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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

cl:l
E? = m? ¢* + p? ¢ + ¢* { ; Mpyp/c+ map?/e? + 3 nn DA

| n->3
kprohlun..!

P

Lorentz symmetry: “NOT exact = emergent® symmetry_
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What iz 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

cll
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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

cn
E? = m? ¢* + p? ¢ + ¢* { n Mpip/c + n2p?/c? + 3 o BLE

K : n>3

problem..?

Lorentz symmetry: “NOT exact = emergent® symmetry_
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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” =

such that: e} = M-l dt] =[]~

Why are we interested? = d=z *special®
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Anisotropic scaling as qft requlator - (a) =
Matt Visser, PRD D80:025011, Lorentz symmetry breaking as a quantum field theory regulator, 20@9‘1/

~

'_"*-—a

* 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 {@2 — @(—A):@} dt dx => [@] — {d;[.'](:“”’@

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

6] = [K]@2)/2 = [m](d—2)/(22)
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= Anisotropic scaling as qft requlator - (b)
" Matt Visser, PRD D80:025011, Lorentz symmetry breaking as a quantum field theory reguiator, 200\95'5’
~

Modified action (kinetic term):
S — /{02 = [m2 — ) (—A)z] c;)} dt d®z

Modified action (polynomial potential term):
Sinteractinn — /P(O) dt dd-r — / {Z gn @ }dt ddif'

=> [Q] = [ﬁ](d—:)/z — [rn]{d—:)/(Qz)
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S\ Anisotropic scaling as qft requlator - (¢) =

Matt Visser, PRD D80:025011, Lorentz symmetry breaking as a quantum field theory regulator, 20@&
N

Coupling constants:
[ n] = [H]d_i_z_"{d_z)/g — [m][d+:—-r1(d—:)/2]/z

UY-behaviour:

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

flotice!!!l:
N =oe; (provided z > d)
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Anisotropic scaling as qft requlator - (d) .
Matt Visser, PRD D80:025011, Lorentz symmetry breaking as a quantum field theory regulator, 2008—
=

Superficial degree of divergence:

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

tachloop: [ dur 'k — ik’ = [x]"*

€ach Pmpﬁgﬂ‘OH G(L&.«'. }:) — [h] —2z

Total: [H]{dﬂ} L—21:z

F!upetﬁcinl degree of freedom: ¥ (z=d)

dory 0 =d—2)L—2(I—-L)z—0<(d—2z)L | ...

L A

o



% Anisotropic scaling in emergent spacetimes - (ES1)
/40

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)

e

Bose-Einstein condensate: -7 =cik* + & K

- = . & ki S
Electromagnetic waveguide: ==’ (—) =¥
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% Anisotropic scaling in emergent spacetimers - (ESII)
/40

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

/

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...
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ﬁ Anisotropic scaling in emergent spacetimes- (ESI1) =
)40 Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009. ~
:

() microscopic system:

- s - f_z iy Lt .
H: /(]--t ('_'t."-”i_vzt"l_i._'IVuxtt"‘F
. 2m

pseudo-contact
potential

 4wh*a

U

&
** boson commutators:

o(t. x). E‘(t.x’)] = [C‘-T(t.x).ﬁ(t.x’)] =0: {E(t.x).f?(t.x’)] — d(x — x')
** SO(2)-symmetry: ¢ — ¢ exp(ia)
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009.

G

** SO(2)-symmetry: ¢ — ¢ exp(ia)
first order

phase- (B(t, %)) = ¥(t,x) = /no(t, x) exp (ido(t,x)) # 0

transition |

(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 rystem...
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5 Anirotropic scaling in emergent spacetimes- (ESII)
1/40 Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv-0905.4530v1, 2008.
= | 1 n - :
w(t,x) +ou(t.x) — ¢t x) (l + o -+ io)
& Ty
. -3 - - EN -
v(t,x)+o'(t,x) — Yv(t,x) |1+ =-———10
2 Iy
excitation spectrum
v
1 ‘ ab o 7
- 0 (V/|det(gan)| 8°° h6) = 0
V/|det(gan )|
(1) small perturbations are dominated by symmetric
second rank tensor —
» [-(E-v) v v .| B
£ o Y= —v, 1 0 0
=\ —v, =1 e
irsa: 09110057 k. — U { } { ) ]. i Paﬁ!’/%




Anisotropic scaling in spacetimes- (ESII)
I/40 Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009.

@

sound speed MNuid velocity
subsomic supersonic
: _ h
= (6—Vv) —vz: —v, —v, et ;V%
& F —U, 1 0 0
=\ Uh —v, o 1 @ _ U
Pirsa: 09110057 i —T- 0 0 ]. i Paml%
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Anirotropic scaling in emergent spacetimers - (ESII)

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

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

= A - ~ 1 ((Vnae)? - (V2 v 1
U—'U=U—I—D2: “'hEI'E D2= —{‘ ﬂ{}] _‘(3 nﬂ}nﬂ = :;ﬂv____vﬂ}
2m 2 ng ng g

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

_ ! S e o
gt _ 5

— U1 | Bogii — iU 1ol

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

spacetimes- (ESII)

= (55)
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Anisotropic scaling in emergent spacetimes- (ESII)

Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009. -
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N

_—

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

- h? - — 1 [(Vne)® - (V2 v 1
U—-U=U - I— Dz: where Dz = —{( ﬂ{]} ; 'ﬂn}no — ?V*— —Y‘z}
2m 2 ng ng ng

** integro-differential equation: o, (fﬂb abp._‘;) =

— = _f*—l{,_;
fab — p = _ ~
= L1,1[.‘*—1 ng §7 __ L.:Lr—ll._)

rri
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Anisotropic 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):

- h? - ~ 1 [(Vng)*— (V2 v 1
U—'U:U—I—Dgl “'hE‘I'P sz- —{( [l.[]} L nﬂ}nﬂ — I;DV'____Y‘E}
2m 2 ng ng g

** integro-differential equation: o, (fﬂb 81:.:5) =

fab _ 5

— s

— pi -1 | Bagii _ i1y
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009.

3

In some casers...

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

Ko + (F*5) "1 £99;050 = 0

!

Sialé(. = / {{:')2 — ¢ [—cgA + "-'c2|p AT r)} dt d“x here: z=2

(p/c)”
E?=m?c* +p? c +c* { mMpp/c+n2p?/c® + Y

-
naturalness - =
irsa: 09110057 km—!j
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% Anirotropic scaling in emergent spacetimers - (ESII)
i/40

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

In rome casers...

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

Ko + (F%) 1 £99;0;0 = 0

I

e /{JF — ¢ [—g A + 73, A7 o} dt d%x here: z=2

(p/c)”
E2=m?c*+p*Z+c* {mMpp/c+mp?/c+ ) s

tllﬂhﬂll‘lﬁs .
irsa: 09110057 Mﬂr
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% Anirotropic scaling in emergent spacetimers - (ESII)
/20

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

Q!

In some casers...

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

o + (F*5) "1 £99,050 = 0

!

S{E;é(, = /{(32 — @ i—cg T ",.gp &.2] o} dt d¥x here: z=2

(p/c)"
E?=m?c* +p* c? +c* { mMp p/c+m2p?/c® + Z | Spr—

tlm.lnﬂlj .
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv-0905.4530v1, 2009.

&

In rome casers...

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

Ko + (£%) 1 £99,9;0 = 0

!

i f{éﬁ — & [—egA + 73, O] o} dt d“x here: z=2

Cll
EZ — m? ¢t + p? ¢ + ¢* T}1MP1P/C+nnp2/cz+Znn(p/ )

K | n>3

problem..?
irsa: 09110057
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009.
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In rome cases...

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

Ko + (£5) "1 £99;0;0 = 0

I

s . ~ f {62 — 6 [-cBA +1+2,0%] 6} dtd®x here:z=2

c)®
E2=m204+p2c2+c4 T}1MP1P/C+'U2P2/02+ZT}n(p/ )

Jkl'laal:ll'alnael:s —
irsa: 09110057 mﬂr
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2008.
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In rome casers...

(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV

Ko + (£%) 1 £99;0;6 = 0

I

sl ~ f {62 — 6 [-c3n +12, 0% 6} dtd®x here:z=2

Cll
E*’=m?c*+p*c? +c* rmMF»m/*lt:4—7::192/«':3+Zrﬁrﬂ.M

JKnm.tl-alrmm\‘._j~ —
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009.
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in rome casers...

(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV

N0 + (F*5) "1 £99:050 = 0

I

o = f {L:)z — ¢ [—cgA + ",flp A?] r:)} dt d“x here: z=2

(p/c)"
E?=m?c* +p* ¢ +c* { m Mp p/c+mp?/c? + Z | Smmpr—

Uratwramess /7

irsa: 09110057

Page 32/83

s



) @R

Anisotropic scaling in emergent spacetimes- (ESII)

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

Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure terms):
= h2 -

= 1 T 2 _ ?2 t" 1
U—-U=U-—D3: where Dg:—{( o) L o )ng = ?V+—V2}
e - ng ng ng

** integro-differential equation: o, (f“b abg,) =

—E‘l —E‘lvi

fab — p — _ —
— L,:L,‘-*—I EU.G'U - _l.:LT—ll._;

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

IR

In rome casers...

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

{'}tf)t{; - (_ftt')_1 fijf')if)jf;; =9

!

| / {02 — ¢ [—cgA + ",.czlp A7 r:)} dt d“x here: z=2

(p/c)”
E? =m? c* +p? & +¢* { ;m Mpp/c+n2p?/? + ) 1y Pfe)

Jknml-alnes::_j~ N

irsa: 09110057
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009,

) @R

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

~ h? - = 1 [(Vng)? - (V? v 1
U_.U:U_I_Dz; where Da = —{( - L Do)Bo _ ?V+—V2}
2m 2 ng, ng ng

® . . . - ~
** integro-differential equation: o, (£*> &,6) =0

. — UL
22 — h

e LJE'-;_]'- &LG-IJ o L‘!E’-_llh}

rri
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In rome casers...

(IV) Lorentz symmetry is an emergent symmetry in the

IR and with anisotropic scaling in the UV

Ko + (£%) 1 99,950 = 0

I

e f {:—:')2 — & [—egA + 5, A7 r:)} dt d“x here: z=2

(p/c)”
E?2 = m? ¢* ~t—p2 ct +ct m Mpip/c+ 12 l'-’zf‘ﬂ2 + Z 'In _Mn—2
tml'alms nz23 =
irsa: 09110057 -r
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Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv:0905.4530v1, 2009.

) @

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

= f = = \ ¥4 = v
U 0=0U—-— D2: where Da = - {( No) : nn}n{, no }
2m 2 ng ng g

+%* integro-differential equation: o, (fﬂb f)bé) ~0

= U1y

T PR S

Irri

fab _ g

Pirsa: 09110057 Page 37/83

——







i

Anirotropic scaling in emergent spacetimers - (ESII)

Emergent spacetimes, PhD thesis, arXiv:0711.4416v1, 2007; and proceedings: arXiv0905.4530v1, 2008.

Taking non-perturbative corrections at the level of the
fundamental theory into account (quantum pressure terms):
- h2 -

3 1 ( (Va2 — (V2 v 1
U—-U=U-_.—D;; where Dz=_{‘ — B e o= ﬁov+_¢z}
. - ng ng ng

+* integro-differential equation: o, (f“b ab({;) -0

= U1y

fab _ g

~ l‘iﬁ_l e U 1“5_11U‘

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

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

IR and with anisotropic scaling in the UV

Ko + (£%) 1 99,050 = 0

|

i f {{;}2 — & [—eg A + 5, A7 o} dtd?x here:z=2

E2=m?c*+ p2 ct+ct m Mpip/c+ 12 13'2/'ﬂ2 + Z 'In —Mn—2
Pl

‘k : n>3
problem..? ==

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

Two component BEC... -/« | L [+ s vt ol ¥ (nanios, i) |

(IV) Lorentz symmetry is an emergent symmetry in the
IR and with anisotropic scaling in the UV pare: 7=

> b,

A 2
¢2=w*§+(l+rplc2k'2+r;4 _ k* +
My v

]

( my T )“ EE ( quasiparticle mass )2 _
Mirv/  \ effective Planck scale /

maym ~ L

s

N2.1/11

(p/c)”
E2=m?c*+p’ S +c* {mMpp/c+mp?/+ ) s

TR e b
P problem..?
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) How should we map anisotropic scaling onto gmvltg?
" Stefaon Liberati, Matt Visser. and SW, PRL 96 151301, Naturalness in emergent spacetime, 2006

How can we map this onto gravity?

f + anisotropic scaling!

Quantum gravity:

Might even be a
class of quantum
gravity models,
e.g. CDT, ...

+ anisotropic scaling?

Pirsa: 09110057
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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.

) @R

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: !
Might even be a !
class of quantum | Detailed
gravity models,
e.g. CDT, ... : balance
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Anirotropic scaling in emergent spacetimers - (ESII)

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

Two component BEC... -/« L (#5 wosiamt) -l ¥ (namios, i,

(IV) Lorentz symmetry is an emergent symmetry in the

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

> \2
~.u2=..u§+(1+r)2]02k2+n4(, ) k* +
My

o

® s 2
¥ myar T quasiparticle mass
R.I1/11 == -

My v effective Planck scale
My ~ L

(p/c)"
E*=m’c* +p* * + c* { mMpip/c + m2p?/* + ) :

D In—z
naturalness =
Pirsa: : 09110057 !
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How shovld 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?

f + anisotropic scaling!

Quantum gravity:

Might even be a

class of quantum Detailed

gravity models,

e.q. COT. .. balance
+ anisotropic scaling?

e T T
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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? Broad class of
systems with

completely

. different dynamics:
electromagnetic
waveguide, fluids,

+ anisotropic scaling! Ulracoldgasoi

+ anisotropic scaling?
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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.
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How can we map this onto gravity?

f + anisotropic scaling!

., .

Quantum gravity:

Might even be a

class of quantum Detailed

gravity models,

e.q. COT. ... balance
+ anisotropic scaling?
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% Introduction: Horava-lifzhitz Gravity in a nutshell-1 =
/40 Petr Horava, Phys. Rev. D79, 084008, Quantum Gravity at a Lifshitz Point, 2009
,\
Gravity as quantum field theory:
* gravitational coupling constant is dimensionful: G x| = —2

1 1
* graviton propagator scales as: Kok, = W o

2

* 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

renormalizable. Price to pay: Giving up on Lorentz
symmetry as an exact symmetry.

s




Introduction: Horava-lifshitz Gravity in a nutshell - 11
Petr Horava, Phys. Rev. D79, 084008, Quantum Gravity at a Lifshitz Point, 2009

R

e
\_”h-.

Anisotropic scaling mapped onto gravity:

* introduce “dynamical critical exponent” z such that:

de] =[s]""  [dt] =[s]""
v Dimensional analysis shows: [gx| = [ﬂ]“"‘:)

* ultra-violet fixed point at, z = 3 ,and Lorentz symmetry
emergent at infrared fixed point, z =

Pirsa: 09110057
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ﬁ Introduction: Horava-lifshitz Gravity in a nutshell - 111
)/40 Petr Horava, Phys. Rev. D79, 084008, Quantum Gravity at a Lifshitz Point, 2009

¢

Higher curvature terms added:

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

1
ng = 62k2 = 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 1

Pirsa: 09110057 k 2 == G‘\r" k 4 k - A'Q - ]. / G_"\fr

Page 50/83

s



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

Il_lil

) @

Anisotropic scaling

Modified Einstein-Hilbert action

Equations of motion

* Graviton propagator
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N @G-LY: Anisotropic scaling - (i)
Thomas Sotriou, Matt Visser, S.W., PRL102: 251601 (arXiv:0904.4464) and arXiv:0905.2798, 20089.

( !ll%l

I

» Hamiltonian formulation of General Recllivitl_j e 7

[Z(K) — #(g)] Vg N d°z dt

\potem:nl term:

scalar invariants in terms ﬂf
Riemann tensor and its derivatives =~

kinetic term

7(K) = gk {(KVK;; — K*) + {K°}

== - + anisotropic scaling!

* ADM decomporvition: lapse. shift. and induced metric
o d8% = —N2c2dt? + g;;(dz* — N*dt)(dz? — N?dt) ewens




=) Q@G-lV: Anisotropic scaling - (ii)
W Thomas Sotriou, Matt Visser, S.W., PRL102: 251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009,

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

+ anisotropic scaling:
da] =[]7  [dt] =[s]

Indication for inpmed UY-behaviour:

=> With anisotropic scaling it is possible to make the
gravitational coupling constant DIMENSIONLESS:
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=) QG-LV: Anisotropic scaling - (i)
Thomas Sotriou, Matt Visser, S.W., PRL102: 251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.

) @ik

» Hamiltonian formulation of General Recllivitl_j L =S

S = [ [Z(K)—-¥(g)] Vg N &z dt

\potentnl term:

scalar ]Mﬂiﬂﬂ in terms ﬂf
Riemann tensor and its derivatives =~~~

;,i.

kinetic term

7 (K) = gk {(KYK;; — K?) + (K7}

| _ + anisotropic scaling!

* ADM decompovition: lapse. shift. and induced metric
Pirsa: 09110057 dS — —iwrgczdt“z + gIJ (d:r e Ivldt)(d:rj = IVJ dt) Page 54/83




=) QG-lV: Anisotropic scaling - (ii)
" Thomas Sotriou, Matt Visser, S.W., PRL102: 251601 (arXiv:0904.4464) and arXiv:0905.2798, 20[19

Ill%l

) @

* ADM decompovition: lapse. shift. and induced metric
ds® = —N?2dt? + gi;(dz* — N*dt)(dz? — N’dt)

+ anisotropic scaling:
=[] [M=[s"

Indication for inptoved UY-behaviour:

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

9] = [K] @~
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=) QG-lV: Anisotropic scaling - (iii)
IHI " Thomas Sotriou, Matt Visser, S.W., PRL102: 251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.~

* Hamiltonian formulation of General Realtivity

S — / (Z(K) - #(g)] Vg N d3z dt

\ potential term:

scalar invariants in terms of
Riemann tensor and its derivatives

kinetic term

=
|
2

anisotropic scaling also
effects potential term...

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

) @k

- $pecializing to 3+ | dimeasion: [V (g)] — [k]°
» remember that the induced metric is dimensionless and thus Riemann had dim of [5]2

{(Riemann):i. [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:

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

Main difference to Horava’s original approach: we
consider all possible terms, but hold on to parity...
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=) QG-LV: Anisotropic scaling - (iii)
" 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 d3z dt

\ potential term:

scalar invariants in terms of
Riemann tensor and its derivatives

kinetic term

F— anisotropic scaling also
effects potential term...

Notice: The kinetic term ir a generic feature of any Horava-
like model!!! 7 (K) =gk {(KYK;; — K*) +£K?}
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S @G-LY: Modified Einstein-Hilbert action - (A)
" Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009

-

- $pecializing to 3+ | dimension: [V (g)] — [k]°
* remember that the induced metric is dimensionless and thus Riemann had dim of [ﬁ,]z -

{(Riemalm):*. [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:

{(Rlca) 'V (Ricei)]?, (Ricei) V2(Ricei), v*mmm)}

Main difference to Horava’s original approach: we
consider all possible terms, but hold on to parity...
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S OG-lV: Modified Einstein-Hilbert action - (B)

) @

Thomas Sotriou, Matt Visser, SW., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.~
* Application of: Compare with Horavas detailed
balance, involving a particular
e Integration by parts and discarding surface terms. combinations of these five
e Commutator identities. = C t j C J i

e Bianchi identities. r.-_"‘ :  {Cotton) x (Einstein} = (Cotton) = (Ricc)

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):

<] X [5]°: R; []*: R* RYR,;.
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S) @G-lV: Modified Einstein-Hilbert action - (C)
" Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, ZODQV

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

@

¥(9) = 90¢°+91*R+920>R* + 93¢ Ri; RV
+g4 R® + g5 R(R.,;jR":j) + g6 R'-'injk_Rki
+97 RV?R + g3 VR V' R7*

Splitting vp into EH and UY terms:

Sen = / {(KYKi;j — K*)+ ('R —g0¢°} /g N d°z dt,

Sy = / {E ﬁ-ﬂ — 8 [;2 Rz — 53 C: RU le
—gy R* — g5 R(R;;RV) — g¢ R*; R . R,
Pirsa: 09110057 — g7 RVJR — gs VcRJk V‘ le } ‘/5 N dd.[? dt. Page 61/83
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QG-lY: Modified Einstein-Hilbert action - (D)
Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.

/40

) @l

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

Sen = ¢~ /{ KYK;; — K*)+ R—go¢?} /g N d°z dt

* the Planck scale in our model

(lﬁ?rGNewtﬂn)_l = Cz
H S
A non-zero Newton
= . constant requires a non-
the cosrmological constant == "
g Cg constant, of the wrong
A= 0 sign to be compatible
7. with cosmological
Pirsa: 09110057 mzma
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QG-lY: Equations of motion - (overview)
Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009. A

N

S — / (T (K) — ¥(g)]| Vg N &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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QG-lV: Equations of motion - (1)

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

ll%l

J\l

Hamiltonian constraint: varying w.r.t. lapse

H =/\/§-}€”(K.g) Bz = / JI{Z(K)+¥(g)}d®z =0

" - F
-
—
P .
e
—

“ /¢ e 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...

e 64/83
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S @G-LY: Equations of motion - (2) S
Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, ZUDQ\J
~

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

* super-momentum

= =—{K"7 — Kg” -|-<$If9""j}

* super-momentum con straint

V{H’H — 0

=> Generic to all Horava models!
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S) @G-LV: Equations of motion - (3)
W' Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.~

) @

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

- h(Vgn?) = —2{(K*)? —KK" +¢(KK")

L 7(K) g + (VN™) 79 + [Lga]"
whis 1 Sy

N T3 09

LIV term in kinetic term;

* modified more complicated form of potential;

* “projectability” condition no spatial derivatives of lapse

=> Generic to all Horava models!
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S @G-lV: Equations of motion - (appendixn) o
Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009~
S

mi 1 —

L ] - L ] ) |
OQur specific forcing term: ko =~3
= 1 551/ oz B — 1
FI_‘} = Fah, = 2BR, — R0, —2V.V TR
NG 8Gi; g Rl —
J ; . - ,
| 9 )y I'.'l:' R i+ . ':-J. T R-Y. V. R+iRR .- R*),, — B,
> » I I = g B —
- R— i ey ) . Py = 3R, — — R A vh
conserved tensor one can build out of the -
: g : gz BB ™) —
metric and 0, 2, 4, or 6 derivatives
o . i £ RIR 3 .
+ |V I(RR IR v 5 Y Y. RR v, RR,
) V.V, (R ™

] : —
= IL_;; (F )ij [ &5l = M), ;ff’ 'y -I;I-‘“. (A T
-5 gS C S ; CHES. U U (™. — T "CARS . — O TR

s=4{ wx (TR = (T lle™ (T ) —
F v - Y. V°'"R-N"RER V.BY -V H"g
v v
oy = VIR, +(V, Y, VA, -V .V VR, -V V.V 0F (9
Pirsa: 09110057 _ I , . T,-ﬁf‘ge” 83
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Q@G-LV: Graviton propagator - (overview)
Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.

ll%l

|

_J\I

Linearized equation of motion

* lin. Hamiltonian coastraint

* lin. Supermomentum constraint

* lin. Dynamical equations

\

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

b Gauge fixing

#-__.

* isometry under inf.
coordinate changes

obtain the true degrees of freedom after eliminating coordinate artefacts

o, TO dO: Linearization, Gauge fixing, Scalar-tensor decomposition.

-
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' QG-LY: Equations of motion - (appendix)
" Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009

mE 1 —

L] - - . I
Our specific forcing term: o =3
s R
F G v.
F.!_j = 1 OSV 3 Fah, = 2RR, l:‘:-; .V VR
J_ 5 . = g Bpa ™ —
g 0Gij .
F) I'.Jl:' R YR % RB—-%.%.R R R n
> is the most general symmetric itk =t
k Fs) iR I.r';"; Y.V TR
conserved tensor one can build out of the -
: , : gz B (B B™) —
metric and 0, 2, 4, or 6 derivatives
Fs ! j ' - 2R(E R A &
+ T (RR.} +Va¥ _F -V V. AR L " ] R
Y-+ V¥ Ll
mz § R —
'E'J !1‘; !'j | Eg) = 3JR") ‘. [ r§
F E 93 F‘-}) -:'r-:';— - WV ™™g, — VVARY) 0 — V.V, A%
.*-_1:0 arz (THY Vim0 —
FYy, = Mg V-V V. VR-W'ER.,. +V.RY . R -‘ TH" s
L= s
A = TR+ iV .V Vi, VAR Lo s e g
Pirsa: 09110057 - 1 1.l_Pl,age 8_§
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Q@G-LV: Graviton propagator - (overview)
Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.~

l

=
A

@

&

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

-
Linearized equation of motion

Gauge fixing

-
* isometry under inf.
coordinate changes

* lin. Hamiltonian constraint
* lin. Supermomentum constraint +

* lin. Dynamical equations

\\

obtain the true degrees of freedom after eliminating coordinate artefacts

s, TO dO: Linearization, Gauge fixing, Scalar-tensor decomposition...
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| @G-LV: Graviton propagator- (GPI)

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

!lliil

linearizing around flat spacetime:

Og.,;j = 5;.;_?': UA‘Ti — ON =1

linearized perturbations:
Ggi; = CSU 1€ hij; N;

]

g7 =67 —eh” +0(?); N

Now expand the extrinsic curvature K;;. the conjugate momentum w;;. the

intrinsic Rieci curvature R;; and forcing term F; as a series in € of the form

X="X+4+e"'X+0(D

In fact K. 7;;, R;;, and F,

;7 all vanish at zeroth order and the first non-trivial
pirsa: 00110057 CONtribution arises at order e.

€ N;: N =1+ en(t)

en'+0O(e); N=1+en(t)
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) @C-LV: Graviton propagator - (GP2)

Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 20{19

) @l

* lin. Hamiltonian constraint: 1I‘I == / ]'R d3£ —

* lin. Supermomentum constraint: Gauge fixing

7 {jm == 5)5115} = &n; — (1 —26)9;(9 - i)

* lin. Dynamical equations:

%{}iu == 5)5,,";};} = %{d it + 9 — 2(1 — €)6:;(8 E)} +1

Pirsa: 09110057
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QG-LV: Graviton propagator - (GP3) -
a8W" Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv-0905.2798, 2009.

Gavuge fining

t—ot+e’@®)+-..; 2 -z +ellt,z)+ ...

Notice: reduced diffeomorphism N(t) — N(t)_f;,('n(t)_},___;
N{ — Nf‘{‘fii(t,I)ﬁ'.,.:
%i; — i +e€[0ix;(t.x)+Fhxi(t.z)] + ...

n—u—x (1)

n; — n; + xi(t, )

hij — hi; +{9ix;(t, x) + 9 xi(t, x)}
h — h+208;x'(t,x)
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S @G-LV: Graviton propagator - (GPA)
Thomas Sotriou, Matt Visser, SW., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.

Spin-0 scalar graviton:

3 - 1 3 3 :
(1 — 55) = *-'{ { 591()2 = ( -1:92 = 5 ) 8‘1 g (—197 e Ega) ()b} h

Spin-2 tensor graviton:

-
i

H;j = — [g10” + 930" + gsd°] Eij

=> both are sixth-order trans- 1

~Bggoliubov dispersion relations: «w? — ¢’k? — Gk
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% QG-lV: analysis of scalar mode =
y4e W Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.~—

Different parameter regimes: 2 __S&o | S
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Projectable
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non-propagating )¢ S —  non-propagating
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AtTA=_
1 3
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Spin-0 scalar graviton:

(1 = §5) h=—¢ {%9132 + ( 492 — %ga) " + (491 = é!}a) f)ﬁ} h

Spin-2 tensor graviton:

-
il

H;j = — [19* + g20* + gs0°] H;;

=> both are sixth-order trans- 1

—Bwgoliubov dispersion relations: w? — c’k? G(ke%’aﬁ




% QG-lV: analyris of scalar mode
vae W' Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.~—

~

Different parameter regimes: 2 =% S g x S
E spin—0 2 b= '?'E : _.) = 3£
Projectable
£2
= ©
=5 5
. e o -
non-propagating () ¢ >-  non-propagating
(elliptic) al 3 (elliptic) ¢
adra=_
1 3
byblfoyar:lla, ﬁ;rro]a Presentations by Diego Blas,
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% Advertizement for upcoming talk on the topic...

)40

Future work:
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* Excitations jﬁ and uv-behaviour & principles of
L < | emergence.?
«UY¥-behaviour . * Detailed balance i |

o
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Different parameter regimes: 2 e - | S
spin—0 T 2 = 35 ' 2 — 3£
Projectable
£2
2o
50
non-propagating () : %. — non-propagating
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A = = e ~];
1 3
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)40

% Advertisement for upcoming talk on the topic...

Future work:
spectral dimensions &
emergent field theories

and uv-behaviour & principles of

emergence..?

r_

* UY-behaviour il
7

v

s N
» Excitations f |

\ - J
Y i

* Detailed balance i |

%

~

P

.
=7

",
* How to add matter to the theory x

L

_'\

J

P

» Exact solutions |
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% QG-lV: analysis of scalar mode
/a0

UBC
Thomas Sotriou, Matt Visser, S.W., PRL102:251601 (arXiv:0904.4464) and arXiv:0905.2798, 2009.~—
=
. . | ‘.
Different parameter regimes: 2 = S 91 | S
spin—0 ¢ ‘ = ‘
Projectable
30
+ 0
(3]
=5 y.
aa
non-propagating () e >— non-propagating
(elliptic) a<l 3 (elliptic) ¢
1
21—
1 3
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