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The cosmic microwave background

Message from the edge of the Universe

 The CMB tells us that the o e
Universe was much simpler at |

7z~ 10°, when t ~ 4. X 10° yrs.

 Radiation and matter were in
thermodynamic equilibrium

e Temperature and density
fluctuations were very small:

ol op
Lo

~ 107*

« The CMB is a picture of what
the Universe looked like at that
time: it gives us a sort of
template for the initial
conditions.
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The cosmic microwave background

Message from the edge of the Universe

 The CMB tells us that the Universe started out in a very simple state, with tiny
inhomogeneities.

* Over the course of billions of years of evolution, gravity acted to create the structures we
see Now.

z=20.0 4 ‘ ,

50 Mpc/h
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The physics of the CMB

Astonishingly simple
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Angular power spectrum:
decomposition in multipoles
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The physics of the CMB

Astonishingly simple

e Spherical harmonics and Fourier transforms: two of a kind
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The physics of the CMB

Astonishingly simple

 Theory v. data

Planck TT spectrum
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The physics of the CMB

Astonishingly simple
 Theory v. data

Planck (CMB+lensing) Planck+WP-+highL+BAO

Parameter Best fit 68 % limits Best fit 68 % limits

0.022242 0.02217 £ 0.00033 0.022161 0.02214 + 0.00024

0.11805 0.1186 + 0.0031 0.11889 0.1187 = 0.0017
1.04150 1.04141 £ 0.00067 1.04148 1.04147 £ 0.00056
0.0949 0.089 + 0.032 0.0952 0.092 £ 0.013
0.9675 0.9635 + 0.0094 0.9611 0.9608 + 0.0054

3.098 3.085 + 0.057 3.0973 3.091 £ 0.025

0.6964 0.693 + 0.019 0.6914 0.692 + 0.010
0.8285 0.823 £ 0.018 0.8288 0.826 + 0.012
11.45 10.8%31 11.52 113+ 1.1
68.14 67.9 1.5 67.77 67.80 + 0.77
13.784 13.796 + 0.058 13.7965 13.798 + 0.037
1.04164  1.04156 + 0.00066 1.04163  1.04162 = 0.00056

147.74 147.770 £ 0.63 147.611 147.68 + 0.45
Fdrag/Dv(0.57) . . .. 0.07207 0.0719 £ 0.0011
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The physics of the CMB

The music of the spheres cosmos

* Acoustic oscillations of the photon-baryon fluid (+ dark matter!)

Planck
WMAP9
ACT
SPT

regular acoustic peaks/troughs
= “harmonics”
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The physics of the CMB

The music of the spheres cosmos \‘ /

e Acoustic oscillations of the photon-baryon
fluid (+ dark matter!) \ n(/ /v \

Max

\ﬁ l/ /' \ compression
Fagu” St ’
-

‘ Max 4
decompression §

k=7r/k

Cosmology: Early Universe = [IDPASC 2026 = Raul Abramo




The physics of the CMB

The music of the spheres cosmos

 The characteristic scale at matter/radiation decoupling is the distance that the plasma
sound wave can travel up to that moment.

e This is also called the sound
horizon at decoupling, and is

simple to compute: Radiation
tdec CS dl‘
R, =
0 a(t)
Jadec CS da
&5 o
0 Ha

i [ W c.dz
Zdec H(Z)

* The peaks are simply the harmonics
of that fundamental scale!
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The physics of the CMB

The music of the spheres cosmos

A complementary super-simplified picture emerges when we look at an individual “clump”, a
region that for any reason had a high temperature and a large concentration of matter at
very early times.

- - - dark matter
- - - pbaryons
- - - photons

https://www.youtube.com/watch?v=L7ws68XmgKo
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The physics of the CMB

The music of the spheres cosmos

Observations from the Planck satellite constrain many cosmological parameters, but in
particular this acoustic horizon is one of the most accurately measured:

0, = (1.04162 +£0.00056) x 10> |,  R(z,,.) = (146.8 = 1.8) Mpc

We can measure the angle in the sky that corresponds to this scale at the last
scattering surface. Remember that, since this is an angle, the relevant distance to take
into account is the angular diameter distance, which we introduced in the last class:

RS ,ph(Zde ¢ ) s Aiec RS(Zdec) RS(Zdec)

S Da(Z =0- Zdec) A Da(Zdec) 4 (1 55 Zdec) D a(Zdec)

But recall that the angular diameter distance is given in terms of the FLRW metric by:

D (z) =1+ z)ﬁ sin [\/E)((z)] , Where y = [%

This means that 0, is really sensitive to the spatial curvature!
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The physics of the CMB

Strength from simplicity

e Schematically, spatial curvature is directly constrained from RS

R . — 001 — D.,(z=1100) =8.442h ' Mpc
B D — 07,0, =00 =— D,(z=1100)=8.676h""Mpc

D — 0.7 0. =001 — D,(z=1100)=28.924h ' Mpc
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The physics of the CMB

Strength from simplicity

 The result is that spatial curvature has a huge impact on the CMB angular power spectrum

(a) Curvature Hu 2008
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The physics of the CMB

Strength from simplicity

« Several other parameters have a significant impact on the C, , making it a very sensitive
probe of some cosmological parameters
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I0+1)C, /2 (1 K®)

(1+1)C /1 2n  (LK?)
1+1)C, /1 2n (L K?)

E. Martinez-Gonzalez, arxiv: astro-ph/0610162
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The physics of the CMB

Strength from simplicity

 However, things are not quite so pretty after all...

c1.p5  Local/late measurements

Latest:
~4 — 50

tension betwen
the different
MEEEGEINERIS

e ACT+WMAP
Planck

ACT, 2021
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The perturbed Universe

On growing old and getting wrinkles
e The initial conditions of our Universe are imprinted on the CMB

« How do we get from that (6p/p ~ 107% = 107 at z ~ 10°) to the stars, galaxies, supernovas and
black holes we see today (0p/p > 1 atz ~ 0) ?
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The perturbed Universe

On growing old and getting wrinkles

* |n order to understand this process we shall
study how the perturbations of a fluid behave in
an expanding Universe.

e Let’s say that the fluid is described by its
density, pressure and a velocity such that, using

the physical distances and velocities we have:

p(X,1) = p(t) + 6p(X, 1)

p(, 1) = p(t) + Sp(x, 1)

v(X, 1) = HOX + 5v(X, 1)

where H(f)x expresses the Hubble flow of
cosmic expansion
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The perturbed Universe

On growing old and getting wrinkles

* You may have already encountered these fluid equations in other

contexts:
Continuity equation/energy conservation p+pV-v=0
: : o VP —
Euler equation/momentum conservation V+——+ VD=0
Poisson equation/gravity V2® = 42Gp

« The background equations, for the mean density (p) and pressure (p), are

simply the Friedmann equations (we will assume a matter-dominated
Universe).

In order to compute the dynamics of perturbations it is useful to write

these equations in terms of the comoving coordinates and velocities:

==

Sv=alu

Cosmology: Early Universe
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The perturbed Universe

Structure formation

* Opening up these equations and keeping only the linear terms we get:

Continuity equation: op+V-u=0
. e iV
Euler equation: u+2Hi=-VO — ———
a p
Poisson equation: V2® = 42G dp

 We can simplify these equations by assuming that we are in a (cold) matter-

dominated Universe,sop =0, 6p — 0.

In that case we combine the three equations above and rewrite them in terms of the
density contrast:

o p& 10 —plt) _ Sp&, 1)
- (1) A1)

* Inthe linear regime we then get a second-order equation:

)

) . o
5p == 2H5p = 471'Gp 5'0 = Tép

Cosmology: Early Universe
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The perturbed Universe

Structure formation

. Let’s appreciate this last equation again for a moment: this is a very simple equation for 6p(5c’, t) alone, and

which does not involve any spatial operators (gradient, laplacian):

. e
6p+2H6p_Tép - O

t2/3 :

« Recall that in a Universe dominated by cold matter (“dust”) the scale factor is a(t) ~ and

H(t) = 2/(3t) . We then get the equation:

)
§,+—38,—~=—6,=0

B A

* This linear, second-order equation has of course two linearly independent solutions. The form of the
derivatives leads us to believe that a power-law solution is possible, something like

8,(X, 1) = 5,(X, tp) X (t/ t,)’ . Using that ansatz we obtain :
BB-1)+=f-2 =0
3. 3

« There are two solutions: . = 2/3 and f_ = — 1. Therefore:
8,(%, 1) = 8,(%, 1) X [, (t/19)*” + c_(¢/15)7"]

« Clearly, the solution with f_ = — 1 decays with time, so given some "random" initial conditions, only the

growing solution (#, = 2/3) survives. Therefore, the dominant solution is:

8,(X, 1) = 8,(X, 1g) X (t/10)*" = a(t) 5,(%, 1))

Cosmology: Early Universe IDPASC 2026 = Raul Abramo



The perturbed Universe

Slowly at first, then rapidly

 We conclude, therefore, that at least for a while, when the Universe was dominated by matter

z ~ 10* > z ~ 0.6), and while the perturbations were small (5/) < 1), the density fluctuations

grow in the same way as the scale factor,

10, In the absence of
5,(X, 1) = ——5,(X, 1) expansion, this growth

i is exponential
« Equivalently, we can say that the density contrast grows with the redshift:

i 1+Zi
@@J)=l

DT
+z L)

« Let’s take the initial redshift of the formation of the CMB, z; ~ 103 , and let’s assume that the initial

: : 2 = : :
density contrast at that time was |5p(zi) | . (5p (z;)) ~ 107 — a good approximation for

many scales. We then obtain:

3 3
ERCATIRS 104=0.1(1+2)!
Z 1+z

18,(2) |5 = T

« Now it is clear what is happening: we needed to wait from z; ~ 103 until a redshift z ~ O (i.e.,
billions of years) for the density contrast to grow enough that it could become ~ 1.

« Only after that period of growth the Universe was able to start forming stars, planets, galaxies...
life!!!

Frontiere et al. 2022
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The perturbed Universe

Beyond linear theory

« However, bear in mind that the equations we used until now are only valid in the linear regime, when the density contrast is

very small, op/p < 1.

« Inthe linear regime the initial density profile is unchanged: only its amplitude changes with time, and the peaks/troughs don’t

move around.

« This is of course a poor approximation: as the gravity between two overdensities pulls them together, they start to get closer

Cosmology: Early Universe = |IDPASC 2026 Raul Abramo



The perturbed Universe

Statistical description

« The initial density field is very well described by a Gaussian Random Field. It is time we
defined this better, as well as the summary statistics that we use to characterize this field.

 As we saw, the density field can be written as:
p®)=p[1+6F)] .
with the density contrast being a “random" field with zero mean, i.e., (6) =0

« Itis best to decompose this spatial field in terms of Fourier modes:

5(k) = Jd3x e* T 5(%)

«  The modes k of this field, 5(1_5) , are complex random numbers that follow a normal

(Gaussian) probability distribution with variance given by a power spectrum P(k), i.e.:

2
> — P(k)

Tz lS(ié)] ~ exp . and conversely we get < ‘5(75)

 In a homogeneous and isotropic Universe, this spectrum does not depend on the direction

of the modes k. But this function can stil depend on the scale as given by k = 27/A.

Frontiere et al. 2022
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The perturbed Universe

Statistical description

* Inflation predicts a nearly scale-invariant initial spectrum of perturbations. Mathematically this statement is that the mass spectrum

k —a
A(k)y=k3P(k) , is nearly scale-invariant, i.e., A(k) ~ A, <k_> with a ~ 0
0

* However, different physical process (in particular, radiation pressure) act to “equilibrate" the density fluctuations during the radiation-dominate era,

which damp the small-wavelength modes.

«  When we enter the matter era, the amplitude of the modes grow as ~ a(¢) , and therefore the spectrum also grows in time as P(k, t) ~ a*P(k, 5).

log A 4

» logk

Cosmology: Early Universe IDPASC 2026 = Raul Abramo



The perturbed Universe

Statistical description

* The precise form of the spectrum is of course a bit more complicated: e.g., we still need to account for the pattern of the

baryon-photon acoustic oscillations that were imprinted at the time of the formation of the CMB.
» A precise calculation of the power spectrum (today’s value) is shown below.

A complementary way to represent the way that matter clusters in the Universe is through the 2-point correlation function:

i s | 5 sin kR
E(R) = <5(x)5(x gl R)> o 2_72_2 dk k kR P(k) & Question: Show that

E(R) and P(k) are in
fact related by this
equation.

Power Spectrum | Correlation Function
: — Theoretical Powar Spactrum || | — Theoretical Correlation Func,
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The perturbed Universe

Simulating the cosmos

* One of the first people to realize this close link between the primordial Universe and structure formation was James
(“dim”) Peebles.

 From the initial conditions written in the CMB we can use mathematical calculations and numerical simulations that
allow us to predict how the Universe should look like, after billions of years of evolution.

* When we look at the matter distribution, we see a web of structures such as walls, filaments, nodes, halos etc.
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The perturbed Universe

Simulating the cosmos

 These simulations are evolving very fast: in the beginning we had dark matter-only simulations: baryons and radiation

were not included (hydrodynamics and radiation feedback are hard problems to solve!)

* Recently, greater computing power and new numerical techniques paved the way to better, more accurate
simulations that also include, to some extent, the atoms and radiation that we actually observe.

v

Time since the Big Bang: 13.1 billion years

Cosmology: Early Universe IDPASC 2026
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The perturbed Universe

Simulating the cosmos

« Baryonic physics can be important — and very complicated...

IllustrisTNG =% & - b - ’

Astrid 3. g ; .Magneticum

— . _ R
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https://www.youtube.com/watch?v=zfxBa_Zp6WM

Observational cosmology

Now you see me, now you don’t

» The basic problem of cosmology is summarized by this figure from the James Webb Space

Telescope: - ik
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Observational cosmology

Now you see me, now you don’t

* It can be very hard to figure out what is what... you need spectra for the objects in this image.
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Tracers of large-scale structures

And how to observe them

 And reality is yet harsher: remember that visible matter is a small fraction ( < 20 %) of the total mass.

* In any large concentration of matter we can find a dazzling variety of astronomical objects: red elliptical galaxies,
blue spiral galaxies, active galactic nuclei (AGNs), supernovas, neutral gas, ionized gas...

blue/
spiral ¥

galaxies
™.
.

.. red/
. ‘elliptical

quasars &
AGNs

Cosmology: Early Universe IDPASC 2026

Raul Abramo



Tracers of large-scale structures

And how to observe them

 And the problem, my friends, is really this:
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How to get from here ................. tohere............... to there.

How observations impact our constraints”

How our theoretical “desires” can inform the way that we plan for new surveys?
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A survey of surveys

Spectroscopy

* The Sloan Digital Sky Survey/BOSS/eBOSS
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A survey of surveys

Spectroscopy

 The Sloan Digital Sky Survey/BOSS/eBOSS
» Total area: ~10,000 deg2
» Redshifts: z<0.7 (galaxies), 2.1<z<3.2 (Ly-a “forest")

r=5.0 Gpc/h

"r=4.0 Gpc/h

‘r=3.0 Gpc/h

=20

*r=1.0 Gpc/h
‘r=0.5 Gpc/h
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A survey of surveys

Spectroscopy

 DESI - Dark Energy Spectroscopy Instrument (~2022-2026)
» Total area: ~14,000 deg’
» Redshifts: z<1.3 (galaxies), 2.1<z<3.5 (Ly-a “forest")

Cosmology: Early Universe IDPASC 2026 Raul Abramo



A survey of surveys

Spectroscopy

DESI - Dark Energy Spectroscopy Instrument (~2022-2026)
» Total area: ~14,000 deg’

» Redshifts: z<1.3 (galaxies), 2.1<z<3.5 (Ly-a “forest")
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Priority 2 (promoted)

Targeted
Not targeted
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128.0
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1284
[BGS DESI]
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A survey of surveys

Spectroscopy

« WEAVE at the William Herschel Telescope
(~2023-2029)

» Total area: ~10,000 deg’

» Targets: LoFar galaxies + Ly-a “forest” (2.3<z<4.0) +
some “galactic archeology”

--""c P < W ! :
e ey am —--““'
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A survey of surveys

Spectroscopy

e 4MOST @ ESO'’s VISTA telescope (~2023-2029)
> Mostly Galactic Archeology (Milky Way structure)
» 13,000,000 spectra of galaxies, AGNs and transient sources
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The galaxy hunter’s guide

Imaging (photometric)

« All of the objects, but less of the light
> Images collect light from all the objects in the field of view
> Filters select some range of wavelength

> It’s now possible to produce tailor-made, superb filters of
almost any kind

> Narrow filters select specific regions of the spectrum, but
admit few photons

* Pros: many more objects compared with spectroscopy: ~
10° deg=? for r < 23 depth

 Cons: cannot resolve individual atomic/molecular lines, so the
“photometric redshifts” have larger errors compared with
spectroscopic redshifts

2243-4105 2406-4894
Luminous Red Galaxy, (LRG3, R8 QSO broadline
=0.354 g Zspec = 4.288
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A survey of surveys

Imaging (photometric)

« Some photometric surveys
» CFHT
» Pan-STARRS
> Vera Rubin LSST
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A survey of surveys

In-between imaging and spectroscopy

»  J-PAS
» HETDEX
» Spherex

The J-PAS filter system

P
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o
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Q
3=
L
a5}

3000 4000 5000 6000

- 54 NB filters
(FWHM~145A; AA~10nm)
From 3785A to 9100A

- 1 Blue MB filter
(FWHM~260A; A ~3600A)

- 1 Red BB filter
(FWHM~620A; A_~9500A)

10000 11000
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http://j-pas.org

What do we measure in the LSS?

From density fluctuations to tracers

The matter distribution is dominated by dark matter. The fluctuations are best described by the Fourier
power spectrum:

5(X, 1) = % _((xt’)t) o 8k, o (8k,nd*k,0) = n) Stk — k) P(k; 1)
p

But we don’t observe dark matter: what we see are galaxies, quasars, Hydrogen clouds (Ly-a, 21cm), etc.

z =20.0 o M

50 Mpc/h
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What do we measure in the LSS?

From density fluctuations to tracers

* OK, but how do we go from the fluctuations in a fluid (DM) to the
fluctuations in tracers (halos or galaxies)?
Sppu(X
Pbm

The only way to estimate these fluctuations is to count the
galaxies, and then measure how these counts deviate from the
mean. Something like this:

SN,(¥)

5,(%) =

8

 This is trickier than it looks. Just think about it: where exactly are you
counting those galaxies? We need to define a volume for this
counting — something which is quite arbitrary.

e There are two ways to go forward:

» If we want to study the Fourier spectrum of the galaxies, then we
almost certainly shall use some numerical implementation of the
Fast Fourier Transform (FFT), for which we need to define a grid
in real space and in Fourier space. The size of the cells in this
grid define the volume inside which we count the galaxies

> OR, we compute the real-space 2-point correlation function of
the galaxy counts directly.
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What do we measure in the LSS?

The two-point correlation function

* Let’s start with the 2-point correlation function, which we introduced in a previous
lecture:

o R — 1 £ 3 ' —
E(R) = (6(xX)6(x + R)) = ﬁ(P(X)p(x SRR
where by “expectation value” we man, in practice, the mean over a certain volume:

11 Al S
§(R) = _—2—[ PxpE)pE+ R) -1
p=V
1%
* You can think of the 2-pt CF as the excess probability of finding two objects (halos,

galaxies, etc.) separated by a distance R. Let’s explore this probabilistic approach here.

e Consider first a random, but homogeneous distribution of objects with mean number

density 71. The probability that we will find some number of objects in a volume 0V in that
case is simply:

dP =noV

which leads to the expectation value (N), = J ndV=nV=N
v

 The “random" nature of the distribution needs to be specified: for “point processes”,
where each instance (or bin, or volume) is independent from each other, the natural

statistics to consider is that of the Poisson distribution. u u IL__] u u
* For a Poisson process, the fluctuations in the number counts are described by: = = = = =
(NN)y = NN+1) , ie., var(N)=N
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What do we measure in the LSS?

The two-point correlation function

 Now consider the probability that we will find galaxies in two different
volumes 0V, and oV,. If the distribution is homogeneous, this is given by:
dP12 — ﬁ6V1 ﬁ5V2

 However, if the objects have any tendency to cluster as a function of the
distance, then this becomes:

dP12 — ﬁ(SVl fléVz(l e 512) -
where &, = &(R,,) is the correlation function at the distance R,

* In the presence of both a point process (Poissonian) and clustering, we get
that the expectation value of the counts of tracers has two contributions:

> For tracers in two different positions, the point processes are
uncorrelated, and we get only the signal of the clustering, £(R);

> But if we take the distance to zero, we are probing the point process
in the same region, which has a variance as determined by the
Poisson statistics.

* The result is that any estimation of the correlation function using discrete
tracers results in:

I g
(n(r)n(r)) = E(r =7 + 551)(7’ =)

S Question: show this identity.

[This extra term is called shot noise —
here, assumed Poissonian]
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What do we measure in the LSS?

The two-point correlation function

« But with halos, or galaxies, we don’t really have anything like “pg()_c))”, SO
how do we compute in practice the correlation function?

* For that purpose there are various estimators. All of them use both:
» the real data set (D) — the list of positions of the tracers, and

» arandom data set (R) — with the same mean distribution, but no

clustering.
 Here are some of the main estimators of the correlation function:
(DD")
Peebles & Hauser (1974): ¢ = =
(RR')
. (DD"){(RR')
Hamilton (1993): I — |
<DRtr>2
D — R)(D — R)”
Landy & Szalay (1993): = ( )\ ")
(RR')

be the “optimal" (least covariance)

The LS estimator has been proven to
estimator, under some assumptions
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What do we measure in the LSS?

The power spectrum

* The other “summary statistics” we can use to measure clustering is the Fourier-space
power spectrum.

« Mathematically, the power spectrum is straightforward:
5(x) - 5(%) ., and the 2-point correlation is (5(%)5*(%’)) = (27)° 5D(% — E’) P(%)

* The main advantage of the power spectrum is the simplicity of the statistics: because the
Gaussian random fields used in cosmology are defined in Fourier space, and there is an
underlying fundamental theory behind this statistics, we can assume Gaussianity as an
excellent first approximation.

* This means that the higher-order momenta of the PDF are defined by Gaussian statistics.

Consider a set of Gaussian random variables X; , all with zero mean for simplicity. Their
“statistical momenta” are:

<Xi> =0
(X.X) = 6,07 - i
= Wick’s theorem in
APl =0 -
4 variables
<Xl)(]Xan> = 0. (5zj5mn + 5zm6]n + 51115]171) ! etc. - _J

* The 4-point function allows us to compute the covariance of the power spectrum

» In practice we often rely on simulations to determine the statistics of our data!
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What do we measure really well in the LSS?

Baryon acoustic oscillations (BAOs)

@y Baryons
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What do we measure really well in the LSS?

Baryon acoustic oscillations (BAOs)

~~~
Bt
.\J
Y
L.
=
2
=
4D |
s

100
Comoving Scparation (Mpc/h)
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What do we measure really well in the LSS?

Baryon acoustic oscillations (BAOs)

* In real space we have a radial feature in the correlation function
* |n the power spectrum, this feature becomes oscillations
* Never lose sight of the fact that by measuring these features we are measuring distances!

* And we can measure these distances along and across the line of sight to the galaxies

0.010
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Latest observations: DESI DR2

arxiv:2503.14738

Tracer # of good z z range Area [deg’] Cassign 2 SUCC.
BGS: Bright Galaxy Sample BGS 1,188,526 0.1-0.4 12,355 75.5%  98.8%
LRG: Luminous Red Galaxies LRG 4,468.483 0.4 — 1.1 10,031 82.6% 99.0%
ELG: Emission Line Galaxies ELG 06,034.844 0.8—-1.6 10,352 53.7% 73.9%
QSO: Quasars QSO 2,062,839 11,181 68.0%

BGS Hber assignment completeness ELG fiber assignment completeness

150 100 ' 3 150 100
R.A. [deg] R.A. [deg]

LRG fiber assignment completeness N QSO fiber assignment completeness

. el

Dec. |deg]

200 150 00 o ) : | ] 150 100
R.A. [deq] R.A. [deg]
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Latest observations: DESI DR2

arxiv:2503.14738

. Comoving distence | 1 Earth Du 1Gpc)
« BGS: Bright Galaxy Sample . 4”%"4‘”1‘“ LR e here & now

 LRG: Luminous Red Galaxies
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Latest observations: DESI DR2

arxiv:2503.14738

+ First question: let’s assume that the cosmological model is ACDM . How does galaxy
clustering data compares with CMB (Planck)?

[sotropic BAQ Distance
v v v v ] r v T v Y v Y v

=== Planckl® ACDNM with 1o
— DESI DRR2 best-fiv ACDM

@ DESIDR2 !
5

DESI DRI

1.5 2.0 il o1 i
H; lkms ' hMpe
Perpendicnlar BAQO Distance . ]
m 1.025 :
z Planck “likes”
= = 1.000 : :
g slightly higher €2
= 1 = and slightly lower
S § pEsiDRz ] § DESI DRt2 H, than DESI
- 2 DESIDRI . 7 ®  DESI DRI
L0 1.5 2.0 25 MBI 1.0 L5
Redshift Redshift
Cosmology: Early Universe = [IDPASC 2026 = Raul Abramo



Latest observations: DESI DR2

arxiv:2503.14738

« Second question: How about H, and the Cepheids/Supernova data (SHOES)?

DESI confirms the CMB'’s
preference for a low H,,
value

k B )ESI (z < 1.1)4BBN

Planck DESI (z > 1.1)+8BN (BUT, notice that this is not
B DESI-BBYN totally independent from the

CMB — it's based upon the
prediction of the BAO scale,
which comes from the CMB.)
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Latest observations: DESI DR2

arxiv:2503.14738

* Third question: what is dark energy?

BN DESI+CMB—Pantheon+
DIESI+CMDB—Union3

. DESTHCMB—DESYS
DESI+CMB

—0.% —0.6 —0.4 —(0.2 0.0

Equation of state:
wa) =wy+ (1 —-—a)w,

Cosmological Constant (/\):
wp=—-—1 , w, =0

> 2 .80 evidence for
dynamical dark energy!
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Latest observations: DESI DR2

arxiv:2503.14738

e Third question: dynamical dark energy? Is it Supernova’s fault?

DESI : BN DESI+CMB+DESYS ‘ B DESI-CMB+DESYS

B DFSTHA,, 2w, ) oun ! NDESI+CMB+DESYS (2 = 0.1) NESI-TIFSY3 (4 % 2pt)

=== DFESI+CMEB (mo lensing) P | L B 4 | DESI-DESY3 (3 % 2pt)4+DESYH
NFSI+OMR |

'
'
I
'
I
1
LA |
0
%
AN
[
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Latest observations: DESI DR2

arxiv:2503.14738

 Fourth question: have we detected neutrino masses?

DESI DESI+DESY5
BN DESI4+CMB j | DESI+CMB
DESI+CMB+DESY5

-== CMB

Not yet... but it’s getting harder to accommodate the inverted mass ordering scenario.
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What have we learned?

 The notion of a Big Bang has been effectively replaced by inflation, which is the standard
theory for the initial conditions for the Universe.

 Qur earliest physical observable, the CMB, which tells us that:

d.

o}

We live in a nearly flat Universe (K — 0);

Of all the (cold) matter, only about 20% is made of baryons; the rest is dark matter

. The Universe indeed started very homogeneous: at z ~ 10° (¢ < 4.10° yrs), the density

fluctuations were dp/p < 10™* ; in agreement with the predictions of inflation!

. There is a characteristic BAO scale (i.e., the baryon-photon acoustic horizon) imprinted

on radiation an matter, that persists until today in the galaxy distribution
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What have we learned?

« Galaxy surveys are able to use the BAO scale and the general “shape" of the power
spectrum/correlation function to measure distances, and these observations say that:

a. The Universe’s expansion is indeed accelerating

b. The source for this seems to be some kind of dark energy; but could still be Modified
Gravity

c. In the case of dark energy, observations seem to indicate that it is not a cosmological
constant (/\), but some kind of dynamical dark energy. This means: a new field.

£ L7 -

~{ ’."“-’ o e B 5
iy g e e

f‘\'. ! .7 s -_-": a0 R

-~ "5 e PN ™ AN -
i P L A . -
“I ."'} - : " . ~Y SR L o

Jlf;(j'.‘; 4
3milhon (1.0<z<4.0)
11 b 1 V\‘\’\

S - 16 mullion (0.6 <z < 1.6)

8 million (0.4 <z <1.0)

13 million (0.1 <z < 0.4)
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What to watch for

« \We didn’t have time to discuss this, but the

greatest “crisis" in cosmology is the H,
tension:

O Local/late (SHOES):
Hy= (729 £0.75) km s™! Mpc™! (di
Valentino et al. 2021)

o Early/far (Planck, ACT):
H, = (67.4£0.5) km s Mpc™!
(Aghanim et al. 2020)

 These teams have reached the limits of what
they can do — we need external data sets

o Galaxy surveys are still improving, and they
will continue contributing to our
understanding of dark energy, but they are

limited in what they can do for H,

« This discrepancy of > 5.5 ¢ could be

pointing to some deep, basic issues in our
standard cosmological models

distance
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What to watch for

The most exciting new data set to appear in cosmology in years is now coming from the

LIGO+Virgo+Kagra observations of gravitational waves from binary black hole (BBH)
mergers.

o The fact that we can directly measure the distance to these events (Schutz 1967) is now
becoming of consequence: by combining the distances from BBHs with redshifts from

galaxies we can measure f, and the expansion history of the Universe in a completely
independent way from the other observables.

O In my opinion, in the near future (less than 10 years) these observations will solve this
crisis. What will come out of it? Stay tuned!
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Extra slides: Redshift-Space distortions
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Redshift-space distortions

In through the looking-glass

* We measure the angular positions of the galaxies, but we don’t really
measure their radial distances. All that we have is their redshifts — and we

infer the radial distance using the Hubble flow, i.e., 7 < y(2) . Hubble [

* However, the cosmological redshift appears to us mixed with the peculiar flow

velocities of the galaxies (their motions with respect to the comoving
coordinate frame). This affects, to a greater or lesser extent, all galaxies.

* Think, in particular, of a galaxy group that is starting to form: the members , :.-"'
have a tendency to fall towards the center of that structure. X '

* That individual structure will appear to us “squashed" along the radial
direction.

* The global effect of this degeneracy between the Hubble flow and the
peculiar velocities on LSS is called redshift-space distortions.
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Redshift-space distortions

In through the looking-glass

* RSDs distort the measurements of LSS along the line of sight — not along the angular directions.
* Hence, it introduces a kind of anisotropy in the clustering of matter.

* The strength of the RSDs is also something we can measure — and use to extract information.

Re3 |—5pa ce

Regime linear turnaround  nonlinear

Redshiﬂ space

Obsener

Kaiser 1984
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Redshift-space distortions

and the equivalence principle

* In fact, there is some very interesting information on RSDs, considering the fact that the
motions of galaxies around some central mass do not depend on the masses of the galaxies

(that’s the equivalence principle).

- - -

4

The velocity field reflects
the gravitational force
in an unbiased way

Py(k) = (bg + f1i})” Pn(K)

Fourier space

/V
14

A

k="T"k

II
\ |
L1
N
1
(N

U

Kaiser 87

Guzzo et al. 04
Percival & White 09
Raccanelliet al. 13
+ ...
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Redshift-space distortions

and the equivalence principle

* Both dark energy and modified gravity can describe the same expansion history, but changing
gravity’s laws also affects the Poisson equation and the geodesic equation

Gy = Gl
Gy = Sy,

N,

‘l

SAME
MATTER,
DIFFERENT GRAVITY

16mG
Vi = g 0p
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Redshift-space distortions

and the equivalence principle

« The measure of these flows of LSS is given by the matter growth rate (f)

« The growth rate is partly degenerate with galaxy bias (bg), and both are degenerate with the amplitude of the

fluctuations measured on a “standard” scale of 8 /! Mpc (og)

Peculiar velocities, RSDs
m matter growth rate f

B dln GG
" dlna

f

~ O
~ Q)

(bg + fﬂi)Q P (k)

P (k)

(bg(78‘|'f(78 Ni)z 5
g
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Redshift-space distortions

and the equivalence principle

* We project the angular dependence (along v. across the line of sight) into a monopole and a
quadrupole

iy

&0 l("[) 120 141) 80 100 120 110 ) B Il ll ) l.’l ) 140
s [h~'Mpc] s[h~"Mpc s|h ™Mpc|
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