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Intro: the simple physics of the cosmic web



Physics of the gas
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Bolton+17 Sherwood suite
z=2.4 L.=40 Mpc/h My,=1e5M

Intergalactic Cosmic Web

v" Filamentary gaseous cosmic web as
predicted in ACDM hydro sims

v" Key physics relatively simple: gas cooling
and heating by a (uniform) UV
background in an expanding Universe

v" Physical properties can be derived by
assuming two physical fluids (DM and
gas) evolving, with the latter having its
pressure (Jeans scale)

Bi & Davidsen 1997, Schaye 2001, Gnedin & Hui 98
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Equation of motion of
gas element

Filtering scale

Physics of the gas: filtering scale
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Filtering scale kg rather than k; is used
And k; depends on the whole thermal history (unlike k;)
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Gnedin & Hui 1998, Gnedin 2000,
He & Gnedin 2020
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Physics of the gas: the gas PDF
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Bolton & Becker 2009, Bi & Davidsen 97

v

Volume-weighted gas pdf is a skewed
Gaussian — Lognormal fit works
reasonably well

8t order polynomali fit provided in
Becker&Bolton 2009, but earlier
models are also in agreement (Bi,
Miralda-Escude’ et al. 97)

Unfortunately, this is not observable....
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Physics of the gas: the gas thermal state
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z7=2

log (p/Pp)
Theuns+98

u  3kgT MH
ul 2w p(1-Y)2(C—H)

teool = |

t.oo1: cooling time with C an H are normalized
cooling and heating rates

v' 3 regions in the T-p plane:
A) cooling time much longer than Hubble
time: C and H are not effective
B) Bremsstrahlung and line cooling are
effective 2 t <ty

C) Region with efficient photoheating (HI
and Hell)

v T=T,(1+3)"! for the low-density region

v Most of the gas in a cool/cold phase




The IGM thermal state
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Puchwein et al. (2019)
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Most of this “global” uncertainty is captured by
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“New” astrophysics in the cosmic web

Patchy reionization



Simulating the high-redshift cosmic web ntteo Vi

https://www.nottingham.ac.uk/astronomy/sherw ood/

Bolton+17

z=7 (with reionization finishing at z=5. 3) Puchwein, Bolton+23

Gadget -3, homogeneous UVB

Gadget-3, patchy reionization

35 & 1
30 - 0o
= 25 _1 E J. Bolton E. Puchwein
Z&ZO : -2 g
” 1(5) :i 8 v' Sherwood-Relics suite (>200
B & simulations: boxes 5-160
B 54 cMpc/h; M,,,=3.7€3-6.4e6 M) —
35 | about 75 Million CPU hrs
30 20 v
£ o] v G3 code + ATON to perform
g 20 g radiative transfer for patchy
- 15 B 105 reionization
10 g

f , : ¥ -3 v Focus (and model calibration)
& SRR (N R S ; e 0 .
0 5 10 1520 25 30 35 0 5 10 1520 25 30 35 0 5 10 15 20 25 30 35 40 on the high-z (z>4) forest

x [Mpc/h] x [Mpc/h] x [Mpc/h]
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Physics of the gas: the gas thermal state at high-z
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After reionization

Reionization
completed

During reionization

z=54

-10 1 2 3
log(p/p)

-10 1 2 3
log(p/p)

Puchwein+23

-10 1 2 3
log(p/p)

homogeneous

patchy

10

log(volume per pixel/(h ~'ckpc)?)

v

<

T-p relation somewhat flatter at
high-z - moving closer to
reionization

. and prone to the effects of a
patchy reionization



Patchy Reionization
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Puchwein+23
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Patchy reionization - Il |
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Summary |
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v' There is a physical model of the low-density cosmic web based on gravitational
instability, hydrostatic equilibrium (Jeans scale) + UV background, at z=2-5.

v Cosmic filaments do trace underlying gravitational (DM) potential above the
tiltering scale

v Thermal and ionization history are reasonably constrained and support: patchy
reionization, Hell “heating” bump

v' Feedback effects are small, impact more the low z regime, no evidence for
turbulence

v'Any astrophysical or fundamental physical process able either to:
- dump heat in the low density IGM
- or modify the matter power spectrum
could have an impact

v" How can we observe this?
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Lyman-a forest as a manifestation of the cosmic web

Modelling
Cosmology



The Lyman-a forest
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Most of the flux statistics are in agreement Increasing z = increasing HI © more
with ACDM - 216,000 flux models fed into Absorption —at high z even underdense gas

MCMC ana]ysis can produce absorption



Data
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DESI

Busca+13, Slosar+14, Font-Ribera+14
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Low resolution BOSS

and SDSS-III spectra
S/N~2-3 - 160,000
spectra

Used to detect BAOs at
z=2.3 and correlations

in the transverse
direction
Used to place
stringent constraints
on neutrino masses
<0.12 ev

Palanque-Delabrouille+15
Seljak+06, Baur+16, Yeche+17 etc.

Medium resolution X-
Shooter VLT spectra
S/N ~ 30

100 spectra at z>3.5

Used to place
stringent constraints
on Warm Dark Matter in
combination with high
res. spectra

Irsic, MV+ 17a,17b
Lopez+16, Irsic+16

High resolution VLT

or Keck spectra S/N
~100 - ~hundreds of
spectra

Used for WDM,
astrophysics of the
IGM and galaxy
formation, variation
of fundamental
constants

MV+05,08,13, Becker+11
Yeche+17, Garzilli+18,
Bosman+18

1000

a100



Modelling the 3D flux power
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3D flux power Linear power Linear .
Pr(lk, 1) = B(1 + 542 Po(k) D(k, ) vaer | O = Pre? b
bps = % bry = % — _L%
g = b /(@) a5 " on "7 " aHos,
brs Density bias ~ Velocity grad. bias Pec. Vel. Grad.

See Seljak 12 for analytical understanding of Lya bias

Non linearities
See Desjacques+18 for bias expansion

McDonald 2003 Arinyio-i-prats+ 2015
k QNI k ap r k” :|05V} k‘ ay k: 2
D(k,u) =expq |7—| || F Dy (k,p) = A%(k AR I1-(— bol _ [ 2
( ﬂ) p{ |:kNL:| |:k :| _kV(k) 1( Hu') exp [ql ( )‘I' q2 ( )] kv 2 k'p
Non-linear power Pressure smoothing RSD and thermal Fewer params, better behaved at small k
broadening

knp ~5h/Mpe  k,~10h/Mpe  k, ~5-10h/Mpc  ¢;~0.5-1.5



Modelling the 3D flux power
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Op(%) = by 0m (%) + by n(x) + Z bo, Oi(%) =+ deer(x) + €(x)

EFT for the forest (Ivanov 23) 3D flux power
with 15 params: 8 free parameters + analytical
marginalization on other 7 param

Good fit up to k,,,,=3 h/Mpc (z=2.8)

Extended also to cross-correlation (Chudaykin
& Ivanov 25) — good fit to k., = 1h/Mpc

Extended to 1D flux power, tested on sims
and applied to data to constrain PBH
Ivanov & Trifinopolous 25

1 Oo 3D
Pp(k”,z) = %/k dkkPF (k,k}“,z)
[

And also to 3D flux power estimate from cross
power in transverse direction Abdul-Karim+25

307

-I2PX(k,u), [ "Mpc]
o

Cross-correlation forest-haloes

N
(4]

N
o
T

-
o
S B

Sr
0.0 0.2 0.4 0.6 0.8 1.0
k, h Mpc™
Chudaykin & Ivanov 25



Modelling the 3D flux power
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. : : 0.4 tob
v" Nyx code (Adaptive Mesh Refinement and grid - o3
based). DeBelsunce+24 -k, ,.=2h/Mpc = 0' )
. 0.1 *
v Degeneracies between the many parameters are A S Y S
crucial 00 b,
=-1.0 boby
-2.0 T
2.0
EFT Parameter Prior |EFT Parameter Prior 10 J ‘ | by
: b
(Sampled) (Marginalized) S 0.0 bulim .
. 2y
b1 U-2,2)| 28m N, 12) 1o :
b, U(-2,2) Penot N(0,5%) 5.0 Voo
a )
b2 N(07 22) [hfl—cll\;{[zpc]z N(O; 52) 5 25 + bdn‘fl
bg, N©,2%) | byenen, — N(0,27) = 0.0 1 G
b(KK)” N(()? 22) bél_[hz] N(OS 22) 2.5 ; | ' X +‘ bii”ﬁl
b2 N(0,2%) b izl N(0,27) T 0.2 I °
I [ g, C2
bsy N(0, 22) bn[s] N (0, 22) = 0.0 toa
I =
b2 N(0,2%) 502 % ’
-0.4 0.3 0.2 0.1



Modelling the 3D flux power at the field level
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O — OR* . Jgodel(k) — 51F(k, H)Sl (k)
F 3, 245 *
+ By (ky ) ( 9z(k) — = Fu7Go
0.0 . L ~ L
+ 65 (k, p)(87) (k) + BG, (k, 1)Ga ™ (k)
-0.1 ~ L
+ B3y (K, w)[on] (k)
Y as y . ; y 3 -0.2 N ~ L
‘!\A.— - '.1.' 'Q"\.‘A“ ‘.‘ L. + 552(k= i (k) +ﬂf€K" (k,u)(KK)” (k)
0 L—V_'LﬂL‘f‘ T s T T =03
’ ? z[h 1I\Iplct])o e ? z[h lMplc(io e ? z[h lMpl('(io o
1044 — u=0.75 —— Sherwood simulation
o — w=025 —— Cubic bias
§ wd e~ P (cubic) v .
z De Belsunce et al. 2025: Field level,
li 100 EFT inspired reconstruction of the
ge:: s P _..-::;_'_'.':-r:’::r::.‘,','.'.':.":'f.'7:".'.'?.‘Z.'I.'.'.'j.‘f.'f,‘?'I.‘.'f'fff."."if.'ff‘."?:. X ﬂux fleld (and Cross Wlth haloeS)

v Tested on flux power but also on
flux pdf (very difficult to fit)

10! 100
k [h/Mpc]



3D flux power from eBOSS DR16
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v" De Belsunce+24: 205,000 QSOs with
<z> = 2.33 - Pair-count estimator in
real space (good for window)

v’ Tested against Gaussian mocks and
CoLoRe.

v’ Kaiser formula + non-linear
. s - - - correction is a good fit for 0.02-0.35
0.05 010 015 020 025 030  0.35

k [hMpCfl] h/MpC




Pr(k) = b2(1+ Bpu?)? Gl Fivi () Paa (k)
Prq(k) = V(1 + Bpiid) (b + 1) G X1, (k) Pra(k)

Dum/Dy [Zess = 2.33]

3D correlation function from DESI
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5.0 -

45

I I I
DESI DR1 BAO (DESI 2024)

I eBOSS FS (Cuceu+ 2023)
--- DESI DR2 BAO (DESI 2025)

~
‘—u—"

1 DESI DR1 AP (this work)
—— DESI DR1 FS (this work)

4.0

18.0 18.5 19.0
[DuDH1Y?Irg [Zegs = 2.33]

Full-shape analysis of DESI DRI1
(Cuceu+25) measurement of Alcock-
Paczynski (AP) and RSD - about
750,000 QSOs at z>1.7

B parameter marginalized over. Fit
for by, bg and £

Tightest AP constraints at z>1, 2.4
times improvement over BAO only

First measurement of fog from cross



3D corr. function from DESI: dynamical dark energy
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Isotropic

BAO

AP

(Dy [ra)/(Dy [rq)>es
2 & 8§

2
o
=3

0123 4 5 6 7 8 9 10 11

Cuceu+25
lookback time [Gyr]

T T T T T T
—— ACDM: CMB

wow,CDM: DESY5 SNe + CMB

--- wyw,CDM: DESI DR2 BAO + CMB |
| | | | |

§ DESI DR2 BAO

|
B $ DESI DRI Lya-AP |
| Ae"" =~ o ¢ DESI Best-Lya
,. \\ .
.4 . oy
. - \ i":‘ — — ;ﬂ
| | } 1 | |
0.0 0.5 1.0 15 2.0 2.5
redshift z

Consistent with both CMB and
galaxy BAOs

Lya is good at measuring Dy

2.7c tension with SHOES

Slightly reduced tension in wy-w,
plane w.r.t. LCDM when Lya is
combined (3.36>3.10)

1.7% on the AP at z=2.33 (could go
down to 0.3% at DESI yr5)

» m, <0.0638 eV (95%, Lya-AP+BAO+CMB)
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Particle physics in the cosmic web

Neutrino interactions
Warm Dark Matter
Cold+Warm Dark Matter



Promises of the post-reionization Universe
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Long lever arm in terms of Environments Physical Scales
scales/redshifts will in turn
allow to break degeneracies . BARYON FEEDBACK and
between astro and cosmo 3 STAR FORMATION
parameters with: s LARGE SCALES with
£ LBE r ; ' ' ' ' 3 IM (Rel. effects or Non-
§ E Z= g {aniti
> Power spectrum = 125 Matter radiation BAO cales orisat of E i
R E equality - non-linearities ; PRIMORDIAL
» cross-correlations of c PRRI: / 1  MAGNETIC FIELDS
different tracers 3 g K I  REFERENCE MODEL
. _ = g 2 =
g new estimators (e'g'. ! g N X\ ©  NEUTRINOS
point function, 5 € 09f -
bispectrum, Machine £ S RRAAER
. 0.8F 3 Interacting with baryons
Learning) E
g ook 3 WARM DARK MATTER
3 0.0001 00010 _ 00100 _ 0.1000  1.0000  10.0000 100800 (thermal)
It is an “active phase” of 3 Kol Ne)
structure formation Eo Large scales Small scales
g

processes (feedback, star
formation,  black  holes,
cosmic bayron cycle etc.)

Accretion and outflows

HI measures density perturbations in a matter dominated regime!



Impact on 1D flux power
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1.4

Simulated 1D flux power @ z=4.6

134

1.2+ ~

Boera+19
measurement

power spectrum ratio
—
=

0.7+ - -

0.6

default (CDM, z; = 6.0, 63 = 0.829, n; = 0.961)

hot
cold
WDM 4 keV

patchy, z; = 6.7

patchy, z; = 6.0
- . - patchy,z; =5.3
— Of = 0.904
— — og=0754
— ng=1.001
— — ng=0921

Boera et al. 2019 relative errors

1073

k [s/km]

Large scales

107!

Small scales

More power

Less power



Patchy Reionization - Impact on 1D flux power
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Boost
due to variation
in neutral fraction
from large scale
temperature fluctuations

Molaro+23

“Detected” this

increase of power at2.7c
from KODIAQ, SQUAD,
XQ100 sample of 538 QSOs

13 ——r ———
Bo=ra+19 10interval
Ia@g
mig =
1.2 F early T
11
x
5 1.0
/
09r z=4.2
Suppression
08¢ T due to thermal broadening
of recently ionised regions
0.7 i i PR | i i el 1
1073 1072 107!

k (km™ s)

Molaro, Bolton, Irsic,... MV 2021&2023



EFT 1D flux power models and applications
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L [ 10g10(Gerr MeV?) = —5.7 (BFT)
1 = lomp(Gur MeV) =—aas (PRIVA) + /A == Planck
1 1 - Lyman-a pivot scale ! . 7 _ Planck+DESI BAO
*§ T eBOSS Lyman-a d == Planck+PRIYA Lyman-a
i} :_—\W: J \ = Planck+EFT Lyman-«
- 1.0 et '
% 7/ \ [
] / \
S 09 e \
\ . .
A, 1 e ~ s\ \
0.8 | \
: : ."" —_
LS 1 1 O A AR I . 7 A =0
1078 102 107! 10° 10 10? —6 —4 -2
2
k [h/Mpd] logo(Geg MeV?)
He+25

v He+24: strong preference for neutrino self interactions (delayed onset of free streaming) from
BOSS full shape analysis of forest (and other data) pointed to Geff=0.01 at 5s, with a compressed
likelihood (based on LCDM)

v New likelihood either EFT based or based on a new suite of simulations (Bird et al.) and applied
to eBOSS data: result goes away



A warm cosmic web?
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YN Mpxc]

h (m\\-'ml)"/-"( 0.12 )”3

kpg ~ 15.61\,Ipc T &

Free streaming scale
of thermal warm dark

matter

Viel et al 2005



The smoothing scales |
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Unveiling Dark Matter free-streaming at the smallest scales with high redshift Lyman-alpha forest

Vid Irsic
Vid Irgi¢"? ©, Matteo Viel**367 (5, Martin G. Haehnelt"® , James S. Bolton® (%, Margherita Molaro® ©», Ewald
Puchwein!? , Elisa Boera™® 0, George D. Becker'! (), Prakash Gaikwad'? (, Laura C. Keating!? , Girish Kulkarni'#
Kauvli Inctitute for Cocmnloov  Tlnivercity of Cambhbvridae
WDM free streaming
1.0F—= S
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0.9
0.8
3
A
=
o 0.7
\
0.6 \
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TMWDM — 5.0 keV \\\
05— mwou= 4.0 keV ’ ~
— MWDM = 3.0 keV
— TMWDM = 2.0 keV
0.4

—2.0 —1.5 —-1.0
log, (k; [km~! s])



The smoothing scales
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Unveiling Dark Matter free-streaming at the smallest scales with high redshift Lyman-alpha forest

Vid Irsic
Vid Irgi¢"? ©, Matteo Viel**367 (5, Martin G. Haehnelt"® , James S. Bolton® (%, Margherita Molaro® ©», Ewald
Puchwein!® %, Elisa Boera®® (3, George D. Becker!! @, Prakash Gaikwad!2 @, Laura C. Kf:ating13 , Girish Kulkarni*
Kavli Inctitute for Cocmoloovy  Tnivercity of Camhridoee
WDM free streammg Thermal broadenlng
1.20
10,_’1\ — Ty=084x 10K
: ‘sx\\ Ty =092 x 10°K
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0.9 —— Th=106 x 10" K /
— Ty=112x10*K
0.8
E
Al
~ ——
& 0.7 —
\ N
06 CDM ."\ \
\ 0.90 g = 7.69 eV /my \
mwpym = 5.0 keV \, ‘ \
05— mwbu=40keV
: — MWDM = 3.0 keV [}85
— mawpm = 2.0 keV z2=46, 7 =140
0455 15 “10 08055 15 “10

log,y (K [km™s]) log g (k [km™s])



The smoothing scales |
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Unveiling Dark Matter free-streaming at the smallest scales with high redshift Lyman-alpha forest

Vid Irsic
Vid Irgi¢"? ©, Matteo Viel**367 (5, Martin G. Haehnelt"® , James S. Bolton® (%, Margherita Molaro® ©», Ewald
Puchwein!® %, Elisa Boera®® (3, George D. Becker!! @, Prakash Gaikwad!2 @, Laura C. Kf:ating13 , Girish Kulkarni*
Kavli Inctitute for Cocmoloovy  Tnivercity of Camhridoee
WDM free streaming Thermal broadening Gas pressure
1.20 7 1.2
N — Tp=084x 10K /
1.0 = — 4 !
N Tp =092 x 10K f
N 1.15 | /
: Ty=1.01x 10°K / » Th= 101 x 100K L
0.9 Lol — Tr=106x10°K / :
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0.8 1.05 -
ol ot
Eor ' — = &
Y — - — T "
0.95 N\ | 09 —
AY ™~
0.6 \ ~
—— CDM A\ _ \
mwpy = 5.0 keV \\.\ 0.90 =78 eV/mp \\.. — w=639 cV/ml,, =525 //
05— mwou=40keV N 0.8 wy = 7.69 eV /m,, 2 = 6.0
. mwpu = 3.0 keV 0.85 wy = 9.59 eV /my, 2 = 6.75
—— mwpu = 2.0 keV z2=46,15=140 —— up=1143 eV/my, za =75
04750 —is —10 08050 15 —10 LY —1s —10
log,y (K [km™s]) log g (k [km™s]) log,y (k [km™s])
bOH 3k
B . .
up(t)= [ dt—=—— H isheating rate

0o Pm 2u
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The smoothing scales - I

Matteo Viel

—  MWwWDM = 2.5 keV

mMwpM = 5 keV

——  feans

——  Hiltering

3.0 35 1.0 A5 5.0

Viel+2018

o

- |

Different physical scales
(on top of instrumental
resolution) affect the power
spectrum cutoff:

» thermal: instataneous
temperature at  that
redshift;

> filtering scale: depends
on all the past thermal
history — related to Jeans
scale;

» WDM cutoffs are
basically redshift
independent



The data at z=4-5

Matteo Viel

2=42 bt $ody 2=50
¢ Boera+18 T .f 7 ¥ P
‘{k e + K ++4 gt t i - "
b *, £ ' « ,
=107 h = 10! ‘ = 10! K
A b o ¢ .y !
% % &
3 |
; z=46 4
1 —— best-fit y2/d.o.f. =40.74/34
10-2 ; 1072 — . : . 1072
-20 -1.5 —-1.0 —2.0 -1.5 -1.0 2.0 -1.5 -1.0
1.5 L5 1.5
: ’ | § 1 1 : | BRIE \ . { R f '
2109t *H'H' ZL0{ e A S 2107 I e
¢ — 2 =17.69 ! g ' 2_18.32 g — 2—}147:3 !
e =1 = X =18 = X =14
0.5 : : : 0.5 ; : ‘ 0.5 : : :
> T00 -15 ~10 00 15 ~1.0 —20 15 ~10
log;g (k [km™ s]) logy, (k [km‘ls]) logyg (k [km~! s])

Boera+19, Irsic+23



Light
WDM

Thermal WDM

Matteo Viel
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Irsic, MV +23



Thermal WDM - I
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Thermal WDM
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Mixed (Cold + Warm) dark matter models
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Garcia-Gallego, Irsic, Haehnelt, Viel, Bolton 2025



DM + galaxy formation halo environments
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How is HI distributed in non-cold DM haloes at z=0?
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Redshift z=0
stacking of 100
haloes 10"3-10"* M,

DM

GAS

HI

Temperature
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Projection to x-y plane; Halo Mass: 10** — 10 M, z=0
SIDM1 VvSIDM correa WDM3 WDM1

Zhang, Garaldi, Despali, Viel 2025 in prep.



How is HI distributed in non-cold DM haloes at z=3?
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Redshift z=3
stacking of 100
haloes 10'2-10"3 M,
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Zhang, Garaldi, Despali,

Viel 2025 in prep.



HIl in non-cold DM models
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Zhang, Garaldi, Despali, Viel 2025 in prep.



Summary |
Matteo Viel

v/ The low-density cosmic web as seen in the high redshift Lyman-o forest allows to
constrain DM properties through 1D flux power

v WDM mass is constrained (<3-5 keV)

v WDM fraction is also constrained (f<0.2 — depending on mass)
v’ Cosmic web is relatively cold consistent with CDM

v'No sign of neutrino interactions

v' Small scale HI distribution inside haloes could be impacted by DM nature



Part 5

Matteo Viel

What about increase in power?



Primordial Magnetic Fields (PMFs)

Matteo Viel

v" Why do we care: observed in the
Universe from planet scales up to
cosmological scales even in cosmic
voids (!)

v What can they tell us: they could be
of astro or primordial origin
(produced during inflation or phase
transitions in the early Universe)

v When considered: strong
implications for structure formation



Primordial Magnetic Fields (PMFs)

Matteo Viel

Durrer and Neronov 2013
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Pratter(k, 2

Setting the stage

Matteo Viel

(B0 B; () = (2m)P5k ) (8 - 2 ) 22 Pa() o B ek

PrnepMm Propym + Py r

104 104
— class — 1nG, nB =-2.9
107 4 102 |
10° 1 S 100
Q.
2
=) W)
1072 1 T1072 A =
N [
A 28
T o
1074 4 g 1071 2
a
Q
1076 4 1076 4 'g
=]
(o]
10—3 T T T T T T T 10'3 - - T T T T T
10-3 102 10-1 10° 10! 10?2 103 1073 102 10-1 100 10! 102 103

k(h/Mpc) k{hiMpc)



Setting the stage
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Setting the stage
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Ideal MHD in the postrecombination Universe mtten Vil

3 (B) _ VX(#,xB)
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a
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Ralegankar, Pavicevic, Viel, 2024, JCAP, 07, 027 (Kim+96, Adi+24)



Ideal MHD in the postrecombination Universe mtten Vil

At large scales
<<

o (B) Vx(ﬁ)/B/) Vo << aH
a /a

av) . (5b-V)/z;_ (VxB)xB iV Vo Velocity field is generated
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Ideal MHD in the postrecombination Universe
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Comoving Magnetic field is conserved

Baryon perturbations driven by magnetic
field and gravity

Gravity has the usual form



Ideal MHD in the postrecombination Universe
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Key ingredient is the S, source term



Ideal MHD in the postrecombination Universe

Matteo Viel

ag% ,309% 3 Oy P L Qom
da? 200 2Qmn(1+ aeq/a) b7 T g3H2 ' 2 Om(1 + aeq/a) bM
22 0%*5pm 3 dpm 3 Qpum P 3 Oy 5
8a2 ' "2 0a 20 (14 eq/a) " 2Qm(1l + aeq/a) b
St St
PMF So PMF _ 0
O = —&pla) 57 opm = —Epm(a) =7
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Coupled differential equations



Ideal MHD in the postrecombination Universe
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—— dark matter

OfF-————r e e == ]

-3 1072 1071

=

100

v Time evolution of perturbations
(scale dependence is hidden in S0)

v" Baryons are primarily enhanced

v" DM is lagging behind and eventually
catches up at z~0

Ralegankar, Pavicevic, Viel, 2024, JCAP, 07, 027



Ideal MHD in the postrecombination Universe mtten Vil
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Ralegankar, Pavicevic, Viel, 2024, JCAP, 07, 027



Ideal MHD in the postrecombination Universe
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v' Ratio of perturbations is equivalent
to baryon fraction starts very high
and only now reaches the cosmic
mean 0.17 value

v Atz=10 baryon fraction is 2 times the
cosmic mean



Ideal MHD in the postrecombination Universe
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[
e 3 PSR

v' Ratio of perturbations is equivalent

to baryon fraction starts very high
and only now reaches the cosmic
mean 0.17 value

At z=10 baryon fraction is 2 times the
cosmic mean

At z=100 gravity overcomes Lorentz
force (this is independent of B and at
all scales)



Magnetic Damping Scale
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- o
1 Bphys

Up ~ aHAp 4mpy *

Baryon flow velocity from Euler
Equation (Lorentz force)

vp/Ap ~ aH Breaking of linearity
v2 _ Ué?)hys) Alfven velocity def.
AT dmpy,
VA
Ap ~ JA
P aH
B o
AD ~J O.IMpc - kD =2 3(nG/BO)MpC
nG

Linear perturbation theory does not
work at small scales

Density perturbations backreact on
the magnetic field

MHD Turbulence suppresses
perturbations



The baryon PMF induced power spectrum
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Hydro sims |
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Ralegankar, Pavicevic, Viel, 2024, JCAP, 07, 027
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NEW IMPLEMENTATION

1) Baryons displaced according to Lorentz force
2) Different transfer function for baryons and DM




Halo Mass Function
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Ralegankar, Pavicevic, Viel, 2024, JCAP, 07, 027
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f bhalo / f l;:osmic

Halo Baryon Fractions at high redshift

Matteo Viel
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Larger baryon fraction in
haloes also shown in
hydro sims

At large masses (scales)
cosmic values is
recovered

More scatter in PMF
models



Halo Baryon fraction at lower redshift
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v Atlow (z<3) redshift the
effect vanishes



Impact on flux power
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Pavicevic, Irsic, MV et al. 2025
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Best fit PMF models
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Pavicevic, Irsic, MV et al. 2025
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Constraints on peak position
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PMF (ref) best fit z=4.6
PMF (ref) best fit z=5.0
PMF 0.5nG z=4.2
PMF 0.5nG z=4.6

LCDM best fit z=4.2
LCDM bhest fit z=4.6
LCDM best fit z=5.0
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Constraints on peak position

Matteo Viel

1072

+5 —
bpe = 25"/ ™22 Mpet K, = 10 Mpc ™!

+ PMF 0.5nG z=5.0

-- LCDM best fit z=5.0

PMF (ref) best fit z=4.2
PMF (ref) best fit z=4.6
PMF (ref) best fit z=5.0
PMF 0.5nG z=4.2
PMF 0.5nG z=4.6

LCDM best fit z=4.2
LCDM bhest fit z=4.6

2.2

-20 -18 -16 -14 -12 -10 -08
logp(k [km !s])

Pavicevic, Irsic, MV et al. 2025

K ./Kpeak or B (nG)

Detection = B=0.2 + 0.05 nG (1s)
Upper limit - B=0.3 nG (3s)



Part 6

Matteo Viel

IGM as a calorimeter



The IGM as a thermometer Matteo Viel

v Dark Photon Dark Matter: simple extension of the SM of particle physics
1 1, ., €
C"/A’ = _ZFiu_Z(Fpu)z_i

v Dark photon converts into standard photon when a resonance condition is met

san 2000 (53) (%) ()

1
/ 2 Far:
P F 4 5mia (A,

Bolton, Caputo, Liu, MV, PRL, 2022



The IGM as a thermometer

Matteo Viel

v Dark photon Dark Matter: simple extension of the SM of particle phvsics
1 2 1 / N7 nll 17 2 kg
—F a5 2F Fp,+omiy (4,

v Dark photon converts into standard photon when a resonance condition is met

Ba25e (59) (122) (%)

L,YA/ =

LC]?M, z=Q.5901 104
E
103 'Q.
2
()
(o
102 g
S
5
10! &,
E=3
100
log(p/p) log(plp) log(plp) log(plp)

Bolton, Caputo, Liu, MV, PRL, 2022 - see also Trost+arXiv: 2410.02858
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The IGM as a thermometer - |l

Matteo Viel
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v’ Effect is small but can be used to place
constraints on extra-heating

v' At z=0.1 COS/HST lines are broader than
v expected (feedback, turbulence?)
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The IGM as a thermometer - |l
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H 1821+643, 2, = 0.297
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Ly-a flux power spectrum

> Effect is small but can be used to place
constraints on extra-heating

» At z=0.1 COS/HST lines are broader than
expected (feedback, turbulence?)
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The IGM as a thermometer - |l Matteo Viel

Distinctive heating mechanism happening far away from complex astrophysics

P Y Z= 2-4/’;? g 1T
' o o g 1.58 [ Flat Priors = = Caputo+20
Boroia M 123 | NVE(0.73,0.01) 0 Bolton+22

N -13.8

g ‘_'va( ) "’4 :0'79’_5

s i°~63 -14.1

‘Hos0 :
11056

10 14.4 |

4.8
10"
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1044 -14.7

10%°

Dark photon heating

loge

20 cdmoying Mpc
=

1036 | a1 A

-13.2 -12.6 -12.0
log(ma// eV c™2)

Trost+arXiv: 2410.02858



Summary |
Matteo Viel

v PMFs can enhance baryon fraction apart from enhancing matter power spectrum
v" Can affect star formation/important for JWST

v" Observing high baryon fraction at high redshift will be smoking gun signal for
PMFs

v' Lya. forest ideal probe of PMFs, since it samples low density environments far from
galaxies

v" Constraints from Lya forest point to a detection at 0.2 nG or more conservatively a
tight 3c upper limit of 0.3 nG



Matteo Viel




PMFs: interplay with baryonic corrections Miatten Viel

T I T
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Schneider+19 k [h/Mpc]



Constraints on peak position ,
Matteo Viel

Ruled out by Ly-a

log(B [G])

-28 -26 -24 -22 =20
ng

Extending to other ng values -12-11-10-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4

log(Ag [Mpc])



Implications for the detection

Matteo Viel

Lya Bestfit PMF 0.2 nG, -2.9
I I I | I | | | | | I

- - S-T ACDM .
— S-T PMF (0.2 nG, -2.9) |

I I

]-Ogl(] [dn / dlogl()Mllalo (h’/MpC)J]

lOglO[Mhalo / (M};h _l)]

> MF is boosted at M, ;,<10° Mg/h

> ~2 more 108 Mg/h haloes at z=10 expected
compared to ACDM



PMFs: flux pdf

Matteo Viel

16 ratio of flux PDF, z=5.0
) I \ \
{BlMpc:nB}
1.5 0.50 nG, 7
— 0.20 ngG,
1.4H |
— 0.15nG

Prair / Pacoum

0.0 0.2 0.4 0.6 0.8 1.0



Extra slides: triangle plot ,
Matteo Viel

T =

JIAN

Tz = 4.
z 5

» Not strong degeneracies present

» Weak degeneracies with injected heat and noise
modelling
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Extra slides: PMFs vs thermal parameters ntten Viel
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Non-linear scales with MHD

Matteo Viel

Mhalo (Mo)
. 10%° 1013 1011 107 107 10°
. 10 - - - - - -
Magnetic
5 |
Jeans scale/ 10
non-linear ~— —Tp&
regime 107
o
"I_\II_ 102_
E
< 101
100_
1071
ktn
1072 . : : ,
10-1 10° 10! 102 103
k (h/Mpc)
— ACDM — ng=2.0 Shaw & Lewis 2012
— ng=-2.0 Cruz et al. 2023 Ralegankar et al. 2024

Ralegankar, Garaldi, Viel, 2024, arXiv:2410.02676


https://ui.adsabs.harvard.edu/link_gateway/2024arXiv241002676R/arxiv:2410.02676

Connection to low z: entropy-temperature relation of groups

Matteo Viel

Forest Voids’ statistics at z=2
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Pre-heating: gas at z=4 with 6>8,, and K<Kg,,,

CHANDRA entropy-temperature profiles
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A=2500
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l

Must occur at 6>10-30 and/or at z<1

Borgani & Viel 2009



Connection to low z: census of the baryons at z=0

Matteo Viel
T T T T
sl Gas Mass N
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Connection to low-z: The physics of the T-p relation (z=0)

Matteo Viel
100F Impressive dynamical range
105} 4 10° v A: diffuse IGM
4 B v" B: WHIM and CGM
106 s Cg v C. ICM
1045 v D: cool CGM
na B v' E: thermal equilibrium of low Z gas
= v" F: cold ISM

| 1022 v G: hotISM (from feedback)

10% - v" H: HII ionized regions
v' I very cold ISM

10" 10

Density ny [em™

Schaye+25 COLIBRE simulations



Reconstructing the 3D DM cosmic web with ML

Matteo Viel
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Physics of the gas: the gas thermal state

Haardt+2012
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O © Hiss+2018 ¥ ¥ Rorai+2017b ¥ ¥ Bolton+2014
$ ¢ Walther+2019 # ® Bolton+2012b ¢ % Telikova+2019
$ ¢ Becker+2011 (v=1.3) & & Bolton+2012b (Hell) ¥ % This Work
Boera+2014 (y=1.3) ¥ ¥ Boera+2019 (Gaikwad+2020) . .
b Boera=2014.6 oere v' Temperature density relation

can indeed be measured by
using a variety of methods like
wavelets, pdf of the gas, power
spectrum, bispectrum, Voigt
profile fitting.

Hell bump quite “prominent”
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Evolution of the condensed phases

Matteo Viel

13

Time since Big Bang [Gyr]
4 3 2

1

Total Baryons

Neutral Gas

Molecular Gas

Redshift

Peroux & Howk 2021
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Molecular gas traces star
formation rate

Neutral gas always dominating
the budget at z>2 and always
above the molecular

Total budget is subdominant
compared to total baryons



HI column densities

Matteo Viel
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Pontzen+09

v

v

Fitting with Voigt profile allows
to extract the HI column density

Good agreement over about 10
orders of magnitude, spanning
very underdense gas up to
Damped systems (galaxies)

Smaller scales are more complex
and rich in physics (feedback,
AGN, star formation, molecules,
dust, metals)
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Feedback and Lyman-a forest

Matteo Viel
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0.1
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Viel, Schaye & Booth 2012
Chabanier+2025

v Impact of AGN feedback at low
z (z~2) is of the same order of the
COSMO params

v' These effects can only partially
be captured by changes in the
Temp. density relation of photo-
ionized gas

v' Especially for AGN, changes in
the density distribution and in
the fraction of hot, collisionally
ionised gas (T>10°K)
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HI evolution with redshift
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Linear Fit
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Peroux & Nelson 2024

v Evolution of HI mass density is
relatively mild compared to
other physical quantities like
SFR

v This quantity is dominated by
DLAs and is important when
2lcm intensity mapping models
are built
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