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Problems in theoretical physics

Field theory in UV: Particle physics: Cosmology:
1) Quantum gravity 1) Neutrino masses 1) Dark Matter

2) GUT 2) Hierarchy problem 2) Dark Energy

3) SUSY/strmgs 3) BSM 3) Inflation

4) . 4) . 4) Baryon
asymmetry

LHC new runs
other experiments  Eyclid, LiteBird..

More theorists!



Problems in theoretical physics

Field theory in UV: Particle physics: Cosmology:
1) Quantum gravity 1) Neutrino masses 1) Dark Matter

2) GUT 2) Hierarchy problem ) Dark Energy

3) SUSY/strlngs 3) BSM 3) Inflation

4) . 4) . 4) Baryon
asymmetry

LHC new runs
other experiments  Eyclid, LiteBird..

More theorists!



Why Lorentz Invariance?

All current data are compatible with
the ACDM model
J/ (assumes Lorentz Invariance as a fundamental property
m of Nature)

GR is a unique LI theory of gravity with EOM
of the second order

Very precise tests and tight bounds
on Ll in the SM sector

< 104Y



Why not Lorentz Invariance!?

@@ For other sectors
- bounds are milder or even don’t exist!

Gravity Dark Matter Dark Energy
<1077 277 < 10777
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Addressing dark energy and inflation:
\g massive gravity, ghost condensate,...



Why not Lorentz Invariance!?

@"@ For other sectors
< bounds are milder or even don’t exist!

Gravity Dark Matter Dark Energy
<1077 277 < 10777

Given the key role played by Ll in
modelling Nature,

it Is essential to test it to the best
possible accuracy in all the sectors




Outline of my talk:

Lorentz-violating gravity: from UV to IR

LV in dark matter

Physical effects of LV on cosmological
observables

Current constraints on LV
in gravity and dark matter



Anisotropic scaling: idea
Lifshitz, 1941

S = [dtd’z (@* — p(=A)*p —V(p))
X — b—lX , t s b—Zt ’ SO s b(3—2>/2¢
=3 o © is dimensionless

The most general renormalizable action:
S [ dtd's [+ (A% + Ax()00)° + ) g L
k|6
+ (B1(9)A%¢ + By () (9p)* + .. )
+ C2(p)pAp — V()]
Second order in time derivatives s> no ghosts

linear dispersion relation

02(0) =c > w” = c’p”in IR
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Anisotropic scaling: idea
Lifshitz, 1941

S = [dtd’x (gp —o(—A)?p —V(p

x—blx, t—b"t, @b/ « No LI

=3 u © is dimensionless Nice UV.

The most general renormalizable action:

properties
S = /dm% [gb? (A1 () A D A2(0)(09)° + .. ) (v b
RO )

Second order in time derivatives s> no ghosts

linear dispersion relation

C*(0) = ¢* . w? = *p?in IR



Gravity with anisotropic scaling

Let’s do something similar for gravity

|) Lorentz group is a gauge group, thus its breaking gives

* new degree of freedom

| 1) Geometrically, preferred time amounts to splitting coordinates in
space and time, in other words, equipping space-time manifold with
space-like foliations

Excitation of the foliation =
new scalar dof.

ADM decomposition of the metric (in GR -- a gauge choice)

ds® = (N* — N;N)dt* — 2N;dtdz" — %jdafidafj



Horava gravity
+ Blas,Pujolas,Sibiryakov’09

M2
5=~ / Brdt fN(KmK” (K2 —V)

o g = VilVj = VilVi projectable difference
v 2N model from GR
V] — —fR T M*—Q(AlAR_l_AQRZ]RZ] —|— )
+ M *(BiA°R+ BoR;;R7"R}, + ...
Vir = Vr — qaiat non
—+ ]\4*_2 (C’laiAai —+ Cg(aiai)Q - CgCLiCljRij —+ ... ) PrOIGCtable
+ M4 (DlaiAzal + Dg(aiai)g + DgaiaiajakRjk + .. )
R;; -- 3d Ricci tensor ADM decomposition
a; = N_l(%N ds® = (N2 — NiN’i)dt2 — 2N, dtdx* — %jda:'idajj

Think of the splitting as physical



Horava gravity
+ Blas,Pujolas,Sibiryakov’09

M2
5=~ / dxdt N (KiK' — CK? V)

Yij — ViV projectable difference
Rij = WY del
6\3“(' WS mode from GR
Vi = G‘a“%c “v AQRinij + .. )
SO BiA2R + ByRy; RI*RL + ...

Vir = VI — CYCLz‘CLi non
-+ ]\4*_2 (C’laiAai —+ CQ(CLiCLi)Z —+ OgCLiajRij —+ ... ) PrOIGCtable

e ]\4*_4 (DlaiA2a1 -+ Dg(aiai)g -+ DgaiaiajakRjk 4 )

R;; -- 3d Ricci tensor ADM decomposition
- 2 _ 2 _ N.NYA+2 . v~ At dd
a; = N 1a@N ds® = (N — N;N")dt* — 2N,;dtdx" — v;;dx"dx
Think of the splitting as physical



Stuckelberg description

Convenient to compare with GR at low energies (where
deviations are weak)

Inconvenient to analyse the UV structure (where deviations
from GR are strong)

introduce

g a field o(x, 1)
to parametrize
the foliation
surfaces

ADM formulation = the gauge | — o
a O sets global time <hronon !



Low-energy action

Invariant object -- unit norng)al to the foliation surfaces:
0o

Up = \/(30)2

Skh-m=

+ X (V, u!)* + ozu“uyvﬂupvyup1
cf. with Einstein-aether theory (Jacobson and Mattingly’Ol):an EFT for

unit time-like LV vector 5
+ ¢1 v/ =gV, u"V¥u,  +l(u;, —1)

Both theories have the same scalar and tensor sectors!
(completely characterised by o, 3, \ )



Degrees of freedom

M? -
S 2P /d4x V=9| YR+ BV u, Vu"

+ A (V,uh) + au“u”vuupvyu/ﬂ

* Massless Spin 2 graviton ? =2k’ 2 ﬁ
* ¢ =t-+x massless scalar (new force!) 2 = B+ A

f 87
Khronon w? =2 k2

EA-case:  extra vector polarisations
not relevant for CMB-TT and LSS



Constraints from the visible sector

PPN bounds |cv, B, A\ < 107

can be avoided for
the special choice of parameters:

Khronometric: o = 203
Einstein-aether: @ = — (3 4 3\)

Constrains from GW emission in
binary systems, cosmology
(Einstein -aether only)

a, 8,2 £ 0.01

Yagi, Blas, Yunes, Barouse’'14

Zuntz, Ferreira ,Zlosnik’08
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Dark matter

Is non-relativistic (small velocities).
s it possible to test its Lorentz invariance?

number
Yes! density
DM-aether interaction: Spy = —m | d*zv/—gn F(u,0")
(assume DM - perfect /V \
pressureless fluid) sether
D.Blas, MI, S.Sibiryakov’ 12 DM 4-ve|ocity

LV effects related to DM are summarised in

Y = F'(1)



Relativistic cosmology - ALVDM model

1 SM dm, LV 1 aether
G,uy — M—%T:U’V | T ’ | M% TMV —|_ Ag'uy

Tt =T + Y plam O(uuv,™)

D.Blas, MI, S.Sibiryakov’ 12




Relativistic cosmology - ALVDM model

1 1 1
G, = _TSV]W | TdZn,LV | Taﬁthefr _I_Ag 5
0 M]% m M]% 0 M]% p H
R B

D.Blas, MI, S.Sibiryakov’ 12
Blas, Sibiryakov’ | |

Audren, Blas,
Lesgourges, Sibiryakov’ | 3



Relativistic cosmology - ALVDM model

1 SM 1 dm, LV | 1 aether
G = 3T + 3 T + 3 T + Mg

le”’LV — Tgﬁ'yn + Y- p[dm]O(qu[dm])

D.Blas, MI, S.Sibiryakov’ 12

Background: Homogeneous and isotropic
(preferred foliation aligned with CMB frame)

ds® = g, dztdz” = dt* — a(t)*dz'da’
Uy — (UO(t)a 0,0, O) — Up ; p(t)

Friedmann equations almost not modified!

a 2_ 16, (1 — 1
. — g Pm © T 8TMA[1+3)\/2+ 3/2]



Relativistic cosmology - ALVDM model

1 SM 1 dm, LV 1 aether
G = M? Tzl M2 Ly A M]%Tw + Mg

Tdm LV __ Tdm + Y/O[dm]O(u,uv[dm])

D.Blas, MI, S.Sibiryakov’ 12

Background: Homogeneous and isotropic
(preferred folj

differs from Newtonian limit

ds® = g d

1
Uy = (UJO (t) G = 8mM3 (1 — a/2)

Friedmann e

a 2_ STG, o _ 1
. — g Pm © T 8TMA[1+3)\/2+ 3/2]



wavenumber

Effects on perturbations: LV in DM

p(z,t) = p(t)(1 +0(x,1)) . :
Screening horizon

o v (B+ N1 = Y)a(t)

| : 24 4., Y
- N Scr’eenlng | k=,/25+ dm _5
kY0 I super-horizon S T \/ Qe (1= V)

ae 5 ~
q scale factor



LV in DM: Matter power spectrum

(G(E)YO(EDY = 6B (k + EP(k)k>

.

Non- -
linear

=

0.0001 0.001 0.01 0.1




LV in DM: Cosmic microwave background

(14+1)Cy/2n

1e-09

8e-10

6e-10

4e-10

2e-10

ACDM
- o~ 1072
Y~1 — >
o7
=6 +0,/4+

Sachs-Wolfe

Doppler

Integrafed Sachs-Wolfe



LV in gravity: effects on perturbations

2 _
1) Modified Poisswftioy’ H* = 8chg/3
r NG, — 0
k2 — —4@a2 5061+ S paster] 1+ 3/2 1 312
Gy = Go/(1 —a/2) %N 1:a+52+3A o)

DM, baryons

G
L (—14+4/1424F5)/2
matter domination O~ T \/ Ge



LV in gravity: effects on perturbations

2 _
1) Modified Poisswftioy’ H* = 8chg/3
r NG, — 0
k2 — —4@a2 5061+ S paster] 1+ 3/2 1 312
Gy = Go/(1 —a/2) CéN 1:a+52+3A o)

DM, baryons

G
L —144/1424 255 /2
matter domination 0 ~ 7'( \/ G )/

+ Solar system constraints

Khronon(letr)ic (a=25) Einstein-Aether:
Gy 3(8+ A G
Gc—lz ; +0(2) >0 ij_le(Q)



LV in gravity: effects on perturbations

fluid
1) Anisotropic stress: aether

ds® = a®(t)[(1 4 2)dt? — (1 — 2¢)dx”]
¢ — 1 =0(p)

Free-streaming below the scale imposed by

CX - aether speed of sound



Enhanced gravity: effects

on CMB

1e-09 —rT - ~ ————r—r—] T
%e-10 |
1 1 ACDM —
~ se.10 | enhanced gravity —
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Shear: effects on CMB

1e-09 S— S — S —
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LV in gravity: effects on MPS
(5(k)o(K)) = 6 (k + k') P(k)k>

Y =0 1~1

0.0001 0.001 0.01 0.1



Observational data

Angular scale
90°  18° 12 0.2° 0.1°

6000 |

5000 |

4000 |

3000 |

Di[uK?]

2000 |

1000 | F M

/

0.07°

> 10 50 500 1000 1500 ~AAn
Multipole moment, ¢

WiggleZ survey

wiboiLez

use CLASS Blas, Lesgourgues, Tram (2011)
and MONTE PYTHON Audren et. al. (2012)

Planck

104 FL3f

- 0.5<z<0.7 _

0.1<z<0.3 |
0.3<z<0.5

0.7<z<0.9 |

0.1

0.4 0.5



Cosmological bounds

95% CL upper limits

?\'6\"“\\ instei
\/ PPN Einstein-aether 3\ = —(a + )

| k PPN Khronometric o = 203

a<1.1-107°
\. 0.0322 | | - Ci < 54

‘ - Y < 0.029

444 343 241 0 132 237 0 0.0322 0.058

loglo(@> 1Og10(0i) Y




Conclusions:

@ Lorentz violation is a consistent framework to
= test deviations from ACDM
motivated by quantum gravity

@ Consequences of LV in cosmology:
- enhanced growth of structures at small scales (i)
accelerated growth of structures (ii)
additional cosmic shear (iii)

@ Bounds at the level few x107° on LV in gravity
- and 0.03 on LV in Dark Matter

Outlook:

%  Nonlinear structure formation, ‘DM problems’



Other directions:

Technically natural dark energy with LV
- resolves Cosm. Const. Problem

Blas, Sibiryakov’ | | Audren, Blas,
Lesgourges, Sibiryakov’ 13

Inflation with LV
- curious phenomenology for NG

MI, Sibiryakov’ |3

Rigorous treatment of renormalisability
in extended Horava’s gravity



Thank you for your attention!



Conclusions:

Lorentz violation is a consistent framework to
test deviations from ACDM

Q)

@ Consequences of LV in cosmology:
= accelerated growth of structures

-

Thank you for your attention!

\(dependirig on LV in gravity)

Outlook:

%  Nonlinear structure formation, ‘DM problems’



Orby/O[dm]

Baryonic bias and anisotropic stress:

0.1

1072 |

($-W)/d

0.75 | . o . o 1()'5
KhMpc]

Qo 5 A Y | kyo (h Mpc™)
a|2-1072 1072|1072 | 0.2 9.2 .1
b|2-107*]107*|107*| 0.2 9.1 -
c|2-107*]107* | 107* | 0.02 2.6-1
d| 1077 0 |[1077 | 0.2 0.41




Cosmological bounds

95% CL upper limits
HO= 679“{?@1

A PPN Khronometric « = 20

64.6 68.5 7251115 _914—1—8;%

"f’!.l L \
L

74 541 5+)\ 0.000878
In 5 = 3490

I o PPN Einstein-aether
| 3N=—(a+ )

6.91 -0.712 4.25 -
Y 0. O45+0 045

4251

-0.712

0.62

0.344 | 1L 1| _
| L . | e D—— ! L;l

646 685 725 4 411 0712 425 U 0344062




Cosmological bounds

95% CL upper limits

HO0= 67.970-00

Correlation with HO

st [Khronon resembles dark radiation for

411F some LV parameters !
74t . -
74 411 B+ +-0.000878

o 7.4 4111n% — 34954

- PPN Einstein-aether
-0.712 L ]

. 3\ = —(a + )
| -6.91 -O.|712 4.25 Y=0-045+584050815

0.62 —

0.344 |

I

| |
0  0.344 0.62
646 685 705 T4 411 0712 4.25




LV in gravity: effects on perturbations

) Modified Poisson equation: ..o o~ /3

k2 = —4@55[2 8; + 0
— Pi0; + paethefr]

different from G. , G~ _;_ @+ +3A O(2)

Ge 2

(—1+4/1+24 G ) /2

DM, baryons
matter domination 0 ~ T

+ Solar system constraints

Khronor?etr)ic (a=23) Einstein-Aether:
G 3(8 + A G
Gc_lz 5 +0(2) >0 sz_le(z)



Gravity action: v, u*

Einstein-aether:
Mg

S = :

/d%\/—g [R + K", Vuu’Voyu? + l(uyu” — 1)

K’LWJIO = Clg’uyggp —|—Cg:5g(sg —|—035555 +C4 u“u”gap

Khronometric: u, = \/ézgi)Q —

C; are not independent!

Both theories have the same scalar and tensor sectors!
(completely characterized by a, 8, \)

Vectors not relevant for CMB-TT and LSS



Breaking Lorentz Invariance

Space-time filled by a preferred time direction
Associated to a time-like unit vector v,

\\’\T T
f

am“ :

Generic: Hypersurface orthogonal:
Einstein-aether theory Khronon
0,0
Uy — 5
uu, =1 o V09)

— /LPX
xH $
Jacobson, é L >
Mattingly’ 01 ”




Gravity Lagrangian:
Einstein-aether: Laop + L,

L., ~ c1,69,¢3,¢4 MJZD(VUM)Q

Khronometric: _ Optp

C; are not independent!

Both theories have the same scalar and tensor sectors!
(completely characterised by «, 5, \)

Vectors not relevant for CMB-TT and LSS



Gravity Lagrangian:

Einstein-aether: Laop + L,

Khronometric: _ Optp

ﬁu ~ C1,C2,C3,C4 MIQD(VUM)2

C; are not independent!

[

Bot

Low-energy limit of Horava-Lifshitz gravity
Arr ~VaMp

sectors!

SS




Constraints from the visible sector
—7
¢ PPN bounds a, B, A < 10

can be avoided for
the special choice of parameters:

Khror Y
Einste y
Constrains from GV emissic Can be improved with new
binary systems, cosmolog)  cosmological data !

(Einstein -aether only)

a, 8,2 £ 0.01

zuntz,Ferrera Zosnikos [




All current data are compatible with
the ACDM model
(assumes Lorentz Invariance as a
fundamental property of Nature)

Reasons to question this:

Recent successes of Lorentz-violating
theory of quantum gravity (Horava’ 09)

Lorentz invariance has been tightly
constrained only in the sector of Standard
Model particles

< 1049
What about other sectors?




For other sectors
bounds are milder or even don’t exist!

Gravity Dark Matter Dark Energy
<1077 277 < 10727

Given the key role
played by Ll in
modeling Nature, it is
essential to test it to
the best possible
accuracy in all the
sectors

Dark Matter

Dark Energy




Dark matter

Is non-relativistic (small velocities).
s it possible to test its Lorentz invariance?

Yes!



Generalized point particle action

_ \ e ,u
Spp = m/ds > m [ ds f uuv

1ether / DM veIouty



Generalized point particle action

Spp = —m/ds >  —m [ dsf uuv“

aether / DM ve|OCIty
Newtonian limit: «’,v" - small

M?2 o
ga uzAuz} +/d4xp

DM density (1)

S = / d*x {M123¢A¢ +




Generalized point particle action

Spp = —m/ds > —m/ds f(uqu

aether / DM velocity
Newtonian limit: «’,v" - small

2 ) 73)2

S = /d4x {M]23¢A¢+ Mg& uiAuz} +/d4xp {(Ui)Q — ¢ Y(u i

e 2

DM density (1)

® all effects are encoded in one parameter Y



Generalized point particle action

Spp = —m/ds > —m/ds f(uuv:{

aether / DM velocity
Newtonian limit: «’,v" - small

2 ) i)2

S = /d4x {M123¢A¢+ Mg& uiAui} +/d4xp {(vi)Q — ¢ Y(u i

e 2

DM density (1)

® all effects are encoded in one parameter Y

® modified inertial mass (coefficient in front of (v")*)



Generalized point particle action

Spp = —m/ds > —m/ds f(uuv:{

aether / DM velocity
Newtonian limit: «’,v" - small

2

M . .
S = /d4x {MI%¢A¢+ 123& uZAuZ} +/d4$p

/

DM density (1)

® all effects are encoded in one parameter Y

® modified inertial mass (coefficient in front of (v")*)
Yp

® effective potential for aether in matter m.;; = NV
P




F
(1-Y)

> -

Accelerated Jeans instability !

50(7_7, ’726
5,07'

0 density contrast

ey

25 =Y

1—-Y



2 -, Screening regime

Standard growth of structures
chameleon-like mechanism

2/3

0 X T



411

-7.4

115  -7.4 411

N

4.25

-0.712

0.62 [

0.344 |

0.2771
d

0.045

> logy= —9.14*973

AN

+ —0.000878
Ogsoundspeedsq= _3-49_3.42

I I I
-5.674
I

-GE’I -0.712 4.25

PPN Khronometric « =20

8 < 0.004
B+A<2-1071

Y <0.2

— + —0.00815
Ydm— 0045_0045

I —

.

PPN Einstein-aether
3\ = —(a + B)

exp{-5.75}=0.004

N a < 0.004

exp{1.5)=4.48

£ < 0.003

Y <0.6




LV in gravity: effects on perturbations

|) Modified Poisson equation: > H? = 87G.p/3

-«
k2¢ — _4@@2 [Epz(sz + 5,0a,ethe'r']

different from G. , &~ __aTO+3A O(2)

G. 2

Aether - effective relativistic dof,
undergoes free-streaming

Il) Anisotropic stress: aether b — 1 = O(B)

ds® = a(t)® [(1 +2¢)dt* — 6;;(1 — 2¢)da’da’]



+0.243
loga= _10'2—1.34

=< DN

Inc

115 8.04  -5.27

4+0.309
logsoundspeedsq= —5.36 1.55

-6.91 -3.96 -1
Yam= 0.34319-324




Generalized point particle action

Spp = —m/ds > —m/ds f(w,v")

Newtonian limit: «’,v" - small

S = /d% |:M]23¢A¢+ Mé& uiAuZ} +/d433‘p {(U;V — ¢ 0’

DM density (1)

Big halos: V; = —0;0

0; ¢
1-Y

Small halos: V; =



F
(1-Y)

> -

Accelerated Jeans instability !

50(7_7, ’726
5,07'

0 density contrast

ey

25 =Y

1—-Y



2 -, Screening regime

Standard growth of structures
chameleon-like mechanism
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