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Renormalization of Horava gravity

Saving unitarity in renormalizable QG

MI% ' 1 nonrenormalizable
Einstein GR Sen = 5 / dtd®z R

rd

M_% . d - N 2
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Higher derivative gravity

: . Stelle (1977
/ (MER + R, R*" + R?) ( )

|_,__> / (MZh;;0h;j + hijO%h +...)

dominates at A > Mp

The theory is renormalizable and asymptotically free !

Fradkin, Tseytlin (1981)
Avramidy & A.B. (1985)

But has ghost poles |:> no unitary interpretation



Horava (2009)
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Critical theory in z =d

LI is necessarily broken.We want to preserve as many
symmetries, as possible
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Foliation preserving diffeomorphisms

2t BU(x, ), t e (1)

ADM metric decomposition

ds® = N2dt? + ~;;(da’ + N'dt)(da? 4+ Nidt) , 4,5=1,...,d
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space
dimensionality

Anisotropic scaling transformations and scaling dimensions
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“Projectable”theory N = const =1

Kinetic term -- unitarity

|
[ )

1 .
Horava gravity S = E/dt ddx\/f_yN(Kin” —AK? — V(fy))
action 1
K;; = ﬁ(;ﬁj — ViN; — V;N;)

V(v) = 24 —nR + p1 R? + jupRijRY 4+ v1 R34+ voRR;jRY

Potential

term +u3RSRLRY 4+ v4V,RV'R + vsV; R V' RIF 4 .

Many more versions: extra

structures in non-projectable theory, N # const, a; =V;InN,...
reduction of structures for

detailed balance case . . .



d+1=4 DoF: tt-graviton and scalar

1 -
Unitarity domain (no ghosts >0
y (nog ) T 3»
wh = nk? + pok®* + vsk®
11—\
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t

tachyon in IR



Divergences power counting

dd—l—lp
N

Deg of div f =d—+ 1— 2N = physical dimensionality

(v?

@ p = (w, k), p? — w?+k??

dw dk
(w2 -+ kQZ)N

Deg of divf — 2+ d— 22N = scaling dimensionality

physical dimensionality # scaling dimensionality

>~ = d critical value

V=2)(y) = 24 — nR + pu1 R?

V=3 (y) = 24 — R + p1 R? + po R + O(R®, RV2R)



Things are not so simple: power counting is not enough:

1 / ﬁ dw®Dak® F (w, k) ﬁ .
(P(m)(k‘))2 =1 7 m=1 Am (Q(m) (W))Q + Bm (K(m)(k))2z

L M
fl‘[ d1ED Fu k) T
=1 m=1

Generalization of BPHZ renormalization theory (subtraction of subdivergences)

works only for A,,>0 and B,>0
J

depends on gauge fixing

Invention of regular gauges for projectable HG

extra derivatives to

FH = &/hyu + ... = Fi p— NZ + CajAhji + ... have homogeneity
. _ in scaling
[F']=3 = [05]=-2, O = (Ad;+ 00"

o . 0 o f free gauge
Gauge f|X|ng term ng = %/dt dd.’E '\/’_)/ FfL OZ‘]FJ f|)z|ng parameters

s

Projectable HG is renormalizable in any d




Gauge invariance of counterterms

Background covariant gauge conditions + BRST structure of
renormalization

Background field method:

Yij = Jij + hij, 0; — Vi, Ol = AU 4 ¢TI, L

DeWitt, Tyutin, Voronov, Stelle, Batalin, Vilkovisky, Slavnov,
Arefieva, Abbotft...
Barnich, Henneaux, Grassi, Anselmi, ...

Blas, Herrero-Valea, Sibiryakov, Steinwachs & A.B.
arXiv: 1705.03480, JHEP07(2018)035



Background field extension of the BRST operator + inclusion of
generating functional sources into the gauge fermion

e

1. BRST structure of renormalization via decoupling of the

background field
2. No power counting or use of field dimensionalities
3. Extension to Lorentz symmetry violating theories
4. Extension to (nonrenormalizable) effective field theories

Extended BRS operator and gauge fermion  Q — Qext, Y — Yext[ P, J |

e W/h — / D@ e~ SFQUHIO /I 5 ~W/h - / D e~ (S+HQextPext)/

Gauge independence on shell | dgyW [ J] ‘J—O =0

physical gauge
invariant local
counterterm

Sle]l = Slel+ AxxS[e] |
!pext[@] — ‘-’pext[@] + Aoowext[@] — local counterterm

to gauge fermion
(irrelevant)

Renormalization:



Asymptotic freedom in (2+1)-dimensions

1 g
S =5 / dtd®c N\ (KK — \K? + uR?)

oS
M1 —1oop = I1—100p + /dt d’z Qijw
ij

Off-shell extension
IS not unique:

Essential coupling constants: A, G

3le




Sqr = %/dt A2z /7 F, OUF,
background covariant L 1,k :
gauge-fixing term F; = Ogn; + % Oij (V hk — AV’h)
o, € — free parameters N

O = ~[y; A+ VvV,

Mathematica package XxAct

D. Brizuela, J. M. Martin-Garcia, and G. A. Mena
Marugan, Gen. Rel. Grav. 41, 2415 (2009),
arXiv:0807.0824
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Powerful check — gauge independence of essential

couplings

Check in conformal gauge hij = 6245%-3-

On = 327(1 — A)3/2,/1 — 2))

2 —T7TA+ 6)2

_ 6N —7 G2
32my/(1 —2X)(1 — A) H

Compare to regular "relativistic” gauge
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Renormalization flows:

g

1/4

strongly coupled f. point
G
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AF UV fixed point

Cf. conformal truncation of (2+1)D HG, Benedetti and
Guarneri, JHEP 03(2014)078: f. point A=1/2,
unitarity at G<0, A>1



Towards RG flows of (3+1)-dimensional Horava gravity

1 d ij 2
S = 2Gfdtd mﬂN(KZJK — AK~* — V('Y))

V(v) =R+ VQRRz'jRij + V3R§‘RZ:R§C + v4V;RV'R + V5ViRjkViRjk + ...

5
1 (1—X\)(8vs + 3vs) 4
o=
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Ba,

B

M. Herrero-Valea, S. Sibiryakov & A.B.,
PRD100 (2019) 026012

B<0

B>0

Non-unitary region

B>0

B<0

A@) = 9+ 7a - 2a+2y/10(a + a3/?)

33+ a-2a)

10

The lines A=\(a) correspond to
potential location of fixed points of
the full RG flow. The region

A € [1/3,1] is excluded by the
requirement of unitarity.



Motivation for UMG — GUMG transition

Consistent QG in UV: GR — Horava gravity

what is In

Ein in
nstel common ?

(1919)
Dark energy problem: GR — UMG — GUMG

| |

A p = we

violation of Lorentz and diffeomorphism symmetry
fixing the lapse function (projectable HL model)

same number of DOF (TT + scalar graviton)




Generalized unimodular gravity (GUMG)

Constraint on metric coefficients Unimodular gravity case

1
Saumal gij> 90i] = Senlgu] ‘ (—g%9)~1/2=N(y)

Effective perfect fluid

1 1 composed of the metric
B = 5 Gt = 5 Lo .
Tuu p— (s—I—p) Uy Uy —I_ngV: Uy = _52N e = 2uMu” (Ruy—ag#yR)
- din N
Equation of p=we, w=?2 (v)

state dln-~



Canonical formalism
‘ﬁ%ﬁﬁtNﬁaﬂﬂ:3/ﬁf%@W%f+ﬂN?—NHl—Nﬁg—&a)

2

T __

i

Canonical _Pi — 0, H, :'Y?lm’}’jn'frljﬂ _W3R
constraints: Nal
H’L — O) I‘I2 = —Q’Yijvkﬂ'jk, mw = "}/?;j’ﬂ'ij,
o, ' =0, T=wNH|,
T0;S = 0.
' S:Qaka—lenwﬂ,
Bifurcation: ' \ dlmu‘ﬁ
=14w+2
T =20 0;S = 0. diny
GR branch GUMG No classical transitions
branch between branches

l T=TS

three local degrees of freedom —
tensor and scalar gravitons

Are they stable (non-ghost)?



GUMG cosmology

ds® = —N2dt> + a2(t)c7ijdmid:cj

\ k=0,+1 |
H = @ Hubble factor
Na
ﬂ N = N(y) = N(a%)

. k C M2C
Friedmann H 4+ =—_ ==L Dark fluid densit
equation g a?  3Na3 Na? /
T = 301+w):

Depending on the choice of N(+) can imitate dark energy (without phantom line
crossing) and inflation stage

Reconstruction of the model from inflationary stage

N(v) =%l1+\/71:+3(%)3/2_m], A~1—-ng>0

we —14 L — End of inflation:
i ‘ ﬁ — VT

w— 0




GUMG cosmological perturbation theory
57?3_’}' = a2(—21b Oij + QV%'VJ,'E —+ QV@FJ) + tij)a

Physical scalar sector -- tensor and scalar graviton

Scalar graviton = inflaton

¥ = dd/dn
1 3 (92 4 2 0" > 1= J s
5= [dnd 33(19 + 2 9A0+ 70 ) conforma
9 = 01, 92:3"’2]‘/—'2%

Unitarity domain — free from ghost and tachyon

instabilities “' “'

QI &

>0 14+w>0 ) Q=14 wyodNw
din~

—

Speed of sound

w(1l 4+ w)
—
No crossing the phantom divide line in unitarity domain

2=



Mukhanov-Sasaki

equation

Power
spectrum

Scalar

sector

red tilt

Tensor
sector

Inflation and its power spectra

!
ﬁ”mcgmﬁam%ﬁzo

K3 ‘?91{(?7) ‘2
272 02(n)

55 (k,m) =

1 1 €
ck=Ha 36m2cs(1+w) Mp

1 ? H?
52(k,n) =
P k) 127r2\/w(1 + w)3 M3

cshk=Ha

—6(1 4 w) + ((iill?lg B ftll?wlg . 3dlnd(llntw) St_anda}rd re_sult of
ng — 1= dng dinw din(itw) k-inflation with a
—(1+3w)+ e — dine — — dina csk=Ha speed of sound c;
2 H?
52 (kyn) = 55— , ong~ =3(1+w)|
T2 MB | =pa "“_H“’
(52 H2
I k=Ha
e e e T [cs(l—i—w) ]
2 2 -
5@ HcskIHa csk=Ha



Parameters of power spectra in GUMG theory:

2 V 6B HCQ) Y —A
5@(k9 T’) it 2 2 2 ( ) ’
V& MP Y csk=Ha
3 54 a
ng~1——A, ~ )
2 6B Cssza
1-ns~0.04, 62~10"10 r«i1
T = eﬁNj N ~ 60 exponentially high e-folding number
B csk=Ha
_\\4(1—ns) _3
Naturalness B=0(), | r~54 (e ) ~ 10




GUMG covariantization and self-gravitating media

Introducing Stueckelberg g s 4B oAB = gWa,quAa,,gbB o = (69, ¢, 2, 3)
fields ’ ’ T

New form of the constraint (=" 12 _N(H) =0 |:> P(X) —VdetctP =0

X — COO — gyvaﬂqﬁanqSO

kinetic term for ¢° -
2 Inverse function
N
- X )
7

P(X) = (F(l/ =% I'(N(v) =~
Constraint with the Stow, 4,6*1 = Spulow) + [ d*av=g 4 (P(X) ~ Vaeto4?)
Lagrangian multiplier

g

Self- itati di
acetiognraV| a|ng media S[g'u,y,/l,(j)A] p— SEH[g,u,V] +/d4$ /_g U(cAB(guy))



Decoupling of spatial EoM: A = K(qbo) = K(¢), q50 = ¢

Stueckelbergs:

Special type of k-essence: Sklouw,®) = Seralguw] + /d4a:\/—g K(¢p)P(X)

P
w =
2Py X — P

p=wp=AP,

Hydrodynamical nature of the CQ=8P/8X — (%/P — w(l + w)
speed of sound ¥ 0p/oX O~ (P/w) Q

N. Kolganov, A. Vikman
& A.B. e-Print: 2011.06521
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Reconstruction of K(¢) in GUMG k-inflation

Hg -- Hubble
Expansion in two 5 = \/—qugvﬂqg il e 3Hod _ ¢ P scale of inflation
smallness parameters 7*— ) ﬁ 0

Y — af -- scale
factor at the end
of inflation

?’Ls—l

P(X)=1-6—-B&1T85 4+ .. |

1 ns—l
K(¢) = —3MpHj 1—8+282—263—(3+87”33_1)Bs3+8 3 +]

2172
k-essense SMpHQ a 34gns—1 34-gns—1
: = 1 = — — 3 3
Lagrangian L (¢, X) - (\/ VupVig \/’Y*> + O(s,s ) )
\ J \ J
Y Y
Cuscuton model (no Dynamical k-inflaton
degrees of freedom) is sitting here
s—1
B85 1 _aninl,
2 ¢0 EFT type slowly varying
A=—-(1—-ns)~0.026 «1 |:> logarithmic corrections
'ns—l —_— JU’
3 §8UFE 1 o n VeOVI®

Bt



Unifying GUMG and Horava-Lifshitz gravity: generalized RG?

ga = N A, pr,p2,v1,.0.) = ga(y) = (M), Ay, (), p1(7), po (1), v1 (), -..)
§= o [drdleANG) (KK~ 20K - V()

V(7) = 24(7) = (MR + p1 ()R + po(7) Ry RY + v1 ()R> + vo(7)RR; jRY
+13(V)RIR]RE + va(1)V;RV'R + v5(7)ViRjp VI RIF + ..

. A.Yu.Kamenshchik,
Generalized RG |.Karmazin & A.B.

5 Phys.Rev. D 48 (1993) 3677,
Grgn = BA(g,(%g,&yg, ) qr-c/9302007 :
D.l. Kazakov, Teor. Mat. Fiz.
75, 157 (1988)



https://arxiv.org/abs/gr-qc/9302007
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https://arxiv.org/abs/gr-qc/9302007
https://arxiv.org/abs/gr-qc/9302007

Conclusions

Renormalization of Horava-Lifshitz gravity

Salvation of unitarity in local renormalizable QG via LI violation
BPHZ renormalization and “regularity” of propagators

Gauge invariance of UV counterterms

Asymptotic freedom in (2+1)-dimensional theory

Towards (3+1)-dimensions

Generalized unimodular gravity (GUMG)
Dark fluid with barotropic time dependent equation of state
GUMG cosmology and unitarity domain for a scalar graviton
Inflationary scenario and power spectra (naturalness)
Covariantization, decoupling of spatial Stueckelberg fields
k-essence and self-gravitating media, EFT

THANK YOU!



