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Cosmic Epochs

The Big Bang

Years after the Big Bang Image: NAOJ
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Bia Open Questions

o Nature of Dark Matter

e Nature of Dark Eneray

o Inflation / Initial Conditions
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Bia Open Questions

o Nature of Dark Matter

What can we learn from Ly-a data
aBout Dark Matter?

How is it affectina formation of
structures in the Universe?

Can we differentiate petween
different Dark Matter models?

What is the outlook for the future?

ENERGY DISTRIBUTION
OF THE UNIVERSE

DARK
MATTER

NORMAL MATTER




Where to ook for DM?

Dark Matter Mass [eV]
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[Ultra-light axions DM
WIMP (?)

Ly«
Strong lensing

e Mass range of theoretical models is very larae

e composite/mixed DM, self-interaction, decay rate, SM interaction, production channels, ..



NoN-CDM erases small scale structure

Cold Dark Matter (CDM): Warm Dark Matter (WDM):
Lots of small-scale structure Free-streamina of DM particles
(From the time they decouple
unttil they Become non-relativistic)



Astrophysical Laroratories

Dark Matter Mass [eV]
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Kobayashi(V1)42017;  Cain(V1)+2020;Feix+2020; 1r8i¢+2017a;

Armengaud+-2017; Bird+2023;Davies+2023;... Baur+2017;

Rogers+2020; Murgia(VI1)+2018;
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Hicgh-z Cosmic Wer

High-z source

(e.g. quasar, galaxy, ...)
Emitted photons
Years after the Bigl Bang /

Image: NAOJ
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High-z Cosmic Wes
High-z source

(e.g. quasar, galaxy, ...)
Emitted photons

Years after the Bigf Bang / Image: NAOJ
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Hich-z Cosmic Wegr

High-z source
(e.g. quasar, galaxy, ...)

Emitted photons
Years after the Bigf Bang / Image: NAOJ
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Hich-z Cosmic Wes
High-z source

(e.g. quasar, galaxy, ...)

Emitted photons
Years after the Bigl Bang / Image: NAOJ
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Lyvan-a forest

CDM gas ' COMHI'

Transmission = exp( - optical depth)
Optical depth:

T:/HHIUQ(V)CZS

Ly o dgas x dam

o Volume weiahted
e Sensitivity to 1+ Ogas ~ 0.5 -5

Astrophysics can Be modelled!
heatina and coolinag of Gas m ,

=+ HHe ionization

s W

=+ aravity



Lyvman-a as a tracer of matter

Large scales < Structure formation — Small scales

Early time

5

z
Expansion history

Lya forest

2

Photo-z galaxies

Late time

Image: A. Font-Ribera

Lyman-« forest:
e High-redshift tracer of matter
e Sensitive to mostly mean density A = p/p~ 0.5 -5
e Access to a wide range of scales (~ 0.07 Mpc to ~ 700 Mpc)

e Astrophysics can be simulated or modelled



Lyvman-a as a tracer of matter

Large scales < Structure formation — Small scales

Early time

e

Photo-z galaxies

]
- Spec-z galaxies .

Late time

Lyman-« forest:
e High-redshift tracer of matter

e Sensitive to mostly mean density A = p/p~ 0.5 -5

e Astrophysics can be simulated or modelled
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Lyvman-a as a tracer of matter

Large scales < Structure formation — Small scales

Early time
5

z

Lya forest (Lya ID)

2

Photo-z galaxies

—
- Spec-z galaxies .

I
>
[}
I
2
<
c
.0
)
c
@
o
X
Ll
|

Late time

Lyman-« forest:

e High-redshift tracer of matter

e Sensitive to mostly mean density A = p/p~ 0.5 -5

e Astrophysics can be simulated or modelled



Lyvman-a as a tracer of matter

Large scales <+ Structure formation — Small scales
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Late time

Lyman-« forest:

e High-redshift tracer of matter
e Sensitive to mostly mean density A = p/p~ 0.5 -5 ‘
e Access to a wide range of scales (~ 0.07 Mpc to ~ 700 Mpc) s i

e Astrophysics can be simulated or modelled



D Lyman-a forest surveys

T XQ100 —— bestfit
MIKE - mppy =10 %
HIRES

1D Lyman-« forest:
e High-redshift tracer of matter (2 < z < 5.5)
e Sensitive to mostly mean density A = p/p~ 0.5 -5

e Projected tracer (k)



D Lyman-a forest surveys
e BOSS, eBOSS, DESI, ... > 1 Mpc/h

— Limited by resolution of the instrument

SDSS/BOSS/eBOSS

¢ XQ-100 —— bestfit
MIKE <oeo mppy = 10 x J072 eV
HIRES




D Lyman-a forest surveys

e BOSS, eBOSS, DESI, ... > 1 Mpc/h

T T
0.30 0.35 0. I()\ 0.45

AL

=== Lya Likelihood
Il Baseline: Planck 2018+BAO Fernandez o
Bl Baseline+XQ-100 Lya
Il Basecline+eBOSS Lya

Mass Scale [h~
1019 10" 10" 1(

10

T

Optically thick absorbefs

during refonizatior

Irsic+17,+19 20 C.L,
Gilman+21 17 (Lensing)

DES Y1 cosmic cosmic shear
Planck 2018 TT

Planck 2018 EE

Planck 2018 PP

SDss

Lyman-a

UVLF

McDonald et al. 2005; Irsic et al. 2017b; Yeche et al. 2017; Pedersen et al. 2023; Espc
[LELE] t al. 2019; Palanque-Delabrou
2024; Walther et al. 2025

et al. 2020; Goldstein, VI et al. 2023; Rogers & Poulin




D Lyman-a forest surveys

e BOSS, eBOSS, DESI, ... > 1 Mpc/h

e High-resolution instruments

— UVES, HIRES, XSHOOTER,

Viel et al. 2013; Baur et al. 2015

Irsic et al. 2017ab; Armengaud et al. 2017; Kobayashi, VI et al. 2017; Murgia, VI et al. 2018;
Murgia et al. 2019; Irsic et al. 2020; Hooper et al. 2022; Garny et al. 2022; FuB et al. 2022;
Garzilli et al. 2019; Rogers et al. 2020; Villasenor et al. 2023;

Irsic et al. 2024; Garcia-Galego, VI et al. 2025

ESPRESSO, ELT/ANDES, ...

— Limited by the statistics

(e.g. ~ 10 — 100 spectra)




Nature of Dark Matter
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Image: Simulated Universe 20° (Mpc/h)?, 2 x 1024 DM+gas particles



Cosmoloaieal simulations

3, homogeneous UVB \TON pa reionization

15 20 25

x [eMpe/h]

Sherwood-R.elics simulation suite

® Simulations tuned to hich-redshift interaalactic medium
® varying thermal history, thermal state, inhomoaenous reionizaton + geyond CDM models

Molaro, VI et al. 2020, 2022; Puchwein, VI et al. 2023; IrSi¢ et al. 2024

Kulkamni et al. 2016; Keating et al. 2017; Onorbe et al. 2016; Wu et al. 2020; Montero-Camacho et al. 2020; Cain et al. 2022, 2024;

Bolton et al. 2016; Lukic¢ et al. 2015; Villasenor et al. 2020, 2022; Doughty et al. 2023; Chabanier et al. 2024; Khan et al. 2024; Bird et al. 2024;



Likelihood emulator
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McDonald et al. 2005; Viel et al. 2013; IrSi¢ et al. 2017; Walther et al. 2017; Rogers et al. 2020;
Molaro, VI et al ; Cabayol-Garcia et al. 2023; Fernandez et al. 2024; Walther et al. 2025; Garcia-Galego, VI et al. 20




Bayesian Likelihood Analysis
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e New WDM round: mywpnm > 5.7 keV Irsic et al. 2024
o Improved modelling (P, S;T())Z mwpwMm > 5.9 keV
e Conservative kmax < 10 h/Mpc: mwpym > 4.1 keV — 2x petter than in 20I1




Searching £or New Physics at Small Scales
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General non-CDM models

General transfer function for DM: Propm 1 + (k) ]
mWDM) h~! Mpc
1 keV

with R. Muraia
(18060831

10
k [h/Mpc]

Murgia et al. 2017; Murgia, VI et al. 2018
Archidiacono et al. 2019; Hooper et al. 2022



Constraints on the shape of the NCDM T'(k)

X thermal WDM | o Mpe/bl[ A1 7 ]

*  neutrinos from resonant production Neutrinos 0.025 23| —26
neutrinos from particle decay from 0.071 23| —1.0
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Mixed Warm Dark Matter
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Garcia-Gallego, VI et al. 2025 (2504.06367) ;Kobayashi, VI et al. 2017 (mixed FDM) ;
Palazzo et al. 2007; Boyarsky et al. 2009; Baur et al. 2017; Diamanti et al. 2017; Parimbelli et al. 2021




Axion-like particle DM with PR rreaking
inflation

Irsic et al. 202.0; Muraia et al. 20I19; vanov ¢ Trifinopoulos 2025
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Models that enhance structure ﬁo&r'ma‘tior\

¢ 3P

=

o8

Primordial Maanetic Fields
Mak Pavicevie, SISSA

0.50 nG, 0.084 nG,

ko BiMpe
nG

>, forng = —2.9
0.20 nG, 0.022 nG, ] Epeak

0.15 nG, -2. 0.015 nG,

0.10 nG, -2. 0.008 nG

ACDM : L2

Pavicevic, VI et al. 2025 (2501.06299) 0.0
k, = 10 Mpc ™!




What next?

ImpProvements for the future:
* Improve statistics
(EQUALS (Pl: TRera), Gemini/GHOST (Pl: SBosman)

* Better instrument modelling

(or increase SNR_ for opservations)

* Keep improving theory models

(R.adiative transfer, small-scale peculiar veloaity, )
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Can we rule out larae ranaes in DM particle mass?

Mortivation: resonant sterile neutrino (3.5 keV),
exauding uttra-liaht axions with m, > 107 eV

Can we distinguish retween DM models?

Maortivation: information on production mechanism



Bia Open Questions

o Nature of Dark Matter

What can we learn from Ly-a data
aBout Dark Matter?

How is it affecting formation of
structures in the Universe?

Can we differentiate petween
different Dark Matter models?

What is the outlook for the future?



Bia Open Questions

o Nature of Dark Matter

What can we learn from Ly-a data
aBout Dark Matter?
Mass of DM, production mechanism, ..

How is it affectina formation of
structures in the Universe?
Smoother dustering, suppressed structure formation, dynamics

Can we differentiate petween
different Dark Matter models?
Is the alass half full or halt empty?

What is the outlook for the future?
Dominated By low statisties!



Conclusions

e Dark Matter with Lyman-a forest

e Ly-a forest as a uniQue proere of the matter distrirution (redshift rance,
scales coverace)

e [D dustering on small-scales (1 Mpc/h)
e Constraints on DM models: particle mass!

o Constraining production mechanisms, Mixed Dark Matter models, isocurvature
models, ..

e Much scope for improvement — statistics dominated!
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