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Horava Gravity(HG)

* Limit of description by GR+SM
Dark Matter, not UV complete
* Candidate for UV complete gravity: higher-0 — propagator well converge
RZ
Uvpo
Kizj + R{jj (w~k#)@UV - break Lorentz inv. @UV

* Power-counting renormalizability

— higher-d;break positivity of Hamiltonian

x; = rx;, t = r?t:scaling dimention [0;] = 1,[0;] = z



“N = N(t)” U(1)HG

* HG: 3 dof, scalar strong coupling@IR, cosmological pert. break down
* To elilminate scalar, impose new symmetry: Horava, Melby-Thompson(2010)
lapse: N = N(t) » N(t) — A(t,x)/c?
NLO of 1/c exp. (spatial scale<<time scale)

t-diffeo: 6(ct) = cf(t) = cf (t) — a(;f)

= 04N; = N0, 0,A = N0, 84V =0, 0aVij =0, 0oN =0:“U(1)"
A :transform as time component of 1-form, v :auxiliary field
« “N = N(t)” U(1)HG: 2 dof Kluson(2011)
N = N(t) unnecessary with a; = 9;InN Blas,Pujolas, Sibiryakov(2010)




“N = N(t,x)” U(1)HG

fdtddx \/_N[K”K AK? —V + (ZQ — R +n,q;a + nzDiai)a]
Kl-j: Extrinsic curvature with U(1) inv. shift N: = Nt — ND'v
IV = V(RijliDi) a; = 6i1nN), upto alzz
_ é . . l L aye . " . ]
0=——0,v—-D'vDv: U(1) inv. "gauge field"A w? o k(d = 3)@UV

* Dof of cosmo. linear pert. is 3 withn, # 0, 3strongly-coupled scalar

Unnecessary to eliminate “HG connetcts GR@IR( A — 1) by nonlinear
Wang, Wu(2011) lzumi, Mukohyama(2011)  Gumrukcuoglu, Mukohyama, Wang(2012)

* Linear analysis: dof 2w/ 71, =0 — 3@nonlinear?



Dof-counting by Hamiltonian analysis

e Difficult to grasp constraints by EOM of unperturbed action

— search constraints in Hamiltonian formalism (phase space)
S

.nizaN.—OeNliNl(ﬂl) (¢¢)—space T +) — space
.nN:(f_N_O (¢, qb) p
My = =0
* T, Z—i —/a

J4 = MPI\/_(ZQ R+ n,a;a' + n,D;a')



A-1 (= . mkt Tt 1 A
c,bAoch_lD WN +R]gPijleN_DiDj WN g’ijklzz(yikyjl+yilyjk) o1 Viivk

2 § y !
Secondary Constr. 7= g Fay v o= (w)*”NDN
e C =~ {C,H }poisson, H' = H + | (Lagrange multiplier 1%)(constraint,)
* Time-consistency of constraints
— New constr. or Known constr. or Eq. determining A%

. /‘11
0=my > {”N;fﬂl(ﬂv +]A)} X Y (TIZDZ + 21,a'D; ) N
(1,12) # (0,0) > J4, H

(M1,12) = (0,0) = Ja, H' ,H, = ¢pa
Recall branches are 11, # (=)0 @ linear level

Poisson

* First-class constr. not determine A — gauge-fix. cond.
How to show Poisson brackets of V = V(Rij,d,Di, a; = 6i1nN) *0°7?



e Variationof F = F :gij,nij,s, Vi] under spacial diffeo. x* = x! + fi(x)

A 7 SF \ A oF el oF _ oF .
oF = d?x - {:’HU ﬂ { —+ T(>LT —+ 1—f{>Vf

+ 1 [/ O6F OF /K
/ Vb, V9 \OGk; 7/ /G 5(x’*/\/9) V9

oF /! oF bF 1 oF .
2./qD —D:s DVJr D, V/
+2vs (w “"/\ﬂ\f)+ S v DYV <\/w >}

For 6F = 0 with V&, we can convert OF /6 g;j into other variations

o




A

6V/6N Pijkl = %(Vikyjl + Vil)/jk) — myiﬂ/kl

* Without explicit calc., it is sufficient to show
det {f Cyo, | Cﬁ)(} *+0, @, yx:scalar

v 0=Co=[{C0 g} +- > 2 =[{C, Cﬁ}_l...
* det {f C,o, | Cﬁ)(} = det ((C)' g) = (detB)(detB(@ < x))
1) 1) A—1 . y
fddx)(ﬁfddycpﬁfddz\/?NV —[ d%xy (d/l— 17TDZ + RYgyjpm™ —nlfDl-DJ-)go

det
A—1 y N N N o
[ d%xy (d/l — D% + RYgyjpm" — n”DiDj> ¢ Jd%*YyN[RYy + (yYD? - D'D’)x)gi[R* ¢ + (y*'D? — D¥D)¢]

. V(Rijkl,Di,al- = ailnN) :linear comb. of a;at, RD;at, D?a;D?a’

e 7Y terms remain nonzero — det % 0



Result

e dim. of phase space:d? + 3d + 6 (yij,nij,Ni,ni,N, TN, A, 4,7V, T,)
15t -class constr.: 2d + 2 (K}, m;, w4, )
2Md-class constr: (n4,1m,) # (0,0),2 (1y, /1),

(771' 772) — (O;O) + 2(}[J_r ¢A)
* dof = [(dim. of phase space) — 2(1st —class) — (2"4—class)]/2

(n1,m2) # (0,0)  dof=(d? —d —2)/24+1—- scalar
(ny,n2) = (0,00 dof=(d* —d —2)/2 transverse traceless tensor

* Linear analysis is insensitive to 1, because n,a;a'c not affect quadratic action



summary

* Scalar dof of “N = N(t, x)”"U(1)HG is strong coupling
— non-linear analysis is needed
* Performed Hamiltonian analysis to study constr. structure and dof

e Conditions for existence of scalar dof

this analysis linear analysis
scalar exist (n1,m,) # (0,0) n, # 0
scalar not exist (14,71,) = (0,0) n, =0

S > (nlaiai + T]ZDiCli)O'



