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The Lya forest
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https://www.youtube.com/watch?v=6Bn7KaoTjjw
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A treasure trove of information!
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The Lya forest
evolves rapidly
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G from Xiaohui Fan’s Sao Paolo lectures
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Planck 2018
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Six-parameter ACDM fits data on a wide range of scales remarkably well,
but is dark matter really cold?
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Cut-off in the matter power spectrum on astrophysically
interesting scales due to free-streaming or FDM?

The linear power spectrum (“power per octave” )
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Free-streaming erases structure
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The effects of temperature and free streaming are not degenerate

Viel, Becker, Bolton, Hachnelt 2013

For fixed comoving free-streaming
length the cut-off in velocity space
is at larger scales/smaller k

at higher redshift, and thus in
principle easier to detect.
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ACDM cold

| will focus on constraints from high-resolution data. All limits are quoted

2 as masses of a thermal relic.
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IGM Temperature measurements are getting accurate (and consistent)

16 ¥ $# Gaikwad+2020a
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Gaikwad et al. 2021: Gaikwad et al. 2020:

4, different flux statistics agree well new consistent measurement
based on 103/296 Keck/HIRES spectra from the of IGM temperature at 5.3<z<5.g
KODIAQ sample by characterising width of

careful modgllng of the observed transmission spikes in high S/N high
sample for finely spaced parameter resolution spectra with novel

f. : gridinT,and y technique loA
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Visualising the free-streaming of dark matter

Time after the Big Bang [Gyr]
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Villasenor et al. 2022
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Observational results in 2005-2008

Seljak et al. 2006 Viel et al. 2006,2007,2008
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These are the limits for thermal relics. For sterile neutrinos the story is
Q more complicated. Limits based on improved data/modelling/analysis
'ﬁ 1CC presented in Viel et al. 2013 and.Jzsic.et.al 2017a/b.




The Sherwood simulation suite: overview and data comparisons with the
Lyman « forest at redshifts 2 <z <35

James S. Bolton,'* Ewald Puchwein,” Debora Sijacki,” Martin G. Haehnelt,?
Tae-Sun Kim,? Avery Meiksin,* John A. Regan® and Matteo Viel*-°

Sherwood Simulation Suite
Bolton et al. 2017

2 x 8.5 billion particles

5 runs to z=2, 40 - 160 Mpc/h boxes
15,000,000 core-hours from PRACE
(25 million core-hour follow -up

_ project: Pl Ewald Puchwein)
ww.nottingham.ac.uk/astronomy/sherwood/
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Nuisance effects [parameters

instrumental resolution
instrumental noise
“continuum” fitting
strong absorbers

metal absorbers

mean flux has to be measured/assumed
alternatively photoionization rate has to be measured/assumed

thermal broadening (instantaneous temperature)
Jeans smoothing  (integrated energy input)
spatial variations of the above

* anchoring at large scales
* cosmological parameters
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A (not so) new (any more) measurement of the high-redshift flux power spectrum

15 high-quality spectra

extends to higher redshift
and to smaller scales

—— up=7.29 eV m;?, To=8125 K
—— up=7.10 eV m;1, To=7310 K
—— up=4.57 eV m;l, To=7372K

—-2.0 -1.5 —-1.0
Boeraetal. 2019 log(k/km~1s)
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Fitto £ <0.1skm ! data points
- Fit to all data points

1 1 1
0.10 0.15 0.20 0.25
mywom [keV]

An intriguing peak in the likelihood for the WDM mass
if the smallest scales are included.
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Villasenor et al. 2022

F 2=4.6

r——— mwbpm =4.0keV

L ===: Real space
1 1 . il

mwpm = 5.0keV

—— Redshift space

102

Signature of gas peculiar
velocities? Difficult to model

Because of inhomogeneous
Reionization.
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Unveiling Dark Matter free-streaming at the smallest scales with high redshift Lyman-alpha forest

Vid Irsi¢ 12 @, Matteo Viel>*>-67 @, Martin G. Haehnelt!-® ©, James S. Bolton® ©, Margherita Molaro® ©©, Ewald
Puchwein!? @, Elisa Boera>-® @, George D. Becker!! @, Prakash Gaikwad!2 @, Laura C. Keating13 , Girish Kulkarni'*

Irsic et al. 2024

z=42
¢+ Boera+18

T

[

z=4.6
best-fit x2/d.o.f. = 40.74/34

—-1.5 . .
logy (k [km™'s]) logyo (k [km™s])

Our analysis of the Boera et al. data taking into account the effect s
of inhomogeneous reionization (and a lot of other nuisance parameters.)
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Our latest results (Irsic et al. 2024)

For reasonable prior
on thermal history:

1
[ Default - ug — T prior
patchy + ug — Ty prior ’ —— Puchwein+19
i1 patchy + Rs(ug) + Tp prior : — Villasenor+22

— this work mFDM>[|_O X 10-22 eV

Mypv>5-7 keV

Gaikwad+20 _ _
Boera+19 This leaves very little/no room

Gaikwad+20b q
! for resolving the “small scale
crisis” of CDM - baryonic
solution is favoured

kmax < 0.1km™!s : 1.50110.060  0.840*0.0%% 28+ 91+ 10.2/20

. 0.053 0.156 . . .
Anoise : 1.458+0:053  0.96610:15¢ 2340 9340 12404 18.4/31

; 0.062 0.110 0.10 i
Ty prior : 1.494+0062 - 0770+9110  1.31+0.10 501 47.6/34

Ry (up) mass resolution : 15317008 0.617+09%  1.38*028 90+% 30.7/34

patchy reion. : 1.48610.0°8 0.686+9.0%8 1.33+0. 5% 32195 - 41.0/34

R (ug) + T prior . : 8375 537 - 39.4/34
patchy + R (ug) + Ty prior > 5.90 i 8287 o 267 87 40.8/34
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What next for cosmology with Lyman-alpha forest data?

High resolution

Mixed-Dark-Matter models

Increase the observed sample of spectra
(the current analysis is based on only 15 high-resolution spectra)

Better determine the thermal and reionization history of hydrogen

Low resolution

DESI/Weave = Sg tension

Vid Irsic
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* Good progress with characterising thermal evolution of IGM.
Quantitative modelling of the effect of helium reionization
still on to do list.

* Exciting new data and more to come. Lyman-alpha forest data
and its analysis is (rapidly) improving.

* Modeling of systematic uncertainties is lagging behind
improvement of the data.
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ANDES @ ELT (PI: Alessandro Marconi)

0.40—1.80 pym (baseling), 0.35—2.40 ym (goal)

Spectral resolution 100,000

1 m/s (baseline), 0.1 m/s (goal)

1 m/s over 24 hours (baseline), 0.02 m/s over 10 years (goal)
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