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Why testing Lorentz Invariance (LI)?

23% DARK MATTER

Lorentz invariance (LI) is assumed in
Standard Model, Gravity, Dark Matter

Bounds: ~ 10720 ~ 1077 [

Faces of breaking LI:

* properties of matter (and DM)
* better for quantum gravity (Horava gravity)

* alternative to GR/ACDM
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Dark sector missions

Large Synoptic Survey Telescope

Precision data to constrain any compelling model!
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Breaking Lorentz Invariance

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

Generic: +  Hypersurface orthogonal:
Einstein-aether X Khronometric
. — — =B
u,ut =1 - \/ e
. — %
Scalar-vector X /@;@k Khronon

U, =
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Gravitational Lagrangian

Ingredients: u, , gu.

. %,
Khronometric case e = z; gagp

Lycr=Ler+V—¢ ()\ (V"uﬂ)2 + « (u”VVuM)2 + 5VMuVV”u“)

% Massless Spin 2 graviton w? = 2k’ 2 = ﬁ
% Extra massless scalar W =2 K 2 = B+ A
(new force!) , =+ 4+ <« Khronon -

Einstein-aether (generic u,): extra term

% Extra vector polarizations u, = u, + du,
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Gravitational Lagrangian

Ingredients: u, , gu.

. %,
Khronometric case e = ‘:0 g%

L.cr=LeH + VvV —g (A (V! /(/701,]//7 U V2 ﬁvuu,/vyu“)
l

% Massless Spin 2 gravitc Ofal, Colhp / L
agray. Ct/q
% Extra massless scalar WP = ¢tk /ZJ, : M1+
(new force!) , =¢ 4+ y <= Khronon 0(1/4[@ _
o k.
Einstein-aether (generi 4 l'l//‘t/)‘"m
2~ G
% Extra vector polarizations u, - @/%(: t‘Oﬁr



Matter Lagrangian

Ingredients: u,, g + SM Fields + DM

[,m — ,CL](SM, DM,gw/) T K1 ﬁLB(SN_

y Juv u,u)

T K2 »CLB (D\/

[ G, Uy,

€.8. @E u“u'/%@ulb

¥ 7000
SM: k; <1072°  Dynamical explanation?
In the following 1 =0

DM:  ko?



Digression: Direct Detection

Very strong bounds can be placed if
DM is directly detected soon

SM .+ DM SMx_ .. fe
M " DM SM

Bovy, Farrar 08

LD A qeppympm RS = ANk S 10712 (]3\';\/
P
o~ A* m?
A r2 relevant for cosmology requires o <107 cm™?

Oexp S 107 43 em™?



Gravitational Constraints

Theoretical

no singular limits, stability,

no Cerenkov
cut-off Arr~ VAMp

Solar system
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Summary Local Tests

The models without LI are phenomenologically
viable (and maybe UV complete) provided

K1 =0 cut-off Arr ~ VAMp
) a=20 a~AS1077 (GW)
i)  5=0 a=\<10"* aPPN

i)  Generic O~ A~ <1077 oLPN



Breaking LI and
Dark Matter



Lorentz Breaking (LB) of Dark Matter

Lm — /-:LI (SM, ]:)h/.[7 g,ul/) R L o e

but... CDM is non-relativistic, can we probe ~2

E=+/f(p*)

M2 =M

O(v)

LB effects from the coupling to u, = Uy + 0uy,:

(i) the background @, modifies the inertial mass
(ii) new interaction from ou,,

Dl

DM gravitates differently:
no equivalence principle and enhanced collapse



LB Dark Matter: Point particles

Spp = —m/ds * Spp = —m/ds (w,v")

daH
ds = \/gu,/dx“d:t” vH = 14

, Uy, = Uy, + o0uy,

Newtonian limit: v/, du'< 1  goo =14 2¢

(v)”

5 o — Y (du" —v")?

S = MIQD/d4a: {qﬁAgb + %5uiA5U1 + /d4azp {

Extra force DM density Extra force
pEZmi(S(S)(x—xi(t)) Y = f’(l)
dvi ang

a; = = - FEB (Su,v) , 2M3 Ap = p

dt 1-Y
~—

Modified inertial mass: no equivalence principle




Newtonian Cosmology: Jeans Instability

(v)”

5 o — Y (du" —v")?

S = M%/d‘% {¢A¢ + %&LiA(Sui} + /d4xp {

p(z,t) = p(t)(1+0(z,t))|  Potential for DM and aether: pY

. M2\ F
(i) L< (O‘ ) ‘\5 F:1—NY Y >0

1 25 —
Faster Jeans mstablllty o~T?, y=—|-1+4 \/

.\ ]\42
(ii) L>> - 6 b F =Fy
5 ~ 72/

Screening



K, momentum

Cosmological perturbations

plz,t) = p(t)(1+0(x,1))

Scalars: All effects summarized in ¥ = f/(1)

_________________________________________

super-horizon

Screening scale — k/a"/
Hubble — gH

€q

t matter domination
t, conformal time

2 _ _ 3HiQumY
YT B+ AN)(1-Y)

(k)°
6(1—Y)

25 1+ 240 g Y
K =
Qe (1 =Y)
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Relativistic fluid without LI

At cosmological distances matter behaves like a
relativistic (almost) pressureless perfect fluid:

p(x,t) v (x, 1) equation of state

Pull-back formalism of fluids

o' (z,t) f =ot, v, =1
I={1,2,3}
v, =0
=g I=1{1,2,3
Internal space Space-time B = —det [¢"0,¢" 0,p” ]

of fluid elements

VH(VBW') =0 <= n=VDB



Relativistic fluid without LI

Perfect fluids =p> Only compression modes

Physics invariant © > @)
under transformations ;.. %% _
preserving the volume O’
= —det [g“”@mplaygp‘]}
5 = / d*z /—gf(B) T = (p+D)vuvy — DG
p=2f'(B)B - f(B)
p=f(B)

%md: /d4a: vV—9f(B,u"v,)= —m/d%:@f(u“vu)

Plausible assumption S x n= VB

flurd



Relativistic Cosmology

1 m 1 lurd | 1 aether
G = 3z i+ 3z T+ 3 T + Mgy

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

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

Friedmann equations almost not modified!

2_ 87G. (. — 1
. — g Pm © T 8TMA[1+3)\/2+ /2]

From BBN (“*He abundance) G.= Gy +0(.01)



K, momentum

Cosmological perturbations

plz,t) = p(t)(1+0(x,1))

Scalars: All effects summarized in YV = f/(1)

SHZQgmY
(B+A)(1-Y)

Screening scale — k/a"/ ke =
Hubble — aH

: . 5 (kt)z tl‘&
_________ _ ho screening == 6(1—Y)
S R, K—\/QH MY
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Cosmological perturbations
(5(E)o(EN) = 6P (k + k' P(k)k3

k'3+K

— Power spectrum in ACDM model
- Power spectrum in LVDM model

ky

1/t k K,

Y €q max

k

3H2QumY I
B+N(1—Y) ’ Y¢




Matter Power Spectrum

More structure!
q§‘\
<
=10 | / : ‘_
9 | Linear |
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(0,B,1)=(2,1,1)*107%, Y=0.02
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Cosmic Microwave Background
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Other effects

Baryons bias Anisotropic stress

0.1
0.95 10_2' X
£ &
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0.75 . o . o 1()5
| Kk [h Mpc™'] |
QY ﬂ A Y kY,O (h MpC_l) l{y’eq (h MpC_l)
a|2-107211072 11072 | 0.2 9.2.10~* 6.5- 1072
b[12-1074[107*|107* | 0.2 9.1-103 0.05
c|2-107*|107* | 107* | 0.02 2.6-1073 0.18
d 10~7 0 10-7 | 0.2 0.41 29




Conclusions

, Breaking Lorentz invariance in the dark sector to better
understand the fundamental properties of our universe (may
be useful for quantum gravity).

Cosmological observations allow to constrain deviations from
Lorentz invariance. For dark matter: same background
evolution, but distinct signals for (linear) perturbations.

Breaking of equivalence principle for dark matter: enhanced
(scale dependent) growth of structure at large scales. Lorentz
breaking summarized in a parameter Y < 107 °

OUTLOOK

* Detailed study of parameters, comparison with data
effect at other scales, DM ‘problems’
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