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We present the proof of renormalization of the Hofava theory in the nonprojectable version. We obtain a
form of the quantum action that exhibits a manifest Becchi-Rouet-Stora-Tyutin—symmetry structure.
Previous analysis has shown that the divergences produced by irregular loops cancel completely between
them. The remaining divergences are local. The renormalization is achieved by using the approach
developed by Barvinsky et al. with the background-field formalism.
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I. INTRODUCTION

In this paper we present the proof of renormalization of
the Horava theory, considering its nonprojectable version
[1,2]. This theory, whose gauge group is given by the
foliation-preserving diffeomorphisms (FDiff), is a proposal
for a quantum theory of gravitation. The theory is
unitary [3], we are presenting here its renormalization,
and it might yield the classical dynamics of general
relativity at the large-distance limit.

We base the proof on three main aspects. First, the theory
is quantized under the Batalin-Fradkin-Vilkovisky (BFV)
formalism, incorporating the second-class constraints
[4-6]. This formalism allows us to introduce a local
gauge-fixing condition that leads to regular propagators
for most of the fields [7,8], together with the measure of the
second-class constraints [9,10]. After the integration on
some ghost fields and the redefinition of the Becchi-Rouet-
Stora-Tyutin (BRST) symmetry transformations, we get a
form of the quantum action with manifest BRST-symmetry
structure. Second, it is known from previous studies [11,12]
that the only divergences produced by the integration along
the frequency (called irregular loops) cancel exactly
between them. In the integration on the spatial momentum,
the behavior of the irregular propagators is equivalent to the
regular ones. Hence, all divergences are local [13,14]. The
highest superficial degree of divergence is equal to the
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order of the bare Lagrangian. Third, we use the approach
developed by Barvinsky er al. [15] to undertake the
renormalization of gauge theories, which is based on the
background-field formalism [16,17].

The proof of renormalization of the projectable case,
which is a version of the Horava theory defined by the
restriction that the lapse function depends exclusively on
time, is known [7,15]. The need for an anisotropic gauge-
fixing condition that leads to regular propagators was
identified in this case. The resulting Lagrangian is local
when it is expressed in terms of canonical variables.
However, a fundamental difference in the quantization of
the projectable and nonprojectable cases is the absence of
second-class constraints in the former. In the nonproject-
able case, a similar quantization can be carried on, with the
analogous gauge-fixing condition. The second-class con-
straints lead to a modification of the measure of the path
integral. The measure has the effect of yielding irregular
propagators on some auxiliary fields, despite the fact that
the rest of the quantum fields acquire regular propagators.
Since the regular structure is important for the control of
divergences [14], a careful study of the consequences of the
irregular propagators is required. For this reason it becomes
essential for the previously mentioned analysis to show not
only that the divergences produced by the irregular loops
are canceled but also the fact that these are the only
divergences in the direction of the frequency.

As most of the modern approaches of renormalization of
gauge theories, the proof relies on the BRST symmetry and
the background-field formalism. The Slavnov-Taylor and
Ward identities are useful to determine the divergences of
the effective action. On the other hand, the BFV quantiza-
tion is based on the Hamiltonian formalism. Therefore, it is
important to arrive at a form of the quantum action being
separated in the usual way: a sector invariant under the
FDiff gauge symmetry, and another sector fixing the gauge
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symmetry by means of the BRST operator. We find such a
BRST-symmetry structure. This allows us to apply the
background-field formalism of Ref. [15].

The analysis of renormalization requires one to know the
propagators. With the vertices, the feature that we require is
the highest order in spatial derivatives, independent of their
explicit form. For this reason, in this study we need only to
write explicitly the higher-order terms in the Lagrangian
that contribute to the propagators.

II. BFV QUANTIZATION OF THE HORAVA
THEORY

A. The classical theory

The initial assumption in the definition of The Horava
theory is the existence of a foliation of spatial slices along a
given direction of time with absolute meaning. In the
classical theory, the fields representing the gravitational
interaction are the Arnowitt-Deser-Misner (ADM) field
variables N(t, X), N'(t,X), and gi;(t.X). We deal only with
the nonprojectable version, on which the lapse function N
can depend on time and space. The corresponding gauge
symmetry is given by the FDiff. In terms of a given
coordinate system (7,X), the FDiff acts infinitesimally as
5t = f(1) and 6x' = —{¥(¢,X)." The FDiff transformations
on the ADM variables has the following form:

8N = {*oN + fN + [N, (2.1)
ON' =N = N*O L'+ 0+ fNT+ fN', - (22)
89;j = C*0kgij + 299 C* + fij- (2.3)

These general FDiff transformations are a feature of the
Horava theory at the classical level. In the quantization of
the theory we impose asymptotically flat boundary con-
ditions by fixing specific values of the fields at spatial
infinity. The fixed values are equivalent to have set a
Cartesian system at spatial infinity (see Ref. [18] for a
discussion on asymptotically flat conditions in the context
of Horava theory, where a definition of the spacetime
metric does not exist). These conditions on the spatial
metric and the lapse function are

gi;j=6;+00™"), N=14+0(0"), r=vxx. (24)
(The field N’ remains as a Lagrange multiplier.) Since
N|,_., = 1 and f(t) is independent of the spatial point, the
boundary condition requires the restriction f(r) = 0. For
example, the terms f(f)N + f(f)N in (2.1) break this
condition on N if f is left active. Notice that the way to
impose the restriction f =0 is equivalent to a partial

"The signs of the FDiff transformations are the opposite of the
standard diffeomorphisms.

gauge-fixing condition since we are recurring to specific
values of the fields associated with a coordinate system, at
least at infinity. Therefore, the FDiff gauge symmetry of the
quantum theory is characterized by the time-dependent
spatial vector ¢(t,X). We denote these transformations by
O¢; they are given by

8:N' = (ko N' — N*ko, (' + ¢, (2.6)
0cgij = é'kakgij + 29k(iaj)§k- (2.7)

It is important to compare with the spatial diffeomor-
phisms, since many variables behave as spatial tensors that
evolve in time, as the case of N, ij> and the arbitrary
parameter ¢’ itself. For the case of a time-dependent spatial
tensor 79 and a tensor density /", their FDiff trans-
formations are functionally identical to spatial diffeomor-
phism:

5{Tij"' — CkakTif"' _ Tkj“akgi _ Tik"'aké’/ —,
(2.8)

Throughout this study, the term FDiff gauge symmetry of
the Horava theory refers to the transformations (2.5)—(2.8)
for the case of time-dependent spatial tensors/densities.
Among the ADM variables, only the shift vector N’ has a
FDiff transformation that is functionally different from a
spatial diffeomorphism.

The classical action of the nonprojectable theory is [1,2]

S = / did®x\/gN(K; ;K7 —2K* =V),  (2.9)

where the kinetic terms are defined in terms of the extrinsic
curvature tensor,

V = Vlg;j. a;] is called the potential, where
o;N
;= — 2.11
0= 1)

V contains all the terms with spatial derivatives that are
compatible with the FDiff gauge symmetry, including the
higher-order ones characteristic of the Horava theory. The
order of each term is labeled by the parameter z, such that a
given term is of 2z order in spatial derivatives. The power-
counting criterion for renormalizability requires terms of
order z =3 for the theory in three spatial dimensions.
Although the complete potential is huge, for the study of
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renormalization we may concentrate on a certain class of
terms explicitly. The reason is that the only ingredients we
require to know explicitly are the propagators. Regarding
the vertices, we are only required to know the possible
orders that they contribute in spatial derivatives, which has
been fixed at the beginning (besides some restrictions on
the couplings of certain fields, which we have studied
previously [11,12]). Moreover, in the propagators we are
interested in only the dominant contributions at the ultra-
violet; that is, the z = 3 terms. Therefore, in this study we
consider explicitly only the z = 3 terms of the potential that
contribute to the propagators [19]. In this way, the terms of
the potential that we handle explicitly are’

V<Z:3 propag) — —a3V2Rviai - 0{4V2aivzai

- /33V,-RjkViR/k - B V,RV'R.  (2.12)
V; and R;; are the covariant derivative and the Ricci tensor
of the spatial metric g;;.

The primary classical Hamiltonian of the nonprojectable
Hortava theory is given by [20-22]
'

9

. 2
”+5”—+V>.
g

(2.13)

Hoz/d3XHQ, HOE\/§N<

The classical canonical conjugate pairs are (g;;, 7) and N
with its conjugate momentum. We denote the trace 7 = ¢ r;;.
The canonical momentum of N is zero due to the constraints
of the theory; we discard it from the phase space.

The BFV quantization requires one to identify the con-
straints that are involutive under Dirac brackets [4—6]. In the
case of the Horava theory this is the momentum constraint

H; = —2g;;Vynt =0, (2.14)
which is the generator of the spatial diffeomorphisms on the
canonical pair (g;;, 7'/). The Dirac bracket between two H;
coincides with the Poisson bracket, yielding the algebra of
spatial diffeomorphisms. By denoting two spatial points
by x' and y’ and leaving the time dependence implicit, this
algebra is

95(x—y)
ox!

B 86(xfy)

oyl Hi()’)’

{H:i(x), H;()}p= H;(x)

(2.15)
where {, }p, indicates Dirac brackets. The coefficients of this

algebra are used in the definition of the BRST charge and the
gauge-fixed Hamiltonian.

The coupling constants of the theory are 1, a3, a4, B3, 4. We
use the shorthand 6 = A/(1 — 34).

The second-class constraints are given by the vanishing
of the momentum conjugate to N, which we have already
considered as solved, and the constraint

SHy N
0, =NT0="_

SN \/g(ﬂijﬂij+5ﬂ2)+\/§NV+B:0,

(2.16)

where B stands for total derivatives.” In the quantum theory,
the terms in B that contribute to the propagators come from
the terms (2.12), such that

BE=3prorae) — —qy, /GV2(NVZR) + 2a,,/gV'V?(NV?a;).

(2.17)
Notice that the difference between 6, and the primary
Hamiltonian density H,, (2.13) is the set of total derivatives

B. Therefore, the primary Hamiltonian (2.13) is equivalent
to the integral of this second-class constraint,

HO = /d3x91.

B. BFV quantization with second-class constraints and
a gauge-fixing condition

(2.18)

The BFV quantization adds the canonical pair (N', r;)
and the BFV ghost pairs (C', P;), (C;, P'). The definition
of the BFV path integral, under a given gauge-fixing
condition, iS

z= / DVe's, (2.19)
DV = Dgl/Dﬂ'UDNDNkDﬂkDClD,]_)lDCIDP’
50,
0(0,) det—, 2.20
< 6(0,) det (2.20

S:/dtd3X(ﬂ'ijg.[j+ﬂiNi+7_DiCi+Piéi—H\y)- (221)

The factor §(6,)dets6,/6N in (2.20) is the measure
associated with the second-class constraints (see
Ref. [3]). It can be incorporated in the quantum action
with the help of new auxiliary variables,

50,
5(0,)det—= | DADHFD
(61)det— / ADi Dy
50
i [ did®x( A9, —-i—1n )|, (222
XeXp[l/ x<A1 ”5N’7>} (2.22)

*Variations of a; with respect to N produce a total derivative:
6(1[' = (3,(5N/N)
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where A is a bosonic scalar field and #, 77 is a pair of scalar
ghosts. The gauge-fixed Hamiltonian density is defined by

H\y = Ho -+ {lP, Q}D’ (223)

where Q is the generator of the BRST symmetry, given by
Q= / &x(H C* + m, P* — C*o, C'P)), (2.24)

and ¥ is a gauge fermion.

For the gauge fixing we may use the original BFV
structure of the gauge fermion [8,23]. The gauge-fixing
condition and its associated gauge fermion are, respec-
tively, of the form

N —yi =0, (2.25)

¥ = Ipl‘Ni + Cl')(i, (226)

where y' is a part that must be chosen. With these settings,
the BFV path integral of the Horava theory takes the form

X exp {i/dtd%(ﬂ’jg}j + Nt + P.CT + PIC; — Hy — H,N' — PP

_ . . L _ . 60
+P,(C]ale —NfajCl) - ﬂk)(k - Ci{)(l,Hj}C] + A91 - 77]—17]>:| .

To arrive at this form of the quantum action, we have used
the fact that the factor y’ we choose does not depend on N’
nor any of the ghost fields.

To write ' explicitly, we introduce perturbative variables
around a flat background: g;; = 6;;, N = 1, and the rest of
variables take zero value. The perturbations are denoted by
gij:6ij+hij7 ﬂij:pij, N:1+7’l, Ni:l’li, (228)
and for the rest of the perturbative field variables we keep the
original notation. We choose ¥’ to be the local expression4

}(i = p@’/ﬂj - 210A26jhlj + 2ID/II?A20J’Z - 2KpA0,6jakhjk,
(2.29)

where

gij = 5ijA2 —|— KAaiaj,

(2.30)

A = 0,0, p, k are independent constants, and k¥ = k + 1.
The explicit form of ' completes the procedure of the gauge
fixing.

III. THE BRST-SYMMETRY STRUCTURE

In the BFV formalism, the BRST symmetry transforma-
tions on the canonical fields are generated by €, according
to the rule

5@ = {D,Q}pe, (3.1)
where € is the fermionic parameter of the transformation.
The BRST transformations of the quantum canonical fields,

“The coefficients in (2.29) are chosen to simplify the resulting
propagators (see Refs. [7,8]).

= (2.27)

when the theory is restricted to the constrained phase space
(the constrained surface), result in

009ij = OceYijs Som = S m',

5N = 8N,

SoN' = Ple, Sor; =0,

8oC' = 6jC"C/€, 8qP; =8¢ Py

qP' =0, 5aCi = me, (3.2)

where O, is the FDiff with the time-dependent vector
parameter C'e. 7'/ and P; are time-dependent spatial tensor
densities.

The auxiliary fields A, 7,  are not canonical. We define
their BRST transformation in such a way that the measure
is left invariant. The transformations are FDiff along C'e:

5QA - 5C€A’
ql = cell,
55277] = 5Ce'_]v (33)

where the three fields .A, 7, 77 transform as time-dependent
spatial scalar fields. We remark that A multiplies the
constraint @y, which is invariant under the BRST trans-
formation (3.1) since it is a second-class constraint. As a
consequence the combination .46, is invariant over the
constrained surface.” The factor 660, /6N multiplying n, 77 is
a time-dependent scalar density.

> Alternatively, one may declare A to be BRST invariant. In this
case the combination .46, is left invariant in the whole phase
space, not only on the constrained surface.
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On the path integral (2.27), we perform the integration

on the ghost fields P’, P;. The resulting action can be
grouped into two sectors,
S = Sole?] + Sq. (3.4)

where

] j 00
Sole] =/dtd3x<7r”g}j_Ho—N’Hi—&-AQl— ! )’

’7%’1
(3.5)
So :/dtd3x[7r,-(Ni -7
~Ci(CH+CIo;N' =NI9;C') = C;{y / H;}CT). (3.6)

Solp?] depends exclusively on the set of fields ¢, where

@* ={gij, 7", N.N', A,n.7t}. (3.7)
At this point it is useful to clarify that all the fields of the
quantum theory transform as time-dependent spatial ten-
sors/densities under FDiff transformations, except for N’
Moreover, S, is invariant under arbitrary FDiff gauge
transformations. We remark that, for a FDiff transformation

|

8agij = 6cegij.  dan’ = dcen’,
69-’4 = 5C€Av 59’1 = 5Ce’79
6QCi = ajC’C/e', 5961» = m€,

After the (re)definitions we have done, it turns out that the
BRST transformation of all the ¢ fields corresponds to a
FDiff along C'e. Therefore, the BRST invariance of Sy[¢“]
is automatic.

The quantum action (3.4) can be written in the standard
notation of the BRST symmetry. We denote by s the BRST
operator. The action of § on the ¢¢ fields is a FDiff
transformation with a vector parameter equal to C'. C; and
z; are the usual auxiliary fields of the BRST symmetry. The
action of the BRST operator is

S = bco”,

sC' = —Cio;C,

sC; = 7,

sm; = 0. (3.11)

The sector Sq (3.6) is equal to the action of the BRST
operator on a gauge fermion, Sq = f sW¥, where

with a time-dependent vector parameter ', the first and
third terms of (3.5) combine themselves to cancel time
derivatives of ¢/,

q/&ﬁmw%-ng:a (3.8)

as it is well known from the ADM formulation of general
relativity. The rest of the terms in (3.5) contain no time
derivatives and are independent of N’. Their invariance
under FDiff is automatic since they are written totally in
terms of spatial tensors/densities. In contrast, Sqg is the
gauge-fixing sector of this symmetry.

As a consequence of the previous integration, the BRST
symmetry (3.2) must be revised. Specifically, the trans-
formation of N is affected. The second term in (3.6) is key
to unfold the new transformation, since it has the form of a
FDiff (2.6) along C'. Therefore, we define the new BRST
transformation of N’ to be the FDiff

SoN' = (C/o;N' = N79;C" + C')e. (3.9)
This transformation is nilpotent. The new BRST symmetry
transformations are

5QN - 6C€N, 5QNi - 5C€Ni,

Oqll = 6Ce7_7’
597[1' =0.

(3.10)

Y= C;(N' =4, (3.12)

and y' is given in (2.29). Therefore, the quantum action
(3.4) has the BRST-invariant form

S = Syl + / did®xs'W. (3.13)

We highlight that the whole Lagrangian is completely local.

IV. PROPAGATORS AND LOCALITY OF
DIVERGENCES

The propagators can be calculated from the action (3.4),
expanded at second order in perturbations. In Fourier space

(w, k), after a Wick rotation, the nonzero propagators are
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<CICJ> - _2PUT3 2k k 74,

(pUp) = =BsMijuk°T | = 20P ;P k°T ,,
+ 2pk6)Q,Jle% + 8(6Piijl + 5Pij]%k]%l + 5'k k Pkl)T

(hijhy) = 4M ;T | + 8(w?

LR AT,

— A)kikp)kik T 4,

4 L. aa
(hijp") = 2w[M ijle] +2QiuT 3 + 2P Py T, + 26kik;Py(T, — T,)
(n*hyj) = —16ipok*(Pyk) T3 + kkykik; T3 )
<n’ k1> = —4l/)k P kkl T3 + 4lpK'(2/1Pkl
(n'nf) = 4p(w* + 2pk®)k*P; /T3 + 4pik(w® + 4pi(1 —/I)k6)k4lA<,-lA<jTi,
4
(nh;;) = ;3 (0P;; + kik;) T,
200

3
<”Pij> = ——COPisz,
Ay

<ﬂk7’lj> = ZW(T3PkJ + ],%kl%j74>7

(mihi;) = —4i(PiikiyT 5 + kikik;T 4).
2
(nn) = 1672,
%
and
- 1
(AA) = (An) = (m) = ——=. (4.2)
a4k
where the projectors are defined by
Pij = E(‘Sij - kikj)’
Mij = PyPj + PyPy — PPy,
OQijn = ]ACi]ACkle + ]A(j]%kpil + ]%ii%lpjk + I}j]%lpikv (4.3)
and
1 1
T T T T
P @2 4 Bk® > 0% + ouk®
1 1
T3=——F%. = . 4.4
T WP = 2pk8 @? — 4pi(1 — A)kS (44)
a3 1-4
=3p;+ 8B, -2, =——. (45
v=73p;+8p, @ °=1_3; (4.5)

The condition of regularity on propagators is appropriate
for the study of ultraviolet divergences in Lorentz-violating
theories [14].° Indeed, the gauge condition (2.29) is
intended to get regular propagators for the quantum

(’Throughout this study we assume that infrared divergences
have been regularized.

(4.1)

[

fields [7,8]. Consider a propagator between two fields that
have scaling dimensions r; and r,. It is regular if it is given
by the sum of terms of the form

(4.6)

where D is the product
M
=[[Ane?+ B,k +--).  A,.B,>0 (47)
m=1

and P(w, k') is a polynomial of maximal scaling degree less
than or equal to r; + ry +2(M — 1)d, with d =3 in our
case. The ellipsis stands for terms with lower scaling. All
the propagators in the list (4.1) are given in terms of sums of
products of the four factors 7|, 7,, 73, 74, and these
propagators satisfy the condition of regularity, whenever
the constants satisfy the following bounds:

B3>0, ov>0, p<0, (1-2A)k>0. (4.8)
On the contrary, the three propagators (AA), (An), and
(7m) in (4.2), which are the only ones involving the fields
A, n, 7, are independent of w; hence, these propagators are
irregular. The persistence of irregular propagators in the
nonprojectable theory demands a careful study of the
divergences. We remark that this effect is a consequence

of the measure of the second-class constraints.

084020-6



RENORMALIZATION OF THE NONPROJECTABLE HORAVA ...

PHYS. REV. D 110, 084020 (2024)

In the action (3.4), time derivatives arise uniquely in
terms that are of second order in perturbations. As a
consequence, vertices do not depend on the frequency w.
Hence, for the integration on @ we only need to consider
propagators. We call an irregular loop to a loop formed
completely with the irregular propagators (4.2). Since these
propagators do not depend on @, an irregular loop produces
a divergence of the kind ~ [dw. Such a divergence
multiplies any diagram containing (at least) one irregular
loop. In previous analysis [11,12], we have shown that all
the diagrams with irregular loops cancel completely
between them. We may give a clue on how this happens
in the effective action. The integrated form of the one-loop
quantum corrections to the effective action has the form of a
Berezinian,

—-1rT
ro - n(fASE)

detD

where A, B, D are matrices of derivatives of the action. We
remark that all the irregular propagators in (4.2) are exactly
equal among them. Some restrictions on the possible
couplings of the A, 7, 7 fields are required in this analysis;
they are summarized in Ref. [12]. For example, an
important fact is that there is no way to form an irregular
loop mixing propagators of .4 with the propagator of 7, 7.
Irregular loops containing the A field are produced exclu-
sively by the numerator of (4.9), whereas irregular loops
containing the 7,7 ghosts are produced exclusively by the
factor detD in the denominator. They cancel themselves
exactly, and there are no more irregular loops in the
effective action (4.9).

Moreover, only the irregular loops produce divergences
on the integration on w, due to the fact that the regular
propagators automatically render the integration on
finite. Let us suppose first a loop composed completely
of regular propagators. The regular propagators with the
lowest scaling in w™! are of order ~w~'. These are the
propagators (h;;p*'), (np;;), and (myn/). If the loop
consists only of one propagator of this kind, then the
integral is zero since these propagators are odd in w. The
next order is a product of two propagators of this kind, or a
single propagator with scaling ~w™2. In both cases the
integral in  is finite.’ By increasing the number of regular
propagators, the convergence in the integration on
becomes faster. Now consider the presence of one or more
irregular propagators (4.2) in the loop, but not all since we
know that irregular loops cancel completely. Since the
irregular propagators are independent of @, the analysis of
the integration on w is identical to the previous case of a
loop made exclusively of regular propagators.

"This reasoning is not altered by considering external fre-
quency circulating in some step of the loop.

In the integration on the spatial momentum k', all the
propagators have a regular structure on this variable,
including the ones of the fields A, #,7. According to the
analysis of Lorentz-violating theories [13,14], the locality
of divergences produced by the integration on k' is ensured.

On the basis of the scaling of propagators and the
maximal number of spatial derivatives in the vertices, we
may compute the superficial degree of divergence Dy;,.
For an arbitrary diagram (that may be a subdiagram), the
result is

Dy, =6—-3E,-2Ey—E, - X, (4.10)
where E, is the number of external p/-legs, Ey the number
of external n'-legs, E, the number of external r;-legs, and X
the total number of spatial derivatives on external legs. The
diagrams with the highest divergence have Dg;, = 6. This
order is equal to the order of the bare Lagrangian, in
agreement with the power-counting criterion used in the
formulation of the classical theory.

V. THE BACKGROUND-FIELD APPROACH

The aim of introducing background fields is to get a
background-gauge symmetry in the gauge-fixed quantum
action. This symmetry transforms simultaneously the
quantum fields ¢ and the background fields ¢“ in the
form of the original FDiff gauge transformations (2.5)—
(2.8), with the same parameter for both classes of fields.
Specifically, one is required to handle the subset of
fields ¢“ involved in the gauge-fixing condition, in terms
of the linear combination ¢* — ¢“. In our case, we require
the introduction of background fields only for g;; and N i
which we denote by g; and N’, respectively (hence,
¢* ={;;, N'}). We use a notation for the difference of
fields®:

hij = gij — Gij» n'=N'—N'". (5.1)
Because of the linearity of the gauge transformations on the
parameter and the fields, h,-]- and n' transform exactly as
time-dependent spatial tensors under background-gauge
transformations,

Schij = CFOchij + 2hyi0; ", (5.2)

6¢ni = dekni - nkakCi. (53)

The sector Sy[¢“] is unaltered in this procedure; hence, it
is automatically invariant under background-gauge trans-
formations. The gauge fermion (3.12) is replaced by a
background-dependent one,

8Not to confuse hij, n' with the variables of Sec. II.
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Wy, = C,(Dn' - p@ijkhjk —PDU(ﬂj/\/;))
— —l]—ljhlj - Kuﬂ'l/ - —l]—[ni

—TN -SA-Ny—iN+J,C, (5.4)

where’
D = il — N*V,n' + nkV,N', (5.5)
Ok = 2gV*V* + 2k VIV — VPV VIVE,  (5.6)
Dii = GIV* + VPV, (5.7)

All indices are raised and lowered with the background
metric g;;, and V is its covariant derivative. In Eq. (5.4) we
have inserted external sources for the BRST transforma-
tions of the (p*— ¢*) fields. We denote these sources
collectively by

Ya = {—l]—ij’ IKi

T, T,S,N,N}, (5.8)

j
|

20 = SO + /dl‘d3x {n’,-(D,n" —p®ukh}k -

- _ 6 , . .
~ 789" +JisC' + Q'Ci— (Dyn' = p@*hyy — pDY(n;/\/G)) + Q‘%} :

5¢°

VI. RENORMALIZATION

We collect the several results we have found here and in
previous analysis: the BRST-invariant form (3.13) of the
quantum action, together with its background-field exten-
sion (5.10); the completely local form of the gauge-fixed
Lagrangian; the regularity of all the propagators that do not
involve the fields A, #,7; the cancellation of the irregular
loops formed by the propagators of these fields; the absence
of divergences along the @ direction, regardless of the
presence of irregular propagators in diagrams; the regular
structure of all the propagators with respect to the depend-
ence on k', leading to the locality of the divergences; and the
superficial degree of divergence of all diagrams that is not
greater than the order of the bare Lagrangian. On the basis of
these results, the renormalization of the theory is achieved by
following the procedure developed in Ref. [15].

We present a summary of the renormalization. Under an
inductive approach in the order in loops, it is assumed that
at order (L — 1) the divergences have been subtracted, such
that the action at the Lth order in loops is given by

’In the definition of the operator ®% we have chosen the
simplest combination of fifth-order covariant derivatives that
reproduces the flat case (2.29). Unitarity requires the operator D/
to be invertible.

whereas J; is the source for sC'. Sources for the auxiliary
fields C; and z; are not included in Wy, All these sources
transform as time-dependent spatial tensors/densities under
FDiff. D,n’ transforms as a spatial vector under back-
ground-gauge transformations. The operators ©/% and D"/
are made completely of spatial covariant derivatives; hence,
Wy, is invariant under background-gauge transformations.

To write the action in the background-field approach, one
introduces the operator

0
S’

where Q¢ = {Q;;, Q'} are external Grassmann fields. Q is a
nilpotent operator. The quantum gauge-fixed action in the
presence of background fields takes the form

Q=s+Q° (5.9)

o = Solo] + / didxQW,,. (5.10)
More explicitly
pDY(x;/\/G)) + Cis(Dyn' = p©*hyy)
(5.11)
¥, =2 — Wl + O(Rt), (6.1)

where I is the effective action and oo stands for its divergent
part. In (6.1) and the subsequent analysis, the effective action
I" is used as a functional of the quantum fields.

By following standard procedures, identities on the
effective action can be established for this theory. These
are the Slavnov-Taylor identity, the Ward identity, and the
field equation of the auxiliary field z;. In Ref. [15] the
general form of these identities, under the background-field
approach, can be found. The identities on the effective
action imply the following condition of annihilation:

Q.1 =0, (6.2)

where

~ _ 0 . .. ..
P=r- <n,- +91C, ) (Dni —p®F*hy —pD'i 1,/ /7).

5
(6.3)
580 6X 536X 6%y 6X 8%, 6X 5X
0.X = Ao 0 ‘ 0 04 09% | qa ’
87, 69 ' S¢Sy,  8J;8CT " 5C1 5, 5
(6.4)
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7;=T,—C;D,, 77=TI+4pCO®" 7y, ,=y, otherwise,
(6.5)

and %, is the tree-level reduced action
20 = Sole?] + / dtd*xQ¥,, (6.6)
Y, =W —j,0°+J.C. (6.7)

Operator @ is nilpotent. The divergence on the effective
action I'y, is equal to the divergence in I'y,. £, has no
explicit dependence on the background fields.

By using a procedure of expanding I'; , on the ghost
fields C' and Q¢, the cohomology of Q. and other
operators involved in the process guarantee the existence
of the functions S; [¢“] and Y, such that the solution of
Eq. (6.2) at order L in loops is given by

I =SLlp] +0. Y. (6.8)
When this solution is substituted in Eq. (6.1), the form of
the Lth order gauge fermion is identified,

lPL — LPL—] - hLYL, (69)
as well as the form for the Lth order counterterm,
Zf ==S.[p] - 0Y,. (6.10)

The quantum action gets the form

1 . _ .
W, = —hlog/DVexp [—% (ZL + / dtdt’x(J (@5 — ¢) + EC, + EC; + y%,-))],

are given by the gauge fermion in the form

“ o,
L -

o7,

o,

=¢ LT 5T

(6.16)

The functional relationship (6.16) is preserved by the field
redefinition (6.12) at the Lth order in loops.

VII. THE (2 +1)-DIMENSIONAL THEORY

In the (2 + 1)-dimensional Horava theory, the classical
action maintains the form (2.9), adapted to the two spatial
dimensions. The (2 + 1)-dimensional case requires a
potential of z =2 order for power-counting renormaliz-
ability. The complete potential with all the inequivalent
z =1, 2 terms compatible with the FDiff symmetry is [24]

L
5Y, 5%,
¥ =S —§ h's P, —pl—L7=0
L 9] 2 o] + 0%, 57, 50°
5Y, 6,
+hL5—jf5—C(j+O(hl+‘). (6.11)

The first three terms have the desired manifest BRST
structure. In Ref. [15] a field redefinition ¢“, Ci > @, C i
is found that eliminates the rest of the terms. It is given by

oY
(Pa:(p/a‘i‘hLVL((ﬂ,,Cl,...)+O<hL+l),

S eY
Cl=Cl—ht—E(¢/.C,...) + O,

12
57, (6.12)

After this field redefinition, the Lth order quantum action
acquires the BRST structure

EL = SL[(/)H} + / dtd3XQlPL, (613)

where S; [¢“] is a FDiff gauge invariant local functional.
The gauge fermion is invariant under background-gauge
transformations and has the form

W, = C,(Dni — pOhy — Dii(1,/\/5))

— Yol — ¢d*) + J,C' + O(RETY). (6.14)

In the generating functional W, the fields that couple to the
external sources, denoted by @“ and i,

(6.15)

|
V=—pR—aa;a' +a,R> +a,(a;a’)* +azRa;a’
+aya,a'Viad" +asRV,a' +agV'a'V,a;+a;(V,a')?.
(7.1)

The coupling constants of the theory are 4, f, a, and
aj, ...,a;. We hope that the repetition of the notation on
various constants in the (3 4+ 1) and (2 + 1) cases does not
cause confusion. The primary classical Hamiltonian has the
same functional form (2.13), with the combinations of
constants:

(7.2)

and we also use ag; = ag + @;. The two second-class
constraints are the vanishing of the momentum conjugate

084020-9
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to N, and the constraint

o= vaw (22
+ ay(V*(Naya*) = 2V,;(Na'V;a’)) + asV?(NR) + 2asVIV/ (NV ;a;) + 2a,V*(NV,;a')) = 0. (7.3)

Uy 0— —|— V) +/9(2aV;(Na') — 4a,V(Na'a;a*) — 2a;V;(NRa')

Similar to the (3+ 1) case, the primary Hamiltonian (2.13) is equivalent to the integral of this second-class
constraint, Hy = [ d°x0,.

The BFV quantization [11] is done by repeating the same steps of the (3 + 1) case. In particular, the measure of the
second-class constraints maintain the same functional structure (2.22), as well as the BRST charge €2 and the BFV gauge
fermion W. The factor ' is defined by

2 =Dn; —200;h;; + 2ARA0;h — 2K0; 1 h . (7.4)
where DY = §;;A + kd;;. By performing the integration on the BFV ghosts P',P; and (re)defining the BRST

transformations in the same way, the quantum action can be written in the BRST-invariant form (3.13).
The propagators of the resulting (2 + 1) quantum theory are

< lcj> = SU
<Pijpkl> =P k4P"szT1,
<hijhkl> 8(0) - 2pk4)Qz/k17-2 + 4(GP Pkl -+ Uklk Pkl + O'kkkl )Tl + 40lek kkle T2’
<hijpkl> 2w [2Quk173 + Plelel + 4ﬂGK (1 —-2A +p2)k2k,k Ple Tz + k k kkleZ]v
(n'hy) = 16iwpk’ (P i(j kk)’2'2 + Kk,k kk’]' ),
<I’lipjk> 2[](3 [ZP 'kk T3 + k(plkkk —_ ZAKij)Tz},
ninf) = —4pk*P;;(w* — 2pk*)T5 — 4pi(w?® — 2pp k*)k;k /T3,
2a .
(hin) = =5 (oPy; + 6kik;) T, (piin) = ﬁwp,.,f,, (nin)) = Sy,
Q67 Q67
<”ih’jk> 4l( kk)T3 + k[l%j]%sz), <7l7’l> Tl’ (75)
67
and
_ 1
(AA) = (An) = () = —. (76)
Q67
where
~ kl A A
kizz, Pjj = 6;; — kik;,
OQijk = kiky ]1+kkk i+ kik; ]k+kkl ik
w*k*
Q= o* + [4p(24% + 21— )i — p,| 122 +dkp(p,y + 42%kp)KS,
T, = (0> —pyok*)™', T, = (0 +2ppk*)~!
T3 == (0)2 + 2[)k4>_1, Sl/ == 2PUT3 + 2]/%1']}]‘7—2,
2
p1=2(1=2)(1 +x), — 4oy -5 (7.7)
Ae7
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All the propagators in the list (7.5) satisfy the condition of
regularity, whenever the constants satisfy the following
bounds:

p>0, (I=2)(1+«)>0,

1-2 a?
S N — 0. (7.8
(1-21)( % a6—|-a7> <0 (78

As in the (3 + 1) case, the propagators involving the fields
A, n, 7 are irregular. The degree of superficial divergence of
this theory is Dy, < 4. Cancellation of irregular loops
works in the same fashion as the (3 + 1) case [11,12]. A
similar background-field formulation can be done. With
these results, the renormalization of the (2 + 1)-dimen-
sional Horava theory is achieved by following the same
steps.

VIII. CONCLUSIONS

We have presented the proof of renormalization of the
nonprojectable Horava theory, adopting the background-
field approach developed by Barvinsky et al. for gauge
theories [15]. This approach implies that, once the counter-
terms have been considered, the renormalized action
preserves the BRST structure with the background fields.

We have studied the theory in three spatial dimensions,
managing all the inequivalent terms of the Lagrangian that
are dominant at the ultraviolet (the z =3 terms), and
contribute to the propagators. We highlight the fact that

we have arrived at a manifest BRST invariant form of the
action within the Hamiltonian formalism of the BFV
quantization; only some integrations on ghost canonical
momenta were required. This holds in part thanks to the
compatibility of the Hamiltonian formalism with the FDiff
symmetry, as indeed happens in the classical theory (and
even in general relativity). Moreover, we have succeeded in
implementing the BRST transformations of the variables
associated with the measure of the second-class constraints,
in such a way that all these variables enter in the BRST
symmetry on the same footing as the rest of the variables.
Another crucial ingredient for the proof is the previous
result about the cancellation of irregular loops. The
multiplicative divergences on the direction of the frequency
produced by irregular loops are the only dangerous effects
of the irregular propagators. But they cancel themselves
completely. In the direction of the spatial momentum,
these propagators behave in the same way as the regu-
lar ones.

The nonprojectable Horava theory is a consistent quan-
tum theory, unitary and renormalizable, that might yield the
classical dynamics of general relativity at the limit of large
distances, where higher-order derivatives can be neglected.
Once the proof of renormalization has been given, studies
on the renormalization flow can be undertaken. A natural
question is whether the flow of the coupling constants of
the z =1 terms, which are the ones dominant at large
distances, tends to the case when the theory reproduces
general relativity.
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