Afterwards, in [130] it was proved that the five-loop correction in this
theory begins to diverge at D > 24/5, so, in the four-dimensional space-time, the theory
is five-loop finite. Taking all together, we conclude that there is a natural hope that
N = 8 SUGRA is all-loop finite in D = 4. The next problem consists in extracting some
observable results for SUGRA (scattering amplitudes, corrections to GR etc.) while, up
to now, there are only some isolated conclusions.

We conclude out course with the ideas that, first, in study of gravity one still has
more questions that answers, second, apparently the most promising extensions of grav-

ity are the SUGRA, the nonlocal gravity and the HL gravity. However, each of these
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modifications still has its difficulties which need to be solved. In principle, there are
some other approaches to gravity, for example, treating the gravity as an emergent phe-
nomenon caused by essentially quantum effects [131], asymptotic safety also known as
non-perturbative renormalizability, which allows to treat many divergences as nonphys-
ical ones [132], bimetric gravity based on use of the additional second-rank symmetric
tensor, and, clearly, modifications of gravity based on use of non-Riemannian geometry,
especially, torsion and nonmetricity. To finish, in gravity there is still much more questions

than answers.
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