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From sound waves to gravity?

Horava-lifshitz Gravity
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What i anisotropic scaling..?

* Lorentz symmetry breaking at the non-perturbative level

» splitting of spacetime into space and time in the *ultraviolet®

* only higher (then two) spatial space derivatives added

Kinematic framework for Lorentz violation

C n
E? = m? ¢! +p* & + ¢4 d ;y Mpp/e + map?/c? + 3 nn L
Upmewamess 7

problem..?

irsa: 09110057

Lorentz symmetry: *NOT exact = emergent® symmet

PagJ 3/83







The concept of anisotropic scaling - |

/40

i

%}
J'xx_i

What ir anisrotropic scaling..?

* Lorentz symmetry breaking at the non-perturbative level
» splitting of spacetime into space and time in the *ultraviolet®

* only higher (then two) spatial space derivatives added

Kinematic framework for Lorentz violation

C I
E* =m? c* +p* ¢ + c* { ;m Mpip/c +12p?/c* + ) __(1?4/;-)3
K n>3 Pl
problem..?
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What ir anirotropic scaling..?

* Lorentz symmetry breaking at the non-perturbative level
» splitting of spacetime into space and time in the *ultraviolet®

* only higher (then two) spatial space derivatives added

Kinematic framework for Lorentz violation

C I
E?=m?c*+p?c? +c* { mMp p/c+np?/c+ ) ———%{1_)2
k : n>3 Pl
problem..?
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What is the degree °1° of anisotropy..?

* z tells us the anisotropy between the highest order spatial

versus the highest order temporal derivatives in our *modified™
field theory;

* dimensional analysis: introduce “dynamical critical exponent™ z
such that: = : - - 3
de] =[x]" [df] =[N

Why are we interested? — d=z *special®
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= Anisotropic scaling as qft requlator - (a)
I Matt Visser, PRD D80:025011, Lorentz symmetry breaking as a quantum field theory regulator, 2008~
s

* take LSB as QFT regulator: “how much” LSB is necessary to
FULLY regulate the theory and make it finite?

Ad-hoc modified action (free-field term):

Stree = f {d)z = Gb(—A):GD} dt dzx => ll'(g)] — [dr]{:-tf)/2

* define formal symbols « and m having the dimension of
momentum and energy

[@] — !:H-](d_:)/z — [m}](d_:)/{z:)
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— Anisotropic scaling as qft requlator - (b)
" Matt Visser, PRD D80:025011, Lorentz symmetry breaking as a quantum field theory reguiator, 2009‘-’5”
~

Modified action (kinetic term):
Sives :/{52 —6[m?— EA+ -+ (—A) ] ¢} dt dx

Modified action (polynomial potential term):

Sintera{:tian — /P(O) dt dduL s / {Zgn _ }dt dd
=1

=> [ﬁf’] = [H](d—z)/’a’ — [m](d—z)f(i’z)
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Coupling constants:

[ga] = []H =22 _ [p]ld+e—n(d—2)/2/

UY-behaviour:

=> theory is renormalizable as long as couplings have
non-negative momentum dimensions:

fNlotice!!!:
N =oo; (provided z > d)
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= Anisotropic scaling as qft requlator - (d) e
WY Matt Visser, PRD D80:025011, Lorentz symmetry breaking as a quantum field theory regulator, 2009
~

Superficial degree of divergence:

» [f the superficial degree of divergence is negative
then the Feynman diagram is convergent...

€ach loop: /dujf ddk] T [ ][dk‘]d [K]d—}-ﬁ.

€Each propagator: G(w, k) — (K] =22

Total: [H]{dﬂ) L-21=z

rlupeﬁieinl degree of freedom: v (z=d)

—§ y=(d—2)L—2(I—-L)z—0<(d—2z)L

~ J
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% Anirotropic scaling in emergent spacetimes- (ESI)
)/ 80

Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1. 2008.

Toy models for an effective/emergent/induced spacetime:

Geometry (IR) & anisotropic scaling (UY)

Bose-Einstein condensate: 7 =cik?+ K

. . ==
Electromagnetic waveguide: i =

Pirsa: 09110057
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Emergent spacetimes, PhD thesis, arXiv.0711.4416v1, 2007; and proceedings: aniv:0905.4530v1. 2003.  ~—
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Ultra-cold gars of weakly interaction Bosons:

(I) microscopic system consisting

(ll) mean-field regime where the microscopic degrees of
freedom give way to collective variables

(lll) small perturbations are dominated by symmetric
second rank tensor

(IV) Lorentz symmetry is an emergent symmetry in the
IR and with anisotropic scaling in the UV

(V) degree of anisotropy depends on various things...

irsa: 09110057 Page 15/83

=

s



I\L:H_"" - - - . %
“‘f Anisotropic scaling in emergent spacetimes- (ESII)
vae' W Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007 and proceedings: arXiv:0905.4530v1. 2008. ~

.

() microscopic system:

/d_x( -1—72‘1& -I—L'VL“L +

&
** boson commutators:

ot x). J‘{'t.x’)] = { (t.x). 0l (t.x )] —0:

<

** SO(2)-symmetry: ¢ — ¢ exp(ia)

Pirsa: 09110057
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008.

.l. ,

I

** SO(2)-symmetry: © — ¢ exp(ia)

fitst order
phase-
transition

/
\

W(t.x)) = U(t. x) = \/ngp(t,x) exp (idg(t.x)) #0

(ll) mean-field regime where the microscopic degrees of
freedom give way to collective variables

condensate density ng = ng(t. x) and the phase ¢g = ¢g(t.x)

lincarise around ground state of the system...
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—S) Anisotropic scaling in emergent spacetimes - (E511)

Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: ariv:0905.4530v1, 2008,

% )
k)

Iz

(
\3

- = T 1 n .
Ult,x) +od(t.x) — (i, x) (l + —— + -.a:(p)

& Ty
e o o : 1 n -
vi(t,x) +oY'(t,x) — Y (t,x) |1+ -——io

2 o

excitation spectrum

v

Y O (\/[det{gab)\ = 81,5) -0

1
\/Idet(gab

(1) small perturbations are dominated by symmetric

second rank tensor
2 = (6—Vv°) —v —v, —v, i
 f e \*? o 1 0 0
= —u =%
irsa: 09110057 E ! - “ { ) 1 §
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U
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Anisotropic scaling in spacetimes - (ESII) ﬁ-’

e Emergent spacetimes, PhD thesis, arXiv.0711.4416v1, 2007 and proceedings: arXiv:0905.4530v1. 2008.

— P—
subsonic : supersonic |
r q "= = Voo
L [-@-v) v v, v =
= R R e — U, 1 0 0 =—
= —vy E 1 - = P
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- S\ Anisrotropic scaling in emergent spacetimes - (ESII)

i Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008
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Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure terms):

- - - 1 [ (Vng)% — (V2 v 1
U—-U=U-—Dy: where 132:—{‘ e b e ‘;"v+_v2}
Z2m 2 ng ng g

*%* integro-differential equation: o, (fﬂb ab(;;) =

- =

= ET—I _f_.*—l{.j

o =5 — —_—
o U'LL_,T—I g §t1 _ _L,:LT—IU_}

rre
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Anisotropic scaling in emergent spacetimes- (ESI1I)

40 Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007 and proceedings: arXiv:0905.4530v1. 2009.

|
St e
e P—
| subsonic : supersonic
- - E: .
& o e (B—v) —v= —v, —v, = ;V%
Ry Yy -V, 1 0 0 =
i £ 77T v, e 1 =
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S\ Anirotropic scaling in emergent spacetimes - (ESII)

Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008

Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure terms):

U—rU-‘=U—ﬂD2 where Dg‘—‘-i n3 n? ng }

_ h2 ¥ {l'Vllolz—fvznn}na Vng _

*2* integro-differential equation: o, (fﬂb g)bé) =

— ! U1y

— T | Pagid 1)

FFi

fab — p
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N\ Anirotropic scaling in emergent spacetimes - (ESII)

Emergent spacetimes, PhD thesis, arXiv.0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008.
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Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure terms):

= h2 = 1 ((Vne)2 - (VZng)ng Vng 1
U—*UﬁU—ﬂDgi where DQTE{ Bg' - H§V+ai"2}

+%* integro-differential equation: o, (fﬂb ab@“) =

— =2 U1y

fﬂb == & — = SE |
== [_.IL,T—I L S .L_.I-LT—IUJ

g}
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008

&

in rome casers...

(IV) Lorentz symmetry is an emergent symmetry in the
IR and with anisotropic scaling in the UV

Nt + (F5) "1 £U9,0.0 = 0
J

!

Sgé{T ~ / {mz — ¢ E—cﬁ& - ";fm ﬁz} rj} dtd“x here: z=2

(p/c)”
E? =m? c¢* +p? ® + ¢* { ;m Mp p/e +n2p?/c? + Z n

n—2
Unsurainess /5
irsa: 09110057 “!
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 20089
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In some casers...

(IV) Lorentz symmetry is an emergent symmetry in the
IR and with anisotropic scaling in the UV

Ko + (F) "1 FI90,0 = 0

I

(1) y r =
Spec = f {02 — 6 [-oA + 75, A7] 9} dtd°x here:z=2

(p/c)"
E? =m® c* +p? ¢* + ¢* { mMpip/c +mp?/c® + ) i M/n-z
knm.:lms . 2
irsa: 09110057 m-!

Page 25/83

T

A




o

% Anisotropic scaling in emergent spacetimes - (ESII)
/80

Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008
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In some cavses...
(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV

Do + (F£) 1 FI900 = 0

|

s = / {52 — ¢ [-a A + 753, A7 r::} dtd“x here: z=2

=

E*>=m?c*+p*c?+c* { mMpip/c+mp?/c*+ Y ha-s

'k | n>3

problem..?
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008,

&

In rome casers...

(IV) Lorentz symmetry is an emergent symmetry in the
IR and with anisotropic scaling in the UV

f)tf)t{; + (_ftt)_l fijf)ifj'jt;; =@

I

(1) ! r —
s & f {02 — @ g_—cg.&. + ﬁ.'gp .f_\.z} o} dt d“x here: z=2

_ (p/c)”

E?=m?c* +p? Z +¢c*{ m Mpp/e+n2p?/c? + E :”?n M2
k n>3 Pl
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In rome cavsers...
(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV

e + (F*) 1 Fi9:0,0 = 0

I

(L) y [ =
Spec = / {‘32 = L“Cgﬁ == "-"czm &2} *’3} dt d¥x here: z=2

E=m?c® +p* A+ et { mMpp/e+ mp? /S + Y fa—a
‘L | n>3
problem..?
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 20089,

e}

&

In rome casers...

(IV) Lorentz symmetry is an emergent symmetry in the
IR and with anisotropic scaling in the UV

Ko + (F£) "1 Figd0 = 0
S{'l}l

BEC =~ / {02 — @ E—cﬁé -+ "-'czlp Az} rj} dt d9x here: z=2

cll
E*=m?’c*+p*c? +c* 7}1MP1P/C+7?2P2/C2+27?11M

’K n>3
naturalness
irsa: 09110057 Mﬂr
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7 )

in rome casers...

(IV) Lorentz symmetry is an emergent symmetry in the
IR and with anisotropic scaling in the UV

o + (F£) "1 Fig850 = 0

I

SpEc < f {'532 — & [—GA 70 A 0} dtd“x here: z=2

(p/c)™
E2=m?c*+p? S +c*{mMpp/c+mp?/c®+ Z e —=

k | n>3

problem..?
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Emergent spacetimes, PhD thesis, arXiv.0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008,

XC

Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure terms):

2m > 2

= hE = 1 [((Ving)2 — (V2 v 1
U_.UﬁU_I_Dz: = D‘A:—{H ng ; Hn}n{)_ nﬂV*——Vz}
Do 15 g

*%* integro-differential equation: o, (fﬂb abg;) —

b — L,-T_l _[.T_I-trj
=5

— iU~ | Bagii _ pif—1y

™
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In rome cavses...
(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV

Ko + (F£) 1 FI90,0 = 0

!

(1) ' 1 : —
Sgec = [ {6 -0 [-c3n +13,4%] o} dta’x here:z=2

(p/c)”
E2=m?ct*+p*i+ct T}fll\’IF'ilJ/':“|"TJ'2F':?'{/‘3:‘t * Z In Mi-z
Pl

K . n>3

problem..?
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= Anisotropic scaling in emergent spacetimes - (ES1I)

"W Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1. 2008.

o

Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure terms):

U—-U=U - ﬂ Dg where D2 — E Hg ]10 g }

= 2 _ i 1{(?:10}2—'?211{;}110 Ving _

** integro-differential equation: o, (fﬂb ab(g) —0

— ! U1y

— it | el _ S 1y

Ire

fab:ﬁ
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In some casers...

(IV) Lorentz symmetry is an emergent symmetry in the
IR and with anisotropic scaling in the UV

Ko + (F£) "1 FIg0,0 = 0
{L1)

Sgec = / {‘52 =@ i_‘cg'ﬁ + '7’1:21p Az} ‘3’} dt d“x here: z=2

(p/c)”
E*=m?c* +p? & +c* { mMpip/ec+mp?/c® + ) na )

e
naturalness - .
irsa: 09110057 tm-!—}
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' Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1. 2003, ~

I

\

Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure terms):

U—-U=U- = Ds: where D4 = = = }

= W2 > {(Vneﬁ—fvznu}na Vng _
2

+2* integro-differential equation: o, (fﬂb ab@“) -0

: ~F U_l _[_."—1.{,_?

A — - — —

— U1 | 20§27 — U~ 1?
rre
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) @R

Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure termys):

- h2 — = 1 ((Vng)? — (VZnglng Vng E_.
U_.U—.U_EDE' where Dg-—-i{ 1313] - H§T+;V}

+*%* integro-differential equation: o, (fﬂb ab@") ="

2 — = Ly
E— = = — .
e UI[,-'T_I BJ‘.G‘Z'J == -UI' [J'T_]-UJ

rri
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In rome cavsers...
(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV

o + (F5) "1 £99,050 = 0

I

Sgalé(r = / {(,}2 - E—cg& + "-'311:' Az} r.')} dtd*x here:z=2

(p/c)™
E? =m? c* + p? ¢ + ¢*{ m Mpp/c+n2p?/c? + Z ' y a2
/k n>3 Pl

problem..?
Page 40/83
J

irsa: 09110057




% Anisotropic scaling in emergent spacetimes - (ES11)
Stefaon Liberati, Matt Visser. and SW, PRL 96 151301, Naturalness in emergent spacetime, 2006. ™~

K

Two component BEC... #-/«| % (i v vimn) ] ¥ (maiim, -

#J}

(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV pLare: 7=

| R\’
=wg+(1+m) &k +n4 k* +
My

e /1T 3 — quzuiipart icle mass . ;
Mi v effective Planck seale /

Ri/m =

o

maym ~ L

E*=m?c*+p*c? +c* { mMp p/c+m2p?/c® + Zﬂn——

Unewramess /S

problem..?
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—) How should we map anisotropic scaling onto gravity? =
" Stefaon Liberati, Matt Visser. and SW, PRL 96 151301, Naturalness in emergent spacetime, 2006. &

How can we map this onto gravity?

( + anisotropic scaling!

. . - . -

Quantum gravity:

Mightevenbea .

class of quantum ! Detailed

gravity models, :

e.g. CDT, ... : balance
+ anisotropic scaling? :




| How shovuld we map anisotropic scaling onto gravity? =— ==

I Stefaon Liberati, Matt Visser. and SW, PRL 96 151301, Naturalness in emergent spacetime, 2006.
.

How can we map this onto gravity? Broad class of
systems with

completely

. different dynamics:
electromagnetic
waveguide, fluids,

+ anisotropic scaling! Ulracoldgasof

+ anisotropic scaling?

Pirsa: 09110057 Page 43/83

Bosons and
Fermions;
Quantum gravity:
Mightevenbea p
class of quantum ! Detailed
gravity models,
e.g. CDT, ... : balance




=) Anisotropic scaling in emergent spacetimes- (ESII)
Stefaon Liberati, Matt Visser. and SW. PRL 96 151301, Naturalness in emergent spacetime, 2006.

Two component BEC... -/« L (i w-simt) ] ¥ (nsbis <o

-k, e m—

(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV phare: 7=

2 -
w? =wg+(1+m) & kK +n k* +
Moy

; My quasiparticle mass .
) ~ -

2.1/11 My effective Planck scale
My =~ L

cn
E2 = m? ¢t + p2 ¢? + ¢* { ny Mpp/c + mp?/c? + 3 (p/c)

Uratwramess /5
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How can we map this onto gravity?

( + anisotropic scaling!

. -, .

Quantum gravity:

Mightevenbea 7

class of quantum ! Detailed

gravity models,

e.g. CDT, ... ; balance
+ anisotropic scaling? :




)) How should we map anisotropic scaling onto gravity? =
" Stefaon Liberati, Matt Visser. and SW, PRL 96 151301, Naturalness in emergent spacetime, 2006.
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How can we map this onto gravity? Broad class of
systems with

completely

. different dynamics:
electromagnetic
waveguide, fluids,

+ anisotropic scaling! Ulracoldgasof

+ anisotropic scaling?
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Bosons and
Fermions;
Quantum gravity:
Mightevenbea p
class of quantum ! Detailed
gravity models,
e.q. COT. ... : balance
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Stefaon Liberati, Matt Visser. and SW, PRL 96 151301, Naturalness in emergent spacetime, 2006. &
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How can we map this onto gravity?

( + anisotropic scaling!

. . . - .-

Quantum gravity:

Mightevenbea .

class of quantum ! Detailed

gravity models,

e.q. COT. ... : balance
+ anisotropic scaling? :
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% Introduction: Horava-lifshitz Gravity in a nutshell -
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}
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8

Gravity as quantum field theory:

» gravitational coupling constant is dimensionful:[G ]
1 1
* graviton propagator scales as: = ‘ ;
g propaga k“’k‘-u \/w,g = kg

* with the #loops the QFT requires counter terms with ever

increasing degree in curvature
A EG as QFT requires a UV completion!!!

Horava suggested an ad-hoc condensed matter

inspired QFT where gravity is emergent in the
infrared and the UV-behaviour perturbative

symmetry as an exact symmetry.

renormalizable. Price to pay: Giving up on Lorentz

— -7

o
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""" Petr Horava, Phys. Rev. D79, 084008, Quantum Gravity at a Lifshitz Point. 2009

R

4
J 8

Anisotropic scaling mapped onto gravity:

* introduce “dynamical critical exponent” z such that:

dx]| = [f{]_l dt] = [H}_;

-

| =

v Dimensional analysis shows: [gx] = [s]'

* ultra-violet fixed point at, z = 3 ,and Lorentz symmetry
emergent at infrared fixed point, z =
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= ) Introduction: Horava-lifshitz Gravity in a nutshell - 111

Petr Horava, Phys. Rev. D79, 084008, Quantum Gravity at a Lifshitz Point. 2009

S

Fd
A\

Higher curvature terms added:

* only higher spatial curvature terms, three-curvature terms...

1

ng — 2k? — G(kZ):

v Propagator shows good UV-behaviour!

* compare with 4d modified gravity propagator; here we have
the massless graviton excitation + a ghost excitation (implying

unitarity violations):
1 1

Pirsa: 09110057 k‘z —_— G_ﬁf k“l k-‘l
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S @G-LY: Overview .
Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.

g

~

Anisotropic scaling

Modified Einstein-Hilbert action

Equations of motion

» Graviton propagator
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= QG-LV: Anisotropic scaling - (i) ===
W Thomas Sotriou. Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798. 2009.

Clz

* Hamiltonian formulation of General l!eelthg A L,

S = [ [Z(K)—-¥(g)] /g N &’z dt

\ potential term:

scalar invariants in terms af
Riemann tensor and its derivatives =~ '~

kinetic term

Z(K) = gk {(KVK;; — K?*) + (K7}

. _ + anisotropic scaling!

* ADM decompovition: lapse. shift. and induced metric
Pirsa: 09110057 d52 — '—ir\'rgcadtz + gt_j (dIL -y i:vldt) (d.L‘J — fvj dt) Page 52/83
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= QG-lV: Anisotropic scaling - (ii)
" Thomas Sotriou. Matt Visser, SW., PRL102.251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009

|

J @l

* ADM decompovition: lapse. shift. and induced metric
ds* = —N?c2dt? + g;(dz* — N'dt)(dz’ — N dt)

+ anisotropic scaling:
dz] = [s]%  [df] = [s]*

Indication for inptoved UVY-behaviour:

=> With anisotropic scaling it is possible to make the
gravitational coupling constant DIMENSIONLESS:

9x] = [~
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= QG-lV: Anisotropic scaling - (i)
Thomas Sotriou, Matt Visser, S.W., PRL102: 251501 (arXiv:0904.4464) and arXiv:0905.2798, 20{19

) @ik

* Hamiltonian formulation of General lelﬁtg Lo L

S = [ [Z(K)-¥(g)] Vg N &’z dt

\potenual term:

scalnr invariants in terms ﬂf |
Riemann tensor and its derivatives '~

kinetic term

7(K) = gi {(KVK,; — K?) + €K7}

. _ + anisotropic scaling!

* ADM decompeovition: lapse. shift. and induced metric
Pirsa: 09110057 dS — _iwrgczdtg + gtj (dill' o f\rtdt) (dI‘J T .f\'rj dt) Page 54/83
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= @G-lV: Anisotropic scaling - (ii) =
W Thomas Sotriou. Matt Visser, S.W., PRL102: 251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009‘*v*”

.

* ADM decompovition: lapse. shift. and induced metric
ds* = —N?c2dt? + g;;(dz* — N'dt)(dz’ — N?dt)

+ anisotropic scaling:
[dz] = [s]; [dt] =[]

Indication for inpfoved UV-behaviour:

=> With anisotropic scaling it is possible to make the
gravitational coupling constant DIMENSIONLESS:

lax] =[]
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= @G-LV: Anirotropic scaling - (iii) ==
W Thomas Sotriou, Matt Visser, S.W., PRL102: 251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009\«/
=

* Hamiltonian formulation of General Realtivity

S = [ [Z(K)—-¥(9)] Vg N &’z dt

\ potential term:

kinetic term : . .
scalar invariants in terms of
Riemann tensor and its derivatives
3= anisotropic scaling also

effects potential term...

Notice: The kinetic term isr a generic feature of any Horava-
like 1 Z(K) = gk {(KYK;; — K*) + (K2}
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S @G-1V: Modified Einstein-Hilbert action - (A)
W Thomas Sotriou. Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009~

) @

- Specializing to 3+ | dimension: [¥ (g)] — []°
* remember that the induced metric is dimensionless and thus Riemann had dim of [h] - :

{(Riemaxm)ﬁ. [V(Riemann)]?, (Riemann)V?(Riemann), V*(Riemann) }

* in d=3 the Weyl tensor automatically vanishes => decompose Riemann tensor into Ricci tensor,
Ricci scalar, plus metric:

{ (Ricei)?, [V (Ricei)]?, (Rieei) VZ(Ricei), V* (Ricei) }

Main difference to Horava’s original approach: we
consider all possible terms, but hold on to parity...
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=) @G-LV: Anirotropic scaling - (iii) &
" Thomas Sotriou. Matt Visser, S.W., PRL102: 251601 (arXiv:0904.4464) and arXiv:0905.2798. 2009~

3

* Hamiltonian formulation of General Realtivity

5= /[37(1() —¥(g)] Vg N d&°z dt

\ potential term:

kinetic term : : 3
scalar invariants in terms of
Riemann tensor and its derivatives
F— anisotropic scaling also

effects potential term...

Notice: The kinetic term ir a generic feature of any Horava-
like 7 (K) = gk {(KVKi; — K*) + (K%}

Pi
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= @G-lY: Modified Einstein-Hilbert action - (A) o
W Thomas Sotriou. Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798. 2009\/

"

- Specializing to 3+ | dimeasion: [V (g)] — [x]°

* remember that the induced metric is dimensionless and thus Riemann had dim of [h] - :

{(Riemaxm)ﬁ. [V(Riemann)]?, (Riemann)V?(Riemann), V*(Riemann) }

* in d=3 the Weyl tensor automatically vanishes => decompose Riemann tensor into Ricci tensor,
Ricci scalar, plus metric:

{(Ricci)S,[ (Ricei)]?, (Ricei) V*(Ricei), V“"(Rlcm)}

Main difference to Horava’s original approach: we
consider all possible terms, but hold on to parity...
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) @G-lV: Modified Einstein-Hilbert action - (B) ==
- Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009\3—337

N
* Application of: Compare with Horavas detiled
balance, involving a particular
e Integration by parts and discarding surface terms. combinations of these five
e Commutator identities. C ’ j C J i

o Bianchi identities. n - {Cotton) x (Einstein) = (Cotton) = (Rica)

e Special relations appropriate to 3 dimensions.
( Wevl vanishes: properties of Cotton tensor.)

PROJECTABILITY!!!

* five independent terms terms:
k]°: R®, RR;R’;, R;R'R*; RV?’R, V,R;;V'R*
- all possible lower-dimension terms (relevant operators, super-renormalizable by power-counting):

[£]° = 1; 5]°: R; []*: R*; RYR;;.
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=) OG-lV: Modified Einstein-Hilbert action - (C)
MY Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009\/

Full classical action: S = f [ 7 (K) — ¥ (g9)] /g N d°z dt,

Y(g) = 90 +a*R+¢(*R*+g93¢>Ri;RY
+91 R® + g5 R(R:jRY) + gs R*j R? . R¥;
+97 RV?R + g3 VR V' R7*

Splitting vp into EH and LY terms:
Sen = / {(Krjjf{ij - K,.g) - = C'IR — go (;6} \/S_f N &z dt.

St = / {5 K*—gCR —gd J A R"
—gy R® — g5 R(R;;R"”) — g¢ R*; R ;. R,
Pirsa: 09110057 — g~ RVE R — gg ‘(}'t RJ K V‘ R.I k } V/E N d‘i r dt. Page 61/83
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=) 9G-lV: Modified Einstein-Hilbert action - (D) -
" Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904 .4464) and arXiv:0905.2798, 2009

~

Going to “phyrical™ vaits (¢ -> 1). [dx]=[dt]:

Seu = 2 / {(R’-ijhr-j_‘j —K'FER—& CQ} Vg N d?z dt

* the Planck scale in our model

(IGTTGNewtﬂn ) = — C

* the cosrmological constant _
go ¢° s

1&"‘— 2 | I o
Pirsa: 09110057 observationfie 52
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=S QG-LV: Equations of motion - (overview)

N Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.~

J\i

S = f (T(K) — ¥(9)] Vg N d®z dt

* Hamiltonian constraint: vary w.rt lapse
» Super-momentum constraint: vary w.r.t shift

* Dynamical equations: vary w.r.t.induced / spatial metric

At every stage we will discuss the differences in our model
~Sompared with standard General Relativity...
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) @G-LV: Equations of motion - (1)
" Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009

@k

Hamiltonian constraint: varying w.r.t. lapse
H= [ Vir(K.g = [ G{T(K)+¥(9)dz =0

— ‘_L R = -
“ 7% « LIV term in kinetic term;

* modified more complicated form of potential;

* “projectability” condition on Lapse leads to spatially
integrand Hamiltonian constraint;
=> Generic to all Horava models! poss. solution...
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S QG-lY: Equations of motion - (2) )
W Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.—
=

Super-momentum constraint: varying w.r.t. shift

* super-momentum

* super-momentum constraint

Vi’ﬂ'ij — 0

=> Generic to all Horava models!
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S QG-LY: Equations of motion - (3)
¥ Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009\%*"’
~

PDynamical equations: varying w.r.t. induced metric

- &(vgnl) = —2 {(K%*J — KK"7 + KKV}

= ( )ga_; iy (Vmi:\rf”) ﬂ_ij + [Lﬁﬂ']u

2
=N hE s 1 OSV

* LIV term in kinetlc term;
* modified more complicated form of potential;

* “projectability” condition no spatial derivatives of lapse

=> Generic to all Horava models!
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) @G-LV: Equations of motion - (appendix)
Thomas Sotriou, Matt Visser, SW., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009

opt L —

Our specific forcing term: ko = =3 9

F*fr] — ]' C)SV e o] Fa)., = 28R, _, KOV, — o, TR

Ve om

> is the most general symmetric S j
SY (Fa), =3RR, — -R'q; —IV.F, — 5T I8

conserved tensor one can build out of the % :
metric and 0, 2, 4, or 6 derivatives =

g ' 54 Lo oo —
ey = BT r=22R{R ~ B (B B Yy

= IV RR, )+ CaTulBRE™ g —V VL(REL} -V ¥V, Bl
g% TV (R A™

8
t_} = - Z n. lJ (Faly = ST, — SR A" R,
F —— 9.5 C : (FS) 2 TR, = VLV B, — T V.. =V V(L.

s=0 wez (CRY = (Culle™ (Vi) —
£ ¥ — O ICR—RE, V. AV R ,T'rt.l
o T o
[(Falsy = VR, +{V V. -V 5.V v Y. Thr
Pirsa: 09110057 TR VR I V. R T R g, — 2T Fjage 8_'3§ ;




S 9G-LV: Graviton propagator - (overview)

[C

" Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009~

Now we study excitations in our “condensed matter
system™ to see if there iz a connection to GR..?

Li — i ¢ ci
* lin. Hamiltonian coastraint

* lin. Supermomentum constraint

* lin. Dynamical equations

(-

"

Gauge fizing -

* isometry under inf.
coordinate changes

obtain the true degrees of freedom after eliminating coordinate artefacts

Pirsa: 09110057

To do: Linearization, Gauge fixing, Scalar-tensor decomposition...
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