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Data: (Likelihoods)

Public Planck Likelihood Code.

't provides C and Fortran libraries that allow
users to compute the log likelihoods of the
temperature maps.

Angular scale
0.2

Installation instructions:
C compiler, either gcc, clang or icc.

fortran compiler, either ifort of gfortran
blas/lapack library

R R o 2 500 1000 1500 2
http://pla.esac.esa.int/pla/#cosmolo MUKiposs moment, | cfitsio library
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Theoretical model: (GR + standard cosmological model ACDM)

Backgrouna
equations
K2 V-
- . . .
7(5p+35p+v n°) = ——+3H® +3¥ + 6HY + 6(H" + H)D,
d
: : 2
K o
Linear perturbation (5 + POy = HO® + 00 k*a?0,0.m5 = 0,0(¥ — ),

equations

K2 : : V¢ .. :

> (6p — 6p — V?n®) = H® + 2(3H? + H)® — + ¥ +6HY.
d

Conservation equations
(P + D)
az

Power Spectrum

op + 3H(5p + dp) + V? v+ Hr'| =30+ p¥ =0,

_ 3 2
5p + V25 +0,((p + p)v| + 3H(p + p)v + (5 + p)® = 0. Dy =2I1+ I)Jd k Py(k) B (k).



class_public |/ source | background.c ™ Top

[ Code ] Blame

650

651 Single place where the fluid equation of state is

652 defined. Parameters of the function are passed through the

653 background structure. Generalisation to arbitrary functions should

654 be simple.

655

656 @param pba Input: pointer to background structure
CLASS . 657 * @param a Input: current value of scale factor (in fact, with our conventions, of
658 * @param w_f1ld Output: equation of state parameter w_fld(a)
659 * @param dw_over_da_fld Output: function dw_fld/da
660 * @param integral_fld Output: function \f$ \int_{a}~{a_0} da 3(1+w_{fld})/a \f$
661 * @return the error status
662 */

663
The purpose of CLASS is to simulate the evolution of linear perturbations in the universe and to .
compute CMB and large scale structure observables. CLASS also embeds several ways to 664 v int background_w_fld(
compute non-linear corrections to linear perturbation theory. CLASS is written mainly in plain C, but
with an original object-oriented style mimicking the notion of class. Since v3.2.3, some modules are 665 struct bac kg round * pba,
> Papers actually compiled as C++, to handle the parallelisation of loops in the C++ way. The whole code is 666 double a,
> Versions wrapped in the python module classy.

> Support . 667 double * w_f1ld,
We hope that you will enjoy the use of CLASS,
- 668 double * dw_over_da_f1ld,
669 double * integral_f1ld
670 ) {
671
672 double Omega_ede = 0.;
673 double dOmega_ede_over_da =
674 double d20mega_ede_over_da2
675 double a_eq, Omega_r, Omega_
676
677 xx — first, define the function w(a) x*

the Cosmic Linear Anisotropy Solving System

> Download
> Documentation

Julien Lesgourgues, Nils Schéneberg, Thomas Tram
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Data/Theory comparison: CLASS

COSMOLOGICAL EVOLUTION OF SCALAR FIELD DARK ... PHYS. REV. D 109, 023512 (2024)

PHYSICAL REVIEW D 109, 023512 (2024) log(mgy/eV) = —24

Cosmological evolution of scalar field dark matter in the CLASS code:
Accuracy and precision of numerical solutions — i(l))(l)w
| n
—— 50m
— 301
Planck 2018 TT
Planck 2018 EE
Planck 2018 ¢¢
DES Y1 cosmic shear
® (Received 19 July 2023; revised 7 December 2023; accepted 18 December 2023; published 10 January 2024) SDSS DR7 LRG
eBOSS DR14 Lya forest
UV LF
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FIG. 3. . Numerical solutions of the scalar field energy d.ensity p¢» In a combination .that highﬁght§ the asymptotic, nonoscillatory value —_ 3 Sin 6 —_ _( 1 — COS 6) 5 1 + — Sin 95 0~ _( 1 — COS 8) ,
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pressureless component from the onset of rapid oscillations, which occur at times that depend on the field mass m, but the late-time J J
behavior is the same: decaying oscillations around a fixed value. The cutoff value was set at 8, = 30z for the four cases. Right: if plotted
as a function of the polar angle 0, all curves collapse into a single one. Also shown is the semianalytical formula (33), with B(0) = 0 0 _
3sinf/(0 + 37z /4) (black curve), which is in good agreement with the numerical solutions from the start of the rapid oscillations at ke ff ke ff /
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Prediction: Monte Python

Markov Chain Monte Carlo (MCMC)

Markov chains Posterior density
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Prediction: Monte Python

Markov Chain Monte Carlo (MCMC)

Markov chains Posterior density

lteration 1



https://cjtu.github.io/spirl/f21_a6.html

Prediction: Monte Python

Markov Chain Monte Carlo (MCMC)

Markov chains Posterior density

lteration 1
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Bayes'’s theorem

LD\ O,M) IO | M -24.87 " "
PO | D,M) = M 2.23 2360115 0118  0.122-24.8 214
%(D ‘ M ) 100 ws Wsfdm log(mgc?/eV)
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Prediction: Evidence & Bayes Factor

Local Obs Local Obs+PC2018
Potential log€ 2logB  logé& 2log B
oACDM —528.30 0 —542.29 0
L-model —528.47 —0.33 —543.37 —2.17

) : Oscillatory tracker model —527.89 0.82 —541.89 0.80
ournal of €Gosmology and Astroparticle Physics Recliner model ~527.92  0.78 —54235  —0.13
An IOP and SISSA journal Starobinsky model —528.37 —0.13 —542.66 —0.74

Table 4. Evidences and Bayes factor for the different a-attractor potentials. The first two columns
are the results obtained when considering only local observations (SNe la+OHD+BAOQ), whereas the
last two columns show the results once adding the Planck Compressed 2018 (PC2018) data.

Bayesian evidence for a-attractor

dark energy models
0.0 . t = 0/\CDM

Francisco X. Linares Cedeiio,*”! Ariadna Montiel,’ Ctodel
b

Juan Carlos Hidalgo® and Gabriel German 1.0 s Recliner Model

mmmm Starobinsky Model
—1.51 ® SNIa+OHD+BAO

% SNla+OHD+BAO+PC18

o *

—2.0 A

-2.5

Bayes'’s theorem

Figure 3. Bayes factor (log B) for the comparison between the a-attractor models and ACDM. The
first column with circles corresponds to the Bayes factor considering only local observations (SNe
g(D ‘ @ M) H(@ | M) Ia+OHD+BAO), whereas the second column with stars indicate the Bayes factor once the Planck
? Compressed 2018 (PC2018) data were included. The horizontal purple solid (dashed) line labels the

% ( D ‘ M) zero (—2.2) in the Jeffrey’s scale according to table 2.

PO | D, M) =
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Prediction: Neural Network with Harmonic

Evidence

HARMONIC Multidimensional integral = highly
involving and time consuming.

https://astro-informatics.github.io/harmonic/
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Evidence:
Harmonic Mean Estimator
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Prediction: Neural Network with Harmonic

AN

Evidence

(D | M) = Jd@ Z(D|0,M) IO |M).

HARMONIC Multidimensional integral = highly
involving and time consuming.

https://astro-informatics.github.io/harmonic/

Evidence: Evidence:
Harmonic Mean Estimator Learnt Harmonic Mean Estimator
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Prediction: Neural Network with Harmonic

Evidence

(D | M) = Jd@ Z(D|0,M) IO |M).

HARMONIC Multidimensional integral = highly
involving and time consuming.

https://astro-informatics.github.io/harmonic/

Evidence: Evidence:
Harmonic Mean Estimator Learnt Harmonic Mean Estimator

Neural Networks used

to obtain h(0O,)
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Our aim Is to explore whether this relativistic kinetic gas leads to a

consistent cosmological evolution for the dark matter component, even



Our aim Is to explore whether this relativistic kinetic gas leads to a

L] L] L)
O] = Ol 110100 CV OI1 1O Ule C 1 = OLTIPOLENL, eVEL.
O L \ ( Y ALCLL I\ (/ \

The dynamics of a spatially tlat FLRW universe is given by:

. 0
Por Por Popm |a”+p

+— —
a’> a* at \ 1 + 2

P

=L
3

+pA .

. K
H = — > (1 + @) + p,(1 + 0 )+ppu(l + opy| -



The conservation of the energy-momentum tensor gives:

—  Matter
— Radiation

B=10"7
—— B=1.806x10""
—— B=10"°
B=3x10"°
—— B=5x%x10"°
—— B=7x107°

pO,DM/a“, at early times.

Ppm(a) = 3 ,
pPopml/a’, atlate times.




Comparison with Neutrinos

Neutrinos Dark Matter Kinetic (Gas

-
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Cosmological evolution of the EoS

o I

— Matter 1 ﬁz

— Radiation

B=10"" a)DM(Cl) e .
—— B=1.806x 107 3 a?+ ,62
—— B=107°

B=3x10"°
—— B=5x10"°
—— B=7x10"°
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Linear perturpations

Angular scale
02

2

2

-
2
~
1
=
=
=
ot
o

1000 1500
Multipole moment, /

Pancke TT

Planck EE

Planck ¢

SNSS DAT LRG

BOSS DRI Ly-g forest

10
Wavenumber k [ Mpc ']




Linear perturpations
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Linear perturpations

Angular scale
02

-
2
~
1
=
=
=
ot
o

; Manck TT
W & : F+ Planck EE
9 o . ~ B R TR0 SRR ¢ ¥ 7 | L - i, Z " Planck ¢4
. A $4 s | A T £ . : N N/ SDSS DAT | AG
‘-‘Q L - A '
"{éﬁ’f\ Q{i, e e r Frp i ol BOSS DRI Ly-g forest
: s_".“‘“ .
Q"' 1000
Multipole moment, /

Wavenumber k [ Mpc ']

Newtonian Gauge:  ds* = a*(n) |- (1 + 2yp)dn* + (1 — 2¢)dx'dx’

/

/ / 2
0 =—(1+w)(0-3¢)—3—(c:—w)$, 6":2(1—30))9 Y gy k*5 — k’c + k.
a a 1l +w l +w




Linear perturpations
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Linear perturpations
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Linear perturpations
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Cosmological Opservables

Numerical solutions for the CMB temperature anisotropies (left) and the matter
power spectrum (right). Numerical solution with Boltzmann solver CLASS.
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Cosmological Opservaples

Numerical solutions for the CMB temperature anisotropies (left) and the matter
power spectrum (right). Numerical solution with Boltzmann solver CLASS.
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Statistical Constraints (CMB data)

- Planck 2018
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Statistical Constraints (Lyman-a data)
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Final remarks and work in progress

From a geometric approach, it 1s possible to build the distribution function for the dark
matter component. This 1s possible within the formalism of Covariant Kinetic Theory
of Relativistic Gases.

Under this [ramework, the dark matter component behaves as radiation at early times
and as dust at late times

Statistical analysis put upper bounds on the only free parameter f, which in terms of
the velocity of the gas it translates to:

Vo] S 61.4+0.4 m/s (68% credibility).

Vo] $ 1,484 £6.8 m/s (95% credibility).

Ongoing work 1s focused on the development of perturbations of the
distribution function.
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