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What do we know about the Universe?

Most of the information comes from precision cosmology

baryonic-acoustic oscillations

CMB anisotropies around the peak Power spectrum @ low redshifts |
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Standard cosmological model

cosmological parameters

6 independent parameters: Q,h%, Q.h?, Oyc, T, N, A | |
primordial parameters

dng
"dlogk

Fixed parameters: Q= 0, w=—1, » my, = 0.06, Neg = 3.046, Yiz. = 0.2453, r = 0 0



derived parameters

Standard cosmological model

6 independent parameters: Quh2, Q.h2, Oyc, T, Ns, As
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TT,TE,EE+lowE+lensing  TT,TE,EE+lowE+lensing+BAO

Parameter 68% limits 68% limits 68% limits 68% limits 68% limits 68% limits

Q. ... 0.02212 £ 0.00022  0.02249 + 0.00025  0.0240 + 0.0012 0.02236 + 0.00015 0.02237 + 0.00015 0.02242 + 0.00014
Qh? ... 0.1206 +0.0021 0.1177 +0.0020 0.1158 + 0.0046 0.1202 + 0.0014 0.1200 + 0.0012 0.11933 + 0.00091
1000pc - - . . . . .. 1.04077 £ 0.00047  1.04139 +0.00049  1.03999 + 0.00089  1.04090 + 0.00031 1.04092 + 0.00031 1.04101 + 0.00029
T oo e e e 0.0522 +0.0080 0.0496 + 0.0085 0.0527 + 0.0090 0.0544jg:%g(1’ 0.0544 +0.0073 0.0561 + 0.0071
In(10"°45) . .. .. .. 3.040 £ 0.016 3.018f8:8fg 3.052 £ 0.022 3.045 £ 0.016 3.044 £ 0.014 3.047 £0.014
Ay oove e e e 0.9626 + 0.0057 0.967 +0.011 0.980 + 0.015 0.9649 + 0.0044 0.9649 + 0.0042 0.9665 + 0.0038
Hykms'Mpc™'] .. 66.88 +0.92 68.44 + 0.91 69.9 +2.7 67.27 + 0.60 67.36 + 0.54 67.66 + 0.42

Parameters measured with sub-percent precision
with Planck CMB data

Matter power spectrum info needed
to reduce the CMB degeneracy
Qm VS H()
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What'’s for the future?

Ferraro et al. 2016
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L Planck-2018
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— lensed CMB

""" unlensed CMB
—— late-time kSZ

reionization kSZ

0

1000 2000 3000 4000 5000 6000 7000

(S/N)?|cmB ~ Nmodes|cmB ~ €2,

Increasing /max in the temperature map is limited by small scale fluctuations

Most of the progresses are expected for CMB polarisation

&

(S/N)Q‘LSS ™ Nmodes‘LSS ~ kf’naXVolume ﬁnoisep(k) > 1

Increasing kmax depends on our ability of making predictions on

Going to higher redshift allows higher kpax



Figure of merit
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Figure of merit
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Theory of matter density fluctuations

102

10~

Linear theory of matter perturbations

Effective field theory of Large Scale Structure (EFT of LSS)

or ~ 1 N-bodysimulations  (see Julien’s talk)

102 10~ 10
k [hMpc—1]




P(k) [h3 Mpc~3]

Theory of matter density fluctuations

10* 1
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10~ 102 10~
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EFT of LSS:

Linear theory of matter perturbations

Effective field theory of Large Scale Structure (EFT of LSS)

or ~ 1 N-bodysimulations  (see Julien’s talk)

10Y

-Large scale d.o.f. is the galaxy number density
-'The description is fluid-like (including gravity)

-Small parameters are 0, , k/kpayx

-Short distance physics is encoded in a_ handful of coefficients




Calculating observables

—_ 5 X 2dF Galaxy Redshift Survey

Fundamental physics makes predictions for the matter fluctuations 9,,(k, z

Pm

~ 5ng

We observe the distribution of galaxies (angles + redshift)  d4(k, 2) = -
g

82821 galaxies




Calculating observables

. . . . N 5 = 2dF Galaxy Redshift Survey
Fundamental physics makes predictions for the matter fluctuations 9., (k, z) = 10 d
Pm
. . . . " _ 5”9 2
We observe the distribution of galaxies (angles + redshift)  d4(k, 2) = - .
g

(84(p)6q(k)) = (2m)36B) (p+ k)P,(k)  POWER SPECTRUM (linear + non-linear)



Calculating observables

—_ 5 X 2dF Galaxy Redshift Survey

We observe the distribution of galaxies (angles + redshift)  94(k, 2) = —

(84(p)6q(k)) = (2m)36B) (p+ k)P,(k)  POWER SPECTRUM (linear + non-linear)

<5g(p)5g(k)5g(Q)> — (277)35(3) (p+k+ Q)Bg(p7 k,q)



Calculating observables

S
—_ 5 2™ 2dF Galaxy Redshift Survey

We observe the distribution of galaxies (angles + redshift)  94(k, 2) = —

(84(p)6q(k)) = (2m)36B) (p+ k)P,(k)  POWER SPECTRUM (linear + non-linear)

(64(p)64(K)dg(q)) = (2m)*6®) (p+ k + q) By(p, k. q)

. - , -
Galaxy overdensities tracks matter overdensities  0g = 010, + =0, + 02 K KV + ...



Calculating observables

—_ 5 X 2dF Galaxy Redshift Survey

We observe the distribution of galaxies (angles + redshift)  94(k, 2) = —

(84(p)6q(k)) = (2m)36B) (p+ k)P,(k)  POWER SPECTRUM (linear + non-linear)

(64(p)64(K)dg(q)) = (2m)*6®) (p+ k + q) By(p, k. q)
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encoding physics on halo scales



Calculating observables

—_ 5 X 2dF Galaxy Redshift Survey

We observe the distribution of galaxies (angles + redshift)  94(k, 2) = —

(84(p)6q(k)) = (2m)36B) (p+ k)P,(k)  POWER SPECTRUM (linear + non-linear)

(64(p)64(K)dg(q)) = (2m)*6®) (p+ k + q) By(p, k. q)

) i
.. .. 2 &2 7
Galaxy overdensities tracks matter overdensities 59 — bl 5m | 2,§_5m ‘|‘1bK2 Kz’jK / + ... Kij = (ViV;/V? = 0i/3)0m
(time-dependent)ui'oias paFaméterS
encoding physics on halo scales
-

Galaxy correlators can be expressed in terms of correlators of underlying fields



Calculating observables in LCDM

Starting from the Boltzmann equation of a collisionless fluid, in matter domination for sub-horizon scales

' >
/ ) L _.
5m + em + vi (&mvm) =0 y Carrasco et al 2012, Baumann et al 2012 Matter density and velocity fluctuations
: | ' L J 0,, = Vv
0, + HO,, + 57{257” + V(v Vol )= —V, V7% (Om = Vivy,)

Pm

effective stress-energy tensor,
accounting for short-scale physics

ViVt = ooV, + ..



Calculating observables in LCDM

Starting from the Boltzmann equation of a collisionless fluid, in matter domination for sub-horizon scales
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A

counterterm



Calculating observables in LCDM

Starting from the Boltzmann equation of a collisionless fluid, in matter domination for sub-horizon scales
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5m + em + vi (&mvm) =0 y Carrasco et al 2012, Baumann et al 2012 Matter density and velocity fluctuations
: | ' L J 0,, = Vv
0, + HO,, + 57{257” + V(v Vol )= —V, V7% (Om = Vivy,)

Pm |
effective stress-energy tensor,
accounting for short-scale physics

ViVt = ooV, + ..

A

counterterm

The perturbative solution has the following form

5m (K, a) = Dip(a)do(k) + Y Dip(a)” / 11 ! ’(“fo)(f) (27)36®) (/2 -2 Z-)Fn(/a, k)



Calculating observables in LCDM

Starting from the Boltzmann equation of a collisionless fluid, in matter domination for sub-horizon scales

' >
/ ) L >
5m + em + vi (&mvm) =0 y Carrasco et al 2012, Baumann et al 2012 Matter density and velocity fluctuations
: | ' L J 0,, = Vv
0, + HO,, + 57{257” + V(v Vol )= —V, V7% (Om = Vivy,)

P

effective stress-energy tensor,
accounting for short-scale physics

ViVt = ooV, + ..

A

counterterm

The perturbative solution has the following form

5 (k,a) = Dlm(a)ép(lg) +>  Dip(a)” / 11 ! ’(“fo)(f) (27)36®) (/2 -2 *Z-)Fn(/a, k)

Initial fluctuations
@ matter-radiation equality



Calculating observables in LCDM

Starting from the Boltzmann equation of a collisionless fluid, in matter domination for sub-horizon scales

0, + O + Vi(dmvin) = (0, Carrasco etal 2012, Baumann et al 2012

3 . . 1 %
0, + HO,, + §H25m + Vi(v), Vjv,,) = —ViVrg

Pm |
effective stress-energy tensor,
accounting for short-scale physics

ViVt = ooV, + ..

A

counterterm

The perturbative solution has the following form

Linear growth factor

5m(lg a) = lem;( +ZD1m /H d°k; 50 i) (27) 5(3)(

Initial quctuahons Tlme and space dependence factorizes
@ matter-radiation equality All the time depence is encoded in the linear growth factor

<A
Matter density and velocity fluctuations
(Qm — VZU;’n)

n

ZE;) k)



Calculating observables in LCDM

Starting from the Boltzmann equation of a collisionless fluid, in matter domination for sub-horizon scales

' >
/ ) L >
5m + em + vi (5mvm) =0 y Carrasco et al 2012, Baumann et al 2012 Matter density and velocity fluctuations
: | ' L J 0,, = Vv
0, + HO,, + §H25m + V(v Vol )= —V, V7% (Om = Vivy,)

Pm |
effective stress-energy tensor,
accounting for short-scale physics

ViVt = ooV, + ..

A

counterterm

The perturbative solution has the following form

Linear growth factor

(K, a) = Dlﬂ;( +ZD1m /Hdgk adl Z>(27T) 5<3>( Zk) ..,En)

Initial fluctuatlons Tlme and space dependence factorizes Non-linear kernels in LCDM
@ matter-radiation equality  All the time depence is encoded in the linear growth factor (gravity induces mode coupling)




Calculating observables in LCDM

Starting from the Boltzmann equation of a collisionless fluid, in matter domination for sub-horizon scales

5;71 + 0, + Vi(dmvin) — (0, Carrasco et al 2012, Baumann et al 2012

1 -~
— ViV

Pm |
effective stress-energy tensor,
accounting for short-scale physics

ViVt = ooV, + ..

A

3 . .
0 4+ HO,, + 57{2% + V(0! Vvl ) =

counterterm

The perturbative solution has the following form

Linear growth factor

Dlm(

S (K, a) =

_|_ Z Di,(a /H d3 k. 50 z) (27) 5(3)(

Tlme and space dependence factorizes
All the time depence is encoded in the linear growth factor

Initial fluctuatlons
@ matter-radiation equality

<A
Matter density and velocity fluctuations
(Om = Vivp,)
For example
- - 5 E1 °E2 1 (kl k2)
F — = z
e (k2 k?) TR

Zk) ..,En)

Non-linear kernels in LCDM
(gravity induces mode coupling)



Successes of the LSS program

Modelling of the power spectrumup to knt, >~ 0.2 h / Mpc Great amount of information extracted from BOSS data
D'Amico, Lewandowski, Senatore, Zhang + others
1.04|
| Ivanov, Philcox, Simonovic, Zaldarriaga+ others
1.02!

Full shape analysis of BOSS data with BBN prior
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New features in the Power Spectrum

Drop: new relativistic species, fuzzy dark matter, dark radiation...

Raise: Isocurvatures, Long range forces,...

10~ 10~ 10~ 10Y
k [hMpc—1]



New features in the Power Spectrum
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Drop: new relativistic species, fuzzy dark matter, dark radiation...
Raise: Isocurvatures, Long range forces,...

Features: dark matter-dark radiation,...



P(k) [h® Mpc~?]

New features in the Power Spectrum

7 Drop: new relativistic species, fuzzy dark matter, dark radiation...
eq
10* - o Raise: Isocurvatures, Long range forces,...
, Features: dark matter-dark radiation,...
|
103 *
Extending the EFTofLSS to BSM allows to use
the full shape information of the power spectrum
, x k=
10~ 1
10~ 10~ 10~ 10"

k [hMpc—1]
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New features in the Power Spectrum

107 -

x k

10
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102

10~
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10"

Drop: new relativistic species, fuzzy dark matter, dark radiation...
Raise: Isocurvatures, Long range forces,...

Features: dark matter-dark radiation,...

Extending the EFTofLSS to BSM allows to use
the full shape information of the power spectrum

[s there room for discovery something new
@ DESI & EUCLID?



The Dark Sector might be Dark

1) Visible and dark sector interact only gravitationally
2) Dark Matter is produced non-thermally
3) Cosmology & astrophysics are the only probes of the dark sector dynamics

Dark sector ~85% of the matter

Visible sector ~15% of the matter

gN = /mymy/Mp




The Dark Sector might be Dark

Is the Dark Matter (or a fraction of it) self-interacting? At what range?

Dark sector ~85% of the matter

Visible sector ~15% of the matter

gN = /mymy/Mp




Toy Model

77/2 2 ‘ 2 Effective Newton constént for the new mediator
Gs =k"/m,, = 47BGN
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Effective Newton constént for the new mediator

Gs = r’/m} = 47 BG N

Define a new scalar potential, s

s =G




o

Effective Newton constént for the new mediator

Gs = r’/m} = 47 BG N

Define a new scalar potential, s

s =G

Self-interactions are negligile

Fsoso—wso < Ho



2G L = (0s)® +m2s* +O(1/G,)

. Long range interactions ms/Hg € (1,10°)

- The whole DM is interacting [y =~ 1

o

Effective Newton constént for the new mediator

Gs = r’/m} = 47 BG N

Define a new scalar potential, s

s =/ Gsp

Self-interactions are negligile

L oprpp < Ho



Results

As [Mpc
le+05 le+04 le+03 le+02 10 1 0.1
| | | | | | |

Mediator is a fraction of DM today

>

10_2§

CMB

+MegaMapper

PRELIMINARY

1072 101 10 102 10°  10*  10°

To appear with Bottaro, Castorina,
Costa, Salvioni Mg / H 0
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Precision cosmology will probe
the strength of the new forces
at least down to
permil the strength of gravity



Main effect ]
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| | | . . . | The DM follows new geodesics accounting

for the background evolution of the light scalar

Mediator is a fraction of DM today
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mass << DM source ws; =1
mass ~ DM source (ws) =0



As [Mpc
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Main effect Il

Matter fluctuations are enhanced @ < Gm,
as long the mediator is massless

Matter fluctuations are suppressed @ > am,
when s becomes part of the dark matter

6 . .0 A, | O a CDM

aeq a/ms

The suppression dominates as long as ms > Hy

. 5 H
massive . massless 2 *7eq
f _fs X 1Og

¥ 4 Mg
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The power spectrum
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Massless vs Massive
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Massless vs Massive
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LSS for long range forces

For the range of masses considered the mediator is massless at the scales of interest k£ > k.

Keeping only leading log-enhanced terms, the structure of nonlinear corrections is same as LCDM, with modified growth factor

n

O (K, @) = D1y (a)do (k) + ZDlm /H Ak, 50 2#)35(3) (;2_ Zﬁi)Fn(El,...,En)

1=1

2309.11496
with Bottaro, Castorina, Costa, Salvioni



LSS for long range forces

For the range of masses considered the mediator is massless at the scales of interest k£ > k.

Keeping only leading log-enhanced terms, the structure of nonlinear corrections is same as LCDM, with modified growth factor

n

O (K, @) = Dy (a)do (k) + ZDlm /H Ak, 50 2#)35(3) (;2_ Zﬁi)Fn(El,...,En)

1=1

o /
L /

6 A, 9 a

eq ams

2309.11496
with Bottaro, Castorina, Costa, Salvioni



LSS for long range forces

For the range of masses considered the mediator is massless at the scales of interest k£ > k.

Keeping only leading log-enhanced terms, the structure of nonlinear corrections is same as LCDM, with modified growth factor

L Bk 50 L e L
5 (K, @) = Dypla)do(E) + ZDlm /H i) (5 135(3) (k Zk) k)
=1
K\\ / same non-linear kernels as in LCDM
\ e . +[corrections not log-enhanced]
a
D1 (a) (1 + ﬁfi log —= — = f, log —) DM
eq ms

2309.11496
with Bottaro, Castorina, Costa, Salvioni



LSS for long range forces

For the range of masses considered the mediator is massless at the scales of interest k£ > k.

Keeping only leading log-enhanced terms, the structure of nonlinear corrections is same as LCDM, with modified growth factor

L d3k; 8o ( L e L
Sk, a) = Dimla +ZD1m /H 0 ki) (27)36) (k Zk) k)
=1
AN / same non-linear kernels as in LCDM
\ e g +[corrections not log-enhanced]
a
D1 (a) (1 + ﬁfi log —= — = f, log —) DM
eq ms

2 4
D1 Dl
One-loop galaxy power spectrum: Pg = b% (chnM> Prng,DL + b2 <chM> Pfr(erIil\l/Ioop

1m

2309.11496
with Bottaro, Castorina, Costa, Salvioni



New physics vs bias

A fully consistent treatment of the EFT allow to disentangle NEW PHYSICS
from the ASTROPHYSICS encoded in the biases
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New physics vs bias

A fully consistent treatment of the EFT allow to disentangle NEW PHYSICS
from the ASTROPHYSICS encoded in the biases

EXAMPLE: massless mediator

@ the linear level we can always reabsorb the
increase of power in the linear bias
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New physics vs bias

A fully consistent treatment of the EFT allow to disentangle NEW PHYSICS
from the ASTROPHYS 100.-

1500}

EXAMPLE: massless mediator

1000+

104~_1 T T T 1
5000 ol
R | 015 020 025 030
=
< @ the linear level we can always reabsorb the
10001 _ increase of power in the linear bias
| | 2 |
| - 1 12
so0. Ms/Ho <1 ] 1+ F5log
0.005  0.010 0.050  0.100

k e~ The signal will show up @ non-linear scales!
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Relative perturbations/velocities

The dark force sources relative fluctuations between the DM and the baryons
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Relative perturbations/velocities

The dark force sources relative fluctuations between the DM and the baryons
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Relative perturbations/velocities

The dark force sources relative fluctuations between the DM and the baryons

D
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relative densities dominate the signal |
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LSS with relative perturbations

Looking at scales: kRnao << 1 the galaxy fluctuations should be mapped accounting for relative densities and velocities

0g = b10m + —02, + b2 Kii K + ...

Relative perturbations will generate genuinely NEW SPATIAL FEATURES

(Sr(Ey a) = Bfx gDSEM —|— ZDCDM /H d°k; 50 27T 5(3)< Z ) ’En)

These generate VIOLATION OF EQUIVALENCE PRINCIPLE & NEW SIGNALS!



LSS with relative perturbations

Looking at scales: kRnao << 1 the galaxy fluctuations should be mapped accounting for relative densities and velocities

b 3
8y =010 + —02 + b2 K K 4 ...
b0, + bg0, iN7J
+ %6 by 0m0r + bs590,,0, + bosV; 5mv -+ bKK”VZvJ —+ erKzg VVZ Oy

Relative perturbations will generate genuinely NEW SPATIAL FEATURES

5r(]2, a) = Bfx gDSEM —|— ZDCDM /H d°k; 50 27T (5<3)( Z ) ’En)

These generate VIOLATION OF EQUIVALENCE PRINCIPLE & NEW SIGNALS!



LSS with relative perturbations

Looking at scales: kRnao << 1 the galaxy fluctuations should be mapped accounting for relative densities and velocities

bo Y NEW compared to
0g = b10m + 0y + b2 K K 4. Schmidt 2016
A * * A
b0, + bg0, i
+ 0o by 0m0r + bs590,,0, + bosV; 5mv -+ bKKZJ VZU] -+ erKzg VVZ 0,
Relative perturbations will generate genuinely NEW SPATIAL FEATURES
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These generate VIOLATION OF EQUIVALENCE PRINCIPLE & NEW SIGNALS!



LSS with relative perturbations

Looking at scales: kRnao << 1 the galaxy fluctuations should be mapped accounting for relative densities and velocities

bo y NEW compared to
0g = b10m + 0y + b2 K K 4. Schmidt 2016
A * ”9‘
b,-0, + bgl AVE
rOr + 09Uy by 0m0r + bs590,,0, + bosV; 5mv -+ bKKZJ VZU] -+ erKzg VVZ Oy
Relative perturbations will generate genuinely NEW SPATIAL FEATURES

7 _5 CDM CDM dgk’ 50 (3) .

3, (K,a) = Bfy | 3 DSRM(a +ZD H ) (2735 ( z:: ) k)

NEW non—linear kernels

These generate VIOLATION OF EQUIVALENCE PRINCIPLE & NEW SIGNALS! 2309.11496

with Bottaro, Castorina, Costa, Salvioni



Summary and to do list

As [Mpc
le+05 le+04 le+03 le+02 10 1 0.1
| | | | | | |

Mediator s a fraction of DM today Full analysis with relative fluctuations in progress

>

CMB - Extending the EFT of LSS for massive mediators
will allow to probe other 4-5 orders of magnitude in

mass (till k7 > knr, ) Inprogress...

+MegaMapper This plan will give a clear picture of self-interaction

of dark matter (or a fraction) well beyond the present
extrapolated bounds from the bullet cluster

Bogorad, Graham, Ramani 2023
PRELIMINARY

1072 101 10 102 10°  10*  10°

To appear with Bottaro, Castorina,
Costa, Salvioni Mg / H 0
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New Smoking guns

AP (k) ~ 6]‘2 log aeq PracpM (k) + [y BAP(K)

AB(Q? k? kl) ~ ﬁf;% 10g aquACDM(CL k? k/) + fxﬁAB(Cb ka k/)



New Smoking guns




New Smoking guns

AP(k) ~

AB(g, k, k') ~

Relative densities and velocities induce | NEW SPATIAL FEATURES

|+ VIOLATION OF CONSISTENCY RELATIONS Peloso et al 2013,
| . . Creminelli et al. 2013
(violation of the EP)

\ -




The double tracer bispectrum
A ?7 (A\k, lim ABaap (g, k, k') o gplin(Q)Plin(k)

5K K_L
gb{‘AbAB

The bispectrum has a pole which is zero in ACDM

Two different tracers are required ~ Ab"7 =b71'b —b7'b =0if A=D

This is a test of EP: We see two different objects falling differently in the rest frame of the long-mode

Still feel a long wavelength potentiall
27r/q g A gth p

?R . _Bosstiofree @ O Creminelli et al. 2013 + many others

/—W fall system A B
Diego Redigolo, Light Dark World 2023 I N !inﬁ




The BAO shift

Density and velocity perturbations can shift the BAO scale Sherwin & Zaldarriaga 2012

shift ~ O(0) Present bounds could allow a detection with future datal!

However we find that

1
shift ~ O(8?) ———p Py = (P — ) + O(8)

For every single fluid we can remove the gravitational force by going to the free-falling frame

NOT DETECTABLE! :(
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Sl

Present+( Py) Euclid
Present+(B, + Py)guclid (k2 = 0.11 h/Mpc)

The role of the bispectrum with k~0.1 is to fix the non-linear bias
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Can we see the pole?

100

g=0.003 h Mpc™
S
a 10
@)
<
<Q
o}
Z 1) The log-enhancement covers the pole
g
| 2) The prominence of the pole depend on the relative BIAS
Q0.1
~— A."’)‘ [ ().
3) Depending on the relative sign signal is suppressed/enhanced
I
m —~
3 0.100 /ﬁ/\/
5 -
o, __— |
= 0.010 // 5 E
-
L - RS An extra experimental difficulty
0.001 - . . . .
_— is to have two very different tracers in spectroscopic surveys
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ISocurvature constraints

Qina 0 log my (S)

0y = (60y)aq k(kT)
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