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Parametrizing dark sectors

Dark Matter (DM) and Dark Energy (DE) can interact = Elsa’s talk

Motivations for interacting dark sectors [Lewis & Chamberlain, 2412.13894]:

@ If DE and DM treated in isolation, most datapoints of DESI DR2 violate
the Null-Energy Condition (NEC):

ppE + ppoe > 0.

@ Explaining DESI DR2 without violating the NEC may require interacting
dark sectors [Khoury, Lin & Trodden, 2503.16415].

Whether or not it becomes more statistically significant,
a good test for parametrizing features in the dark sector.
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Principle-based approach

Effective Field Theories (EFTs) embed microphysical models.

EFT of dark energy [Gubitosi, Piazza & Vernizzi, 1210.0201] D single-field DE models:

s= [ d'x/—¢ Ef(t)l\/lfR ~A(E) — c(£)g® + %Mg(t)(agoof
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A Shortcomings: Conservative dynamics only:
=- Cannot describe interacting DM-DE

How do we account for sourcing and damping between dark sectors?

= In this talk: Treat DE as a medium on which gravity & DM propagate.
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Matter in a medium
System = {gravity + DM 4 SM}; Environment = {DE + everything else}

S {System + environnement}
Iuv

=, S M3\ Gy = TS + T
sys
Environment \a Tlﬂiys) + V# Tl(ﬁ,nv) =0

Hierarchy of scales: A% > )\f:"}')p effective/system-only description:

MGy = Tl(j,ys) + (Tle,“V)> o~ Tl(f;,ys) + modif.

VAT = —VT) #0
— An open system approach to gravity [s.A. Agii Salcedo, T.C., L. Dufner & E. Pajer, 2507.03103]
@ Schwinger-Keldysh formalism: non-equilibrium and open systems;

open

© Symmetry-breaking pattern: 4d-diff, x 4d-diff_ °*<3 ad-diff, <% 3d-diff, .
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|
An open dark fluid (DF)

Dark matter with bulk viscosity = dissipative effect from unknown medium:
1 DF SM
Guy‘i"y(t)KN,, = Mil%l (T/“’ + THV )
o Effective and dissipative theory: DF gain or loose energy from medium:
VATSM =0 = VATDT =~(t)ME, V" K,
@ No cosmological constant still late time acceleration sourced by ~(t).

Analysis:
@ Background: can reproduce ACDM (or wow,CDM) with same number of
parameters.

@ Scalar perturbations: bulk viscosity = modified clustering = testable with
Weak Lensing (WL) and Redshift Space Distortion (RSD).

© Tensor perturbations: damped Gravitational Waves (GW) = testable with
GW luminosity distance.

_ The Open EFT of Dark Energy Thomas Colas 5/12



Background analysis

Late-universe: SM = baryons

@ Friedmann equation: 3M2,H? = ppr + psm = prot

@ Continuity equations: psm + 3Hpsm = 0, ppr + 3Hppr = 3’)/(t)M123,H2

| rot + 3Hpior = 1(t)prot
Match ~(t) to wow,CDM:

_ Ptot,0 L €)
A U - aH(a)]’

_ pto;,O [Qm,O + (1 o Qm7o)af3(W0+wa)e3wa(a71)} )
wow,CDM  a

Conclusion: wow,CDM < open dark fluid for:

3H (1 = Qm,O) [WO + Wa(]- — 2)]
(1 - Qm,o) + meoa3(wo+wa)e3wa(l—a)

v(a) = -
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-
A guidance for model building?

Deduce 7(a) from best-fit DESI DR2 + Planck CMB + DESY5 supernovae

~(a) evolution
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a
A reinterpretation of the concordance model:

Is there a microphysical model realising this EFT?
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N
BAO distances from DESI DR2

Using ~(a) from best-fit wOwa:

Loo Perpendicular BAO Distance Loso Parallel BAO Distance
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= with no surprise, ODF recovers DESI DR2 best fit: built for it.
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Reinterpreting DESI DR2 results [Kou & Lewis, 2509.16155]

Open dark fluid never crosses phantom divide w = —1.
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[Ongoing work: scalar perturbations compatible
with weak lensing and redshift space distortion?]
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Gravitational wave cosmology

Transverse and traceless (TT) sector: g; = a2(t) (0; + hy) »:
. . A&
h,‘j + [3H +’Y(t)]hu — ?h’! =0,

= bulk viscosity damps gravitational waves.

@ Luminosity distances and damping rates: [Belgacem, Dirian, Foffa & Maggiore, 1805.08731]

df"(z) [1 /z dz' ~(Z) ] - 1-=o
0

de(z) ~ P A+ HE) |~ @+

GTWC-4 constraints [vk, 2s00.04348: =9 = 1.2758 'n = 25717,

2

Constraints on EFT coefficients from GW luminosity distance:

7(2) 2n(1 — =)
H(z) (1—=0) +=0(1+2)"
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Constraints from GW damping

Bulk viscosity dissipates gravitational waves =- observational constraints!

—— Dark matter

Open dark fluid
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Conclusion

Conclusion

A parametric approach to dissipative dark sectors

Open EFTs for gravity: models unknown dark sectors as an effective medium:

@ Schwinger-Keldysh formalism: non-equilibrium and open systems;

open clock

© Symmetry-breaking pattern: 4d-diff, x 4d-diff_ — 4d-diff, — 3d-diff, ;

@ In practice: cosmology with imperfect fluids.

Open dark fluid + baryons: late-time acceleration without A:
@ Background: can reproduce ACDM or wyw,CDM;
@ Bulk viscosity: weak lensing and redshift space distortion;

© Damped GW: luminosity distance d¢".

_ The Open EFT of Dark Energy Thomas Colas 12/12



Backup J

Thomas Colas

Backup Thomas Colas 12/12



Outline

@ More on Open EFTol
© More on Open E&M

© More on Open GR
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Open systems, dissipation and noise

interacts with

System => non-unitary evolution

Dissipation & noise = energy & information losses
Environment

Perfect fluid: Wilsonian EFT Imperfect fluid: non-equilibrium EFT
Az r «
)V B o
0->0 >0 el
@ f O\ x : 5 |
N it

. »

0:<0 Credit: [Guyon et al, 2012]  x

What about cosmology?
@ Observable universe # whole; g ‘ @ Always a medium;
@ Continuously evolving; @ I fluxes between sectors. BEE
= effective dynamics often non-unitary [Baumann, Nicolis, Senatore & Zaldarriaga, 2010]

Goal: EFTs accounting for dissipation & noise in cosmology
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Combining EFTs and Open Quantum Systems

Langevin equation

4O = {H, 0}dt + d¢

/

|Stochastic Schrodinger equation|

O=—i [H o +dé

Master equation

Fokker-Planck equation

apP
T = LeelPl

‘Martin-Siggia»Rose formalism
p= / Dxpxe WA (o)
Extend the embedding power of EFTs:

( Quantum
Systems

5 Effective
E’;“ Field
s Theories

i &

Scale hierarchies

Dissipation and
and symmetries

noises

Influence functional
) = [ Dosesrvoo (Y bt _ g5

Open EFT
of
Inflation

EFT of
Inflation
Single clock
models

Local dissipative
models

Stochastic and
warm inflation
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@ More on Open EFTol
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More on Open EFTol

Schwinger-Keldysh formalism

Consider some observable

Q = C(x1)C(x2) -~ C(xn)

and some unitary evolution operator U(ng,7;) so that

~ . ¢ _
(W(no)) = U(no,mi) IBD) ~ with  (¢| U(mo,m) |¢1) = i D [d] &1,

If S [(D] = SC [C], S€€ [Weinberg, 2005]:

{(Q(m0)) = (W(0)| Qo) |W(10)) = (BD|U* (0, 1:)Q(0) U110, m:)
S

BD)

¢
D[¢] [ DIc-]eSelel=5el-1(;|BD) (BD|¢2)

¢ ¢
)-
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More on Open EFTol

Integrating out an environment

Total System
o S[®] =S¢ [¢]+ SF[F]+ Sins [C: F]
with F a hidden sector.

System
¢ @ Goal: tracing out F, the

) environment being unobservable.
Environment F

Effects of the environment captured by the Influence Functional (IF):

< <
(Quy) = / 4CdGrdGa [C(x1) -+ Cxn)] | DIci] [ Dle-JeSelerimiscleeiinlesic-]
G ¢
i) effective action
(in] <s - -

elisiFld+.d-] ’X A,°/“_ > nf

in) . m
™ (+) branch : eSEFTIS+]

ii) dissipation
iii) noise

What are the rules obeyed by Sir[(y;(_]?
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The Open EFT of Inflation [S.A. Agiif Salcedo, T.C. & E. Pajer, 2404.15416]

Early universe: one scalar degree of freedom 7(x, t):
Observed (€ :3) = (7M)(t) = /dmr"Probﬂ(t).
@ EFT of Inflation [cheung et ar, 2008]: most generic wavefunction
T 2
_ D eSenlr] ‘
/ =>

o Dissipation & noise: most generic density matrix

Prob,(t) = pr=(t / D7r+/ Dr_ Senlmim-] |:>

Physical principles restrict Seg[ny, 7_]:

Prob,(t) = |V

X

@ Unitarity: {Sys. + Env.} closed = non-equilibrium constraints; [Liu & Glorioso, 2018]
Q Sym metries: in-in coset construction; [Akyuz, Goon & Penco, 2023]

Q Locality: truncatable power counting scheme.
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More on Open EFTol

Non-equilibrium constraints i & cierioso, 2019

Requiring Open QFT originates from a unitary “closed” UV theory:
i) Tr[p] =1, i)pf=p and iii)p>0

implies constraints on Se [, 7—] = Sunit[m+] — Sunit[T—] + Snon—unit[m+, 7—]:

i) Sem[my,m] =0, Seft [mr,ma = 0] = 0;
11) Seft [TI'+, 7I_*] = - :ff [7T7,7T+] s Sett [7rr7 7Ta] - 75:8 [7Tr, *ﬂ'a] '
111) jms@ff [7T+7 7T—] 2 07 jmseff [T('r, 7T3] Z 07

for 7 = (7 +7-)/2 and 7, = 7+ — m—. Consequences:
© Sc [7, 2] starts linear in 7,;
@ 0dd powers of 7, are purely real; even powers of 7, purely imaginary;

© Bounds on the noise coefficients.

= Already reduce the scope of available Open EFTs
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More on Open EFTol

DiSSipative Shift Symmetric Scalar [Hongo et al., 2018], [Akyuz, Goon & Penco, 2023]

Sunit [7+] invariant under shift, X shift_:

ma(t) = mo(t) = mo(t +ex) +€x,

but Spon_unit [T1; 7] is not: SSB shift, X shift_ — shift,:

Eﬂ

€. =——

—_ 2

(in| (in| <@
t \tf ti \ff
|in) \ j lin) j
€
€, =¢c_=¢ € = 7‘1

(m+ +7_)/2 and advanced 7, = 7 — w_ fields:

ma(t) = mh(t) = ma(t + €,).

Retarded 7, =

7 (t) = mi(t) = 7. (t +€) + €,

Building blocks:
Tar t4+m, Ouma,  Ou(t+m).
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In_i n COSGt COﬂStrUCtion [Hongo et al., 2018], [Akyuz, Goon & Penco, 2023]
Two Simp|ificati0ns from [Cheung et al., 2008]. [regime of validity? = later]
@ Decoupling limit: Mixing 7/dg small as long as E ~ H > E; ~ €'/?H

= enough to construct theory of dissipative shift symmetric scalar:

— Ea’
“T2
(in| <& (in|
ti \tf ti \tf
lin) j lin) j
o €,
e=c =¢ e =%
Seft [y, 7a] invariant under retarded time diffeomorphism:
t—t+e: Tr — Tr — €r, Ta — Ta.

Building blocks: m,, t + 7., Opma, Ou(t + 7).

@ Derivative expansion: locality and truncatable power counting scheme.
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Effective functional
Keldysh basis: 7, = (ny +7_)/2, 7wa=m4 —7_.

@ Quadratic order: 1 — 5 EFT param (1 tadpole constraint):

Kinetic term
e
S((é.) = / d%\/—g{fr,dr(, — cf('),;ﬂ,,.(?’m,,
—’Y’/:F,»Tf'(, +Z |:517T(21 - (52 - 6-1) 7T(21 + 62 (aiﬂrl,)2i| }

Bissipatior‘; Noise
@ Cubic order: 1 — 13 EFT param: EFTol famous for relating operators at
different orders because of non-linearly realised boosts [Lspez Nacir et a1, 2011].
EFTol: £ (¢ —1) [=27, + (9um,)?] 7

Dissipation : LDy [727}, + (@m,)ﬂ T,
Noise : LD iBa(—7a+ 8w, 8"7,)

= Recover and extend the EFT of Inflation.
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More on Open EFTol

Primordial non-Gaussianities

Matching with [Creminelii et al., 2305.07695]

@ inflaton ¢
@ massive scalar field x

@ softly-broken U(1)

Lly=5H
Hy=02H

Main features:

@ v > H: equilateral shape;

@ v < H: new folded signal;

@ Consistency relations hold.

/
,
,

/_M

Planck 2018: fx} = 26 + 47

5
’ »
> 7
SPHEREX & MegaMappe/ M
’ P4
g
.

s
/

New challenge: dynamical gravity

Backup
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More on Open EFTol

Standard observables

Symmetries ensure existence of nearly scale invariant power spectrum
2w

k3
= A% = 10? obtained by imposing hierarchies of scales.

2

(o) = T ) = (2mPo(i + 02 A2(K)

Bispectrum computed in perturbation theory using standard in-in rules.

/ \ | / n T]/ —iGE (k. n)
, + N N —iGRkn.n)
) \\:,/ %
® 1ozl _ /’7“ dn/
S g
Dy D, K < —oo(1:tie) (Hp')*
H3
(Ciy G Cis) = *ﬁ(ﬂilﬁﬁzﬁﬁ (27)*8(k1 + ka + k3)B(ki, ka, ks).

2 B(ki, xak, xski) faw (ke ko, ka) = 5 B(ki, k2, ks)

Sbe,xa) = bexa) —ga= 2y 6 P(k1)P(k2) + 2 perms.”
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More on Open EFTol

Bispectrum shapes

Main features:
@ 7> H: equilateral;
Cy= . )
S o v < H: folded;

@ Consistency relations;

@ Regularized divergence.

Consistent with flat-space/sub-Hubble analytic results:

Squeezed y=005 FEquilateral Squeezed v=5 Equilateral
K _ , ‘ ‘
o S(xz, x3) Y2 - S(x2, x3)
' o

o i‘\\v 09
5 3 07
4

0s
2 03
1 0

Folded > ks Folded
02 04 6 05 [CES i 02 04 05 08 0 Y3
e
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More on Open EFTol

Matchi ng a nd fNL with [Creminelli et al., 2305.07695]

UV completion: inflaton ¢ + massive scalar field x with softly-broken U(1):

/ dxr{ MAR = 2 (00)" = V() — [onf” + M |x

O X X 1 5,5 2
— = (XX =X x) = 5 (X + x )}

= narrow instability band in sub-Hubble regime: /ocal particle production.

(9im,)?ma

-2
T Ta
w2
2

Planck 2018: &3 = 26 4 47
10' 4 SPHEREX & MegaMapper,
o
&z '/
/
/
/
/
;
/
L
10° 4 ,/
e ,a”’
S -
A S
/
1072 107 10°
v/ H
N Bacian
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Outline

© More on Open E&M
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More on Open E&M

Open gauge theories

[S.A. Agiif Salcedo, T.C. & E. Pajer, 2412.12209]: Dissipative theory for of light in a medium.

> A 4 @ Gauge symmetry: U(1), x U(1),
sys
Aby System @ Global symmetry:
ulsys = Q
Quits == PR U(1), x U(1), = U(1),

Environment

Keldysh basis: retarded A* = (Al + A") /2; advanced a* = A} — A"

“
At = AF — Z AH
2

(in| O s

X )

. Backup Thomas Colss  12/12
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More on Open E&M

Retarded & advanced gauge transformation

Retarded gauge transformation €, = e_ = ¢,:

A — AP+ OFe, al — a#.
Advanced gauge transformation €, = —e_ = €,:

Al — AR a — a" + 9", .

@ Global U(1), broken: BY = at 4+ Otp, with @, — v, — €,.

@ Unitary gauge: ¢, = 0 and retarded gauge invariance only.

Effective functional constructed out of F*” = gFAY — OY A* and a*:

51 = / [aoik,'FOi + a; (’}/QFO’. + ’y3lkjFU + 74€9lel) + a“ju]
w,k

: v
52 = / la“Nl“,a , Sn23 =
w,k
e Backup Thomas Colas 12/12



More on Open E&M

Summary

© Unitary: ASg‘g" =0 = 0*j, =0: Maxwell in medium;

e =—€,
(in| - (in] <t
n
|in) Ay v lin)
€, =E_= € €L = €q

@ Non-unitary: ASY3V£0 = 0*j,, # 0: modified charge conservation;

€E_=—€,
(in| = (in|
AH* /? N A* Ui
A a AR
in) £ in) -
€, =c_=¢ €, =€,

© Conductor: AS' #0 = new d.o.f.: dissipative Proca theory.

€
e =—€,
(inl - : (in] <—— |
A" )nf X )”f
m
lin) it lin)
€. =€c_=¢€, €L = €q4
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N - - -1
Recovering electromagnetism in a medium

From S.g, obtain modified Gauss and Ampere laws:

35S, .
=0 = V.E=j+&,
éa
5563 H
~— =0 = YE +73V x B — 2B =j+ &,

and a noise constraint: modified charge conservation in the system

a“(.ju + fu) = I_(_/.O + £0)

Properties:

@ Dispersive medium: n=1/\/=~3;
@ Dissipative medium: v = —jw +T;

@ Anisotropic medium: ~yq;

@ Random medium: &+, S ——

! [cacetal, 2022
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Unitary limit

AS* =0  but ASMY = / (iw + v2)eaiki FO".
w,k

)

@ For general 7o, AS?Y £ 0;
@ When 7, = —iw, AS}Y =0.

E.=—€,
(in] << = (in| <z s -
A* >17f >7]f
I
lin) A+ lin)
€, =€_=¢€, €y =€,

Unitary theory with $1[A;, A_] = S[A;] — S[A_] and

S[A] = %/d‘lx [F" Fuu + (c2 — 1)F7F; + OF* F*]

Recover Maxwell in a medium.
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More on Open E&M

Deformed advanced gauge

When ~, # —iw, does it exist physically equivalent advanced configurations?

© Retarded gauge invariance: M, k¥ = 0 where k* = (w, k).
@ 3 “right kernel” = 3 “left kernel” such that v*M,, = 0.

© M is non-Hermitian = different left and right kernels: v# = (i, k).
Conclusion: retarded gauge invariance generates advanced gauge invariance.

S1 remains unchanged under
AP — A* + e kM, at — at + e, v

Not broken but rather deformed! [Liu & Glorioso, 2018], [Akyuz, Goon & Penco, 2023].

Advanced gauge redundancy allows us to reduce number of advanced components.
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More on Open E&M

Noise constraint
Add some noise: N, positive semi-definite [Kamenev, 2011}, [Brever & Petruccione, 2007]
S= /d4x [a" M, AY + ia"N,,a"],
Hubbard-Stratonovich trick:
2= [oa) [10s) [0 00 | [ ot (Mt - )= Feutv e

Advanced gauge symmetry a* — a* 4 €,v* induces noise constraint:

V#(J'u + gu) =0.

Meaning: 7, = — jw leads to

8#(./'u + gu) = r(JO + EO)
Conservation of the total current < Non-conservation of the system’s current
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More on Open E&M

Advanced StueCkel berg [Lau, Nishii & Noumi, 2412.21136]
Stueckelberg trick: X, — X; — €5 s.t. A¥ = a# + 0" X, — A invariant

Seft = / [AcoikiFO + Asi (2F% + v3iki F7 + yaely F') — Agy (j* + €1)]
w,k

= §§d+/ X [(iw + 72)iki F% + 8, (j* + €M)] .
w,k

)

X, e.o.m. recovers noise constraint: for v, =T — jw,

0Se . .
cSXlCf =0 = 9"(u+8&)=Tlo+ %)
using on-shell relation §S.¢/dap = 0 that is ik;F% = — (j© 4 £°).

Lessons:
@ Manifest advanced gauge invariance at the price of Xj;
o If 9" (j, +&,) =0, only solution is v» = —iw, i.e. no dissipation ' = 0.
] Backup Thomas Colas 12/12



More on Open E&M

Proca mass term

Adding a mass term breaks both retarded and advanced gauge symmetries:

Sef = / ikiagF®" — iwa;FO" — m?a, A¥
w,k

)

.= —€4
(in] <t= = (in] <z —t
A# >'7f X >ﬂf
"
lin) A ? lin)
€, =€ =€, [

Stueckelberg trick:

@ X; = X; —e5s.t. A = at + 0" X, — AY invariant;

o X, = X, —¢ s.t. A = A 4+ 0P X, — A¥ invariant
Sett = S — m? / A*x [0, X0 X, — 2, 0" X, — 0, XaA"]

Decoupling: when E > m, mixing between X and A negligeable.

Breaking retarded gauge invariance triggers new d.o.f.
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More on Open E&M

Dispersion relations

Gauge fixing
@ retarded Coulomb gauge: 9;A" =0

Je st kKAT=0, where A" = A" 4 e kM.
@ advanced Coulomb gauge: d;a’ =0

Je, st. kia' =0, where a*=a"+ev" .
bl

Eigenvalues of the kinetic matrix: 1 constrained dof, 2 propagating dof
(K, ivow + v3k® + 2794k, ivow + v3k® — 274K) .

Introduce o = I — jw, 73 = —c2:

r
W iTw— kK +2yuk=0 = w= i E V/e2k? — ([ /2)2 F 2y4k.
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Outline

© More on Open GR
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Open gravity

Dissipative theory for a massless spin 2 graviton: theory of gravity in a medium.

4 Diffeomorphisms invariance:
guv < "
System O(xt + &) o(x¥ +€1)
uv g apf
Tenv J Té‘;s y gj: (X) - 8x°‘ 6x5 gi (X)

Environment

for each branch of SK path integral contour.

Keldysh basis: retarded g,, and advanced a*” metric:

tg
g:%:gﬂ;g, and a=g, —g_ =0a
(in| O x

X )

|in)
gt =g" N
+ g 2

Backup

eiSuniele’]
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More on Open GR

A tale of two clocks

Fluctuating clocks: ¢ (t,x), i.e. i

@ ¢,(t,x) < t,(t,x): average clock; '

@ ¢,(t,x) < t,(t,x): stochasticity. Y HAR

Gauge fixing. Work in unitary gauges: ¢, (t,x) = ¢_(t,x) = ¢(t):
é:(t,x) = ¢(t) and ¢.(t,x) =0 ie. t =t and t,=0.

FO”OWing EFT of Inflation [Cheung et al., 2008] and Dark Energy [Gubitosi, Piazza & Vernizzi, 2013].

L= g
(in|] << . (in| << T .
;V > L >
lin) « 9+ : ® _ lin) « 9+ ——w
§h=l=& f=¢4

open clock

4d-diffy x 4d-diff— —  4d-diff, —  3d-diff,.
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Symmetry breaking pattern fix the theory

open

4d-diff, x 4d-diff_ 2*< 4d-diff, 2°% 3d-diff,

Seﬁ = /d4X\/ —8 Z(gOO + 1)é |:Mu1/,€alw + inupo’,Zaﬂuapa + - i|
£=0

with M, » and N, ,5¢ rank-2 and 4 cotensors under retarded spatial diffs.

Moo.e = 1ite + 73K + 150K + 74l Kap K™ + 78 VoK + 785 R + 715 R ;

Mop,e = 150 R%w + 750V uK + 1550V sK

Mo = 8uv (Wffz + 955K + 155K + e Kag K+ VoK + 48R + 75 ROO)
+YareKuw + Ve VO K + V0,6 Kua K0 + 711, KKuw + 783 e Ru + 715,eRu%°

P.O. 0 P.O. 0
+71,e Euaﬂ VaKsy + 72,6 fuaﬁ Raﬁ v

and similarly for N, ,0,¢ = can be studied systematically.
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Background evolution

Modified Friedmann equations with «; functions of EFT coefficients:

2 2 2 2 _
Open: 3MP’I__I = a1+, vs Closed: 3MP/I__I I
2MEH = a3 + auH 2MEH = —(py + Py),

@ Bulk viscosity [Weinberg, 1971]: s = 3¢
2Mp,H = — [ps + (Ps — 3HQ)],
@ Brane-world gravity [Dvali, Gabadadze & Porrati, 2000]: (tp = :|:3M12>,/rc
3ME(H?> £ H/r) = po,
= Modified continuity equation: a1 + (é2H + aaH) — 3H (a3 + asH) =0
@ Interacting dark sector: Q = —(caH + azH) + 3asH?
po +3H(ps + Ps) = Q.
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CMB + BAO + SNe analysis

@ CMB fix Q,,h? and angular scale 0. = rs(z.)/Da(z.) = constrain o;
@ Compatible with low-redshift H(z) from DESI DR2 4 SNe?

Distances Model
. | = lum. dist. — ACDM
10 —— comov. dist. =—- EdS

—— ang.diam.dist.

== EdS + antivisc.

Distance x Hg
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More on Open GR

A glimpse on what to expect

@ Dissipative and stochastic Einstein Equations: G, +TD,, = T, + &
@ Non-conserved stress-energy tensor: V, TH” # 0
Phenomenology:

@ Background: Viscous cosmology & Interacting dark sectors
poe +3H(ppe + poe) =T and  pm + 3H(pm + pm) = =T
@ Clustering = redshift space distortion (RSD) and weak lensing (WL)
R) = —anGu(a, T pnle), KLY

@ Gravitational waves = GW production, propagation and dissipation
hj + Thyj + c2hj + X€imkmhy = Ty + &;

= —41GX(a, k)a*pm(6)

Rich phenomenology to explore,
eventually already constrained from data.

. Backup Thomas Colas

12/12



Reintroducing the scalar

Restore covariance by retarded and advanced time diffeomorphism:
Sett |8y auw] = Sett[8uvs A, Tr, Ta s
o retarded Stiickelberg trick: t, — t, + 7,(x):
g% = g% +28% o, + g O, Oy,
a® — 3% 4+ 2%, 7, + a" 9w, 0,7,
@ advanced Stiickelberg trick: t, — t, — m,(x):
8uv = Buv,
a2V,
Decoupling limit: slow-roll ¢ < 1 (even with dissipation & noise):
-a% + (g%°/2)ga" = 27, —20Mm,0u7a
guwa' — 2@, +4 6Hm,,
1+g% — 27, +(9,m,)%,

= recover Open EFTol & more: primordial GWs
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More on Open GR

Including birefringence

2+ 1
[aﬁ-( nH ;X7k>an+k2

Analytic expression in terms of Appell F, function: ki = F—2L_ (v — 1/2)
\/I_X%—

G (kim,n') = Hn?8(n — 7).

4
2 _ Br/Mg, ! 1 . . 1 1
A2, = WFQ (3,2+V|—ni,Z+Vr+ni,2vr+1,2ur+1,$\/1X%_,i\/l ><ZT>

Recover instability band at low dissipation:

10"

0]
104 -
Keck: 1 <0.036

SO: <001

%)

=0

LiteBIRD/CMB-54: r < 0,001

1073 ==

10714

1077
0.4 06 08 1.0

0.0 0
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More on Open GR

Primordial gravitational waves

Transverse and traceless (TT) sector: g; = a*(t) (§; + hy), *zh"”:
4 Pl , V2 ;
/d Xy — ha{ CT?h;j—F(rT—I—?)H) h,-j

XT ; 5
+ ?@'mn (amhnj + 2H8mhnj) [\ﬂ%lh’f}

@ Speed of propagation c2; © Birefringence xr;
@ Dissipation I'; @ Noise S7.
Effects correlated with background and scalar sector [Lau, Nishii & Noumi, 2024]:

Seg D /d4xx/fg’y§féKWa’“’

@ Background with bulk viscosity: ¢ = 275°/3.

o Dissipation in tensor sector: 't = 27§,/ M3,.
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More on Open GR

Tensor-to-scalar ratio

Without birefringence (x+ = 0): define v =3/2+ 1 /(2H)

2
Ah

Bt
4 9
B e Tlor =T ()? Mg,

%
ME T — Dry — &
(vr )(VF ) BT £[1+(’)(£)}, for 't > H.
Mlil rr rr

—_— G IUOU
x10™

@ Thermal equilibrium:

BICEP/Keck: r < 0.036 ﬁT X rT T (FDR),
- S0t 7 < 0.01
@ What about
LiteBIRD/CMB-S4: r < 0.001 out_of_eq uilibrium?
0 2 10 60 50 100

T/H

BICEP/Keck bound: r < 0.036 = A7 < (0.002Mp,)*

e Backup Thomas Colas
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Late-universe: clockless example

Subset that preserves retarded time-diff: no dynamical scalar

Seft = /d4X\/jg(f1R;w + f2gu + 3Ty +hud.) @
= Very few ingredients! To lowest order, e.o.m. takes the form:
Guv + hiRguw = BT + B Tgu.
w.l.o.g., separating Standard Model, dark matter and cosmological constant:
Guv + Nguw = G [Tl + TN+ (WM TM 4 \PMTOMY g ]
If dark matter ~ perfect fluid, absorb APMTPMg  into equation of state wPM:

~ Gravitational Aether [afshordi, 2008] | Massive Gravity [isham, Salam & Strathdee, 1971]
Guv + Mg = Gn [T} + T + XM TNg,,, |

. Backup Thomas Colss  12/12



More on Open GR

Blueprint for cosmological analysis win . mccarhy, act & s0]

Does not come from an action = evade [Lovelock, 1971] theorem;

@ Dissipative dark matter:

VAT =0,  VFTOM 4 ANy, TM =0,

@ To UV complete, need to find sector s.t. (V) = ASMTMg,,;

@ One-parameter extension of A-CDM =- data-analysis CMB + BAO.

Background =- Hubble diagram function of redshift z:

H(Z) \/QA + Qo (L + 2)30wDr0) 4 Qepr(1 + 2)30+wsn) [1 4 A(L — 3wswr)] -

Clustering = redshift space distortion (RSD) and weak lensing (WL):

k?(¢) = —4wGu(a, k)a®pm(6), <1/J + ¢>

5 —47GY(a, k)apm(0)
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Primordial gravitational waves

Transverse and traceless (TT) sector: g; = a°(t) (6; + hy), a’ = a—2hi:

2

52)/d4x\/7MP’h"{ c%%h,-,-+(rr+3H)hu

+ %Eimn (8mhnj + 2Hamhnj) ﬁT ha}

Mz,
@ Speed of propagation c2; © Birefringence x1;
@ Dissipation I'r; @ Noise 371.
10! o1
) o No birefringence: xT = 0

— S = 1000
x1071% M,

A In general, Br o« f(I'7):

107! \\

[

BICEP/Reck: 1 < 0036 @ Thermal equilibrium:
1072
S5 <0 Br o +T (FDR)
1073 4= ==
LiteBIRD/CMB-S4: r < 0.001

BICEP /Keck bound:
r<0.036 = B7 < (0.002Mp/)*

1074

0 20 40 60 80 100
T/H
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