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The Lya forest
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A treasure trove of information!
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The Lya forest
evolves rapidly
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10227-0605, z=6.20
J1429+5447 7=6.18

J0109- 3047 z= 6791

J0829+4117 z= 6768 J2229+1457 2=6.15
J1104+2134 7= 6740 J1319+0950 2=6.13

J0910+1656 726730 11250+3130 7=6.13
J0837+4929 2= 6710 J00 —1 5,2=6.1

]1048-0109, z= 6676
J2232+2930 2=6.666

J1216+4519 7= 6654 J T00-1715,
J2102-1458, z=6. 648 J0842+1218 7=6.08
J0910-0414, z=6.630 J1602+4228 2=6.07

J0305—3150 7= 6615

fa (Arbitrary units)

J1526-2050, 2=6.586
]0706+2921, z=6.583

7500 8000 8500 9000 9500 _ 10000 _ 10500 7500 8000 _ 8500 _ 9000 _ 9500 10000 _ 10500
Wavelength Wavelength (4)

from Xiaohui Fan’s Sao Paolo lectures

There are now large numbers of QSOs at z>6.
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The Lya forest
evolves rapidly
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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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WDM 2 keV
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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Our “best” WDM results in

» more and better data

» more and better simulations

» extensive scrutiny for
systematic errors

» improved and conservative
analysis

M,,dm> 3-3 keV (20 C.L)

2 keV WDM disfavoured
at about 40!

Viel, Becker, Bolton, Haechnelt 2013
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week ending

PRL 119, 031302 (2017) PHYSICAL REVIEW LETTERS 21 JULY 2017

First Constraints on Fuzzy Dark Matter from Lyman-a
Forest Data and Hydrodynamical Simulations

Vid Ir§ii’:,1’2’3’* Matteo Viel,""5’6’T Martin G. Haehnelt,7 James S. Bolton,8 and George D. Becker””’

* New intermediadiate resolution
X-Shooter data(XQ 100 sample)
* Improved analysis

For reasonable prior on thermal history:

Mepyv>37-5 X 1022 eV (20C.L.)

mywpv>5-3 keV (20 C.L.)

XQ-100 —— best fit
- MIKE  ----- mppy = 10 X 1072 eV
&  HIRES

This leaves very little/no room for resolving
the “small scale crisis” of CDM
—> baryonic solution is favoured

k [km'g]

PHYSICAL REVIEW D 96, 023522 (2017)

s

New constraints on the free-streaming of warm dark matter
from intermediate and small scale Lyman-a forest data

Vid Ir§ié,1’2’3’* Matteo Viel,4’5’6’4r Martin G. Haehnelt,7 James S. Bolton,8 Stefano Cristiani,s’6 George D. Becker,7’9 m{—}{%
Valentina D’Odorico,5 Guido Cupani,5 Tae-Sun Kim,5 Trystyn A. M. Berg,lo Sebastian L(’)pez,11 Sara Ellison,10 AMBRIDGE

Lise Christensen,12 Kelly D. Denney,13 and Gé4bor Worseck™



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 under way: 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
shape of cut-off in DM transfer function is not generic

corrections for box size and resolution
missing physics in the simulations
interpolation errors in sparsely sampled parameter space
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IGM Temperature measurements are getting accurate (and consistent)

16 ¥ $# Gaikwad+2020a
# % Wavelet * % BPDF ¥ YV Joint Constraints ¥ % Gaikwad+2020b

4 4 Curvature ¢ ¢ FPS

Late Hell Reionization Late HIjReionization

Late Hell Reionization I Reionization

¥ ® Gaikwad+2020a

z

2H¥* % Gaikwad+2020b
— Late Reionization
20 22 24 26 28 3.0 32 34 36 3.8 l Early Reionization

3
Redshift (z)

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

4 gridinT,andy technique IoA
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The to date best 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;1l, To=8125 K

—— Up=7.10 eV m;l, To=7310K

—— Uup=4.57 eV m;l, To=7372 K

—-2.0 -1.5 —-1.0
Boeraetal. 2019 log(k/km~1s)

A piece of art
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Standard interpretation of Tcump
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Turning a negative neutrino mass into a positive optical depth
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Tanisha Jhaveri,! Tanvi Karwal,! and Wayne Hu!
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Dispurable: the high cost of a low optical depth
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With Lya forest constraint
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Increasing Tcms

4

Noah Sailer*t,1:2 Gerrit S. Farren™,2! Simone Ferraro,! and Martin White!2

The CMB optical depth constrains the duration of reionization

CHRISTOPHER CAIN 2! ALEXANDER VAN ENGELEN 2! KEVIN S. CROKER ©,! DARBY KRAMER ©,' ANsoN D’ALo1sIO,?
AND GARETT LOPEZ?

Jll/lll|{ll|lll|lll

TTT T[T I T TT T[T TTIf

Redshift

AL

Normal ordering M, = 0.06 iMBE;g\o low-£ EE)
=~ high-¢ CMB + CMB lensing + BAO w/ > m, =0.06

CMB (no low-£ EE) J— low-¢ CMB —_— >
MB {n + low w/ Y m, > 0.06

——— CMB (no low-£ EE)

CMB
(no lens recon)

—— Low-{ EE prior
—— SRoll2 T prior
RELIKE T prior

f The CMB/cosmology community appears to be willing to drop the rather low Planck t
1CC
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Percent-level timing of reionization: self-consistent, implicit-likelihood
inference from XQR-30+ Ly« forest data

Yuxiang Qin ©,1:2 Andrei Mesinger ©,3 David Prelogovi¢ ©,3* George Becker ©,> Manuela Bischetti ©,%" Sarah E. |. Bosman ©,8
Frederick B. Davies ©,° Valentina D’Odorico ©,10:3 Prakash Gaikwad ©,? Martin G. Haehnelt ©,11 Laura Keating ©,12 Samuel
Lai ©,13 Emma Ryan-Weber ©,142 Sindhu Satyavolu ©,15:16 Fabian Walter ©,%17 and Yongda Zhu ©18

UV LFs+Te UV LFs+T.+Lya forest

Zre Zre
54 5573 76 7.9
| | | ] |
5.4410:03 7.6513:08
XH = 1% XH = 50%

A

®.

10
redshift

IoA

S
Cambridge-LMU, 16 September 2025 585 UNIVERSITY OF
5P CAMBRIDGE




Good progress with characterising thermal evolution of IGM.

Quantitative modelling of the effect of helium reionization
still on to do list.

Evidence is building for rather late (end of) reionization

-> spatial fluctuations of temperature-density

relation and photoionization rate more pronounced.
Lively discussion of possibility of significantly larger Ty
than published by Planck. Should be measurable
iIndependently.
Exciting new data and more to come. Lyman-alpha forest data
and its analysis is (rapidly) improving.
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