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Plan

Matteo Viel

> The “real” cosmic web o
Mak Pavicevic

» Impact on structure formation at linear level

» Impact on structure formation at non-linear level

» Focus on JWST

, Pranjal Ralegankar
» Constraints from the Lya-forest

Ralegankar, Pavicevic, Viel, J[CAP, 2024, 07, 27
Ralegankar, Garaldi, Viel arXiv:2410.02676
Pavicevic, Irsic, Viel, Bolton, Haehnelt, Martin-Alvarez, Puchwein, Ralegankar arXiv:2501.06299



https://arxiv.org/abs/2410.02676
https://arxiv.org/abs/2501.06299

The cosmic web: intergalactic medium

Matteo Viel




Intergalactic Medium
Matteo Viel

The Lyman—-alpha forest

L A N R A
\

Glase 0 e Intergalactic medium: filaments

z2=3.62
2 ﬂ \ at low density (outside
HI : galaxies) — distances spanned
okt ATV MMMM . s 0.1-100 Mpc/h
L ~ e o Wm" b e 1 A
(o)) - (2) -wG) P S Giioee B * Lyman-alpha forest its the main
= : Earth e manifestation of the IGM
”W\”
A=Ao(l+2) e High redshift observable, 1D

Ao = 1215.67 A projected power (but also 3D)
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The cosmic web: intergalactic medium

Matteo Viel

>

High redshift counterpart of Vazza’s cosmic web you saw on Wednesday
Probes densities around the mean

Traces the large/small/medium scales of matter fluctuations

Volume filling factor of galaxies is negligible

Not sensitive to baryonic feedback

No room for turbulence

Astrophysical nuisances: mainly gas thermal state



IGM - I

Matteo Viel

Bolton & Becker 2008
» Diffuse IGM: prediction of standard (and sometimes , ,

non standard) cosmological models of structure 0% r=78.13 kpc/h |
formation o 12;

» Strongly evolving in redshift. Fills most of the < 10:? [ 20 00
volume. Fitted by a lognormal distribution. 18_5 [/ — 80- 400

. 0.4°

s 0O0p——r eI

» Till about 10 years ago, semi-analytical models were 0417 A
=1 0 1 2 3

enough, now not any more.



Intergalactic Medium

Matteo Viel

Large scale motions dominated by
the Hubble flow

Majority of “clouds” even exands
with super-Hubble velocity

At low redshift clouds detach from
cosmic expansion and go through
gravitational instability

More recent studies: ultrastable
spectrographs can go down to 1
km/s “shifts” setting limits to
turbulent motions below the kpc
scale

flux [a.u.]

...........................................................

<z>=2.73, sep.= 0.22 kpc

! I il 1 1 I L
4480 4500 4520 4540 4560 4580 4600

1 I 1 I 1 I I I 1 I I I
3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840

" <z>=3.53, sep.= 285 kpc

Ak /M" i ™ e

5360 5380 5400 5420 5440 5460 5480 5500 5520 5540 5560

rved wavelength [A]

Rauch, Becker, MV+ 2005



Setting the stage
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Setting the stage

Matteo Viel
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Setting the stage
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(Bi(k)BX(K')) = (2m)36%(k — k') (5@. _ ’f!;a) P (k) Pg(k) o« B%y,ck™®
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ldeal MHD in the postrecombination Universe ot v

d (B) _ VX(¥},xB)

dat a
0D 2,. B, (VXB)XB c2Vs, V
b+H1},b+(b)b=( ) % b_‘f’
ot ATra® py a a
35, V.B, V.(5,B)
ot  a a
2 a?
Vep = op + o)
¢ 2M§; (op6p + ppmOpm)
0%5pu , [0In(a’H) 108w __V*¢
da? dlna ada (a?H)?

Ralegankar, Pavicevic, Viel, 2024, [CAP, 07, 027 (Kim+96, Adi+24)



ldeal MHD in the postrecombination Universe

Matteo Viel
At large scales
0<<1
3 (B) Vx(ﬁ Vi << aH
dt
A )/_ (VxB)xB Y ){qu
4
maspp / a a Velocity field is generated

35,  V.D, v.(abyg{

o0 e S Oivp, x (V X B) X B

2

a
Vip =

2M2, (ppOp + PoMODM)

626DM
da?

OIn(a*H) 136w _ V¢
ada (a?H)?

dlna



ldeal MHD in the postrecombination Universe

Matteo Viel

9 (B)
=0
at
825, L3938 | V. (VXB)xB V2
da?  2ada | (4ma3p,)aSH? ' (a?H)?

2

Vi = (Pp6p + PpMODM)
2M2,

*Spu  308pu __V*9
da? 2 ada (a?H)?

Comoving Magnetic field is conserved

Baryon perturbations driven by magnetic
field and gravity

Gravity has the usual form



ldeal MHD in the postrecombination Universe

Matteo Viel

d (B) — 0 So/a3H2
dt /
925, 308, | V:(VxB)xB V2

3az " 2ada | (4ma3p,)a>H? i (a2H)>2

2
Vi =

M2, (Lpbp + PpmOpM)

98ou  30%m _ V4
da?2 2 ada (a?H)2

V-[(V x B) x B]

Sy =
0 4ta3py,

Key ingredient is the S, source term



ldeal MHD in the postrecombination Universe

Matteo Viel
0?61, 300, 3 Qp So 3 QpMm
2 _ b DM
0" — t+a-—— — = op = — — 0
da” 200 20m(1+ aeq/a) a*H? 2 0m(1+ aeq/a) o Coupled differential
a2 32(5[)1\/[ n a§85DM B § QDM 5 . § Qb 5 equations
da? 2 8a  20m(l+acg/a) " 2Qm(l+aeq/a) | baryons

S S
cPMF 0 ‘PMF 20
O, = _Eb(a)ai‘H‘z Opm = —EDM(G)Q;;HQ-
M Power spectrum of Lorentz force
P PMF X P For ng~ -3 (scale invariant) this returns
b SD P tter ~ k



ldeal MHD in the postrecombination Universe ot v

&PMF

10%—

i arer:

10 i » Time evolution of perturbations
=~ : (scale dependence is hidden in S0O)
T i
r:“_’,lOO i » Baryons are primarily enhanced
= [
it i » DM is lagging behind and eventually

10-1 i catches up at z~0
| —— baryon
i —— dark matter
1 -2 : . .
YIS 1072 1071 10°
a

Ralegankar, Pavicevic, Viel, 2024, [CAP, 07, 027



ldeal MHD in the postrecombination Universe ot v

10%2—
E 3 » Ratio of perturbations is equivalent to
i rec baryon fraction and starts very high
101! ! and only now reaches the cosmic
l mean 0.17 value
O l
© |
100 +---- 1: ——————————————————————————————————————————————————— <« Cosmic mean
I |
| - PMF ;5 PMF
: i — aV?¢/Sy
-1 ! 1
107 10 1072 1071 10°

Ralegankar, Pavicevic, Viel, 2024, [CAP, 07, 027



ldeal MHD in the postrecombination Universe
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102

101_

ratio

100-

10~

o

7~

i : agr 5EMF/5£}MF
i i — aV?¢/So
L 1 .
10 102 101 100

» 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

COsSmic mean



ldeal MHD in the postrecombination Universe ot v

102

» Ratio of perturbations is equivalent to
baryon fraction starts very high and
only now reaches the cosmic mean
0.17 value

drec

101_

ratio

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

[N P —— G ———————

100 +----

» At z=100 gravity overcomes Lorentz

| o) PMF /6 PMF
| 5 force (this is independent of B and at
| av<e/So all scales)

100

10~

-
o § T ———
W
o
I
(N
=
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Magnetic Damping Scale

Matteo Viel
) B2 .
Up ~ = HlA 4;"‘3’5 ) Baryon flow velocity from Euler
b P Equation (Lorentz force)
vp/Ap ~ aH Breaking of linearity » Linear perturbation theory does not
work at small scales
(Bahys) Alfven velocity def -
v3 = B ven velocity det. » Density perturbations backreact on
4mpp the magnetic field
VA » MHD Turbulence suppresses
AD ~ oH perturbations

Ap ~ 0.1Mpc (—) kp ~ 3(nG/By)Mpc™?




The baryon PMF induced power spectrum

Matteo Viel
k2)2 2 d’k Y Mbe
Pg(k) = AkE"Be " "D Bivpe = / (2r)? Pg(k)e ™ "Mpe = A2 ['([nB +3]/2)
k* d*q Pp(q)Ps(k —q) (¢-k)* (¢-k)?  (a-k)?®  (q-k)?
PMF 2 B\4)I'B q 2 2 q q q q
= -4 —4
P, (k) gb(a)8(471'(;.53913[4533H2])2 / (2m)3 (k — q)? {k t2¢°+4 k4q? k2 k2q? - q?

k3PPME (E _ k"2 Bivpe\? _2k2)2 ‘
APME (k) = —371-2 (k) = 10"%2(a) (M—pc_l) ( = ) Guge ¥ 0, (2.

where G, is a dimensionless number determined by

1+ 222 4+ 4ytz? — 4y%2? — 43z + yz]
I?([ng +3]/2)

00 1
Gup = ] da:f d?y:c”BH(l + 2% — 2zy)"B/27 ! [
0 -1

100 100
n=0.3
t 1072 t 102
N A /A . (W SRS
~ S e
m 1074 S 1074 -~
X v /’¢
I I s
o / y : o | --——- ACDM i i i
o 10764 S ! ACDM o 10-©
i y —— mattern=03 | ! —— Biwpe=1nG, ng= —2.9 Ralegankar, Pavicevic, Viel 2024
< — mattern=01 | & | — Biwpc=02nG, ng= 2.9 Adi, Cruz, Kamionkowski 2024
g 1075 / ---- baryon n=0.3 g 1075 Bimpc=0.2nG, ng= - 2.5
7 ---- baryonn=0.1 Bimpc=0.2nG, ng= —2.0
1010 ! . fr ‘ ‘ L 101012 . i Ll ‘ .
10~ 102 10! 10° 10! 102 10-3 102 10! 109 10! 102
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Hydro sims
Matteo Viel

Ralegankar, Pavicevic, Viel, 2024, JCAP, 07, 027 ————_m
ACDM with PMFs . ; . N ACDM

v O o

55 Mpc h

redshift =0

......

e o =< ACDM with PMFs

“

- e

- - ..

NEW IMPLEMENTATION

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




Halo Mass Function
Matteo Viel

loglo[dn / dlog19 Mhaio (h/MpC)3]

lllll]llllllllllllll

- - S-T ACDM

— S-T PMF (1 ngG, -2.9)
A A (Lorentz force)

€ B (noisocurvature)
*

» Extra PMFs power produces more
C (with isocurvature)

haloes, at “low” mass

» With lower B values (<1 nG) the
enhancement will move to lower
masess

» Below 0.05 nG eftfect is probably too
small at any scale

IIlllIIlllllllllllllllllllllllllllll

I I | | I\l | | i l | | - | l 1 VO Y [ W

10 11 12 13 14
log10[Mhato / Meh™)]

Ralegankar, Pavicevic, Viel, 2024, [CAP, 07, 027
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halo cosmic
o™/ fy

Halo Baryon Fractions at high redshift

Matteo Viel
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redshift = 10
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10g10[Mpato / Meh )]

Ralegankar, Pavicevic, Viel, 2024, [CAP, 07, 027

10g10[Mhalo / Mah ™))

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

Matteo Viel

2.5
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o | 1t
g M i
< I ik
= - 1k
1 B J_ 1 3] i XL i3 T T § § § 41 § 0 =
I 1 Il 11 | 11 1 1 | | R L I L1 1 1 I Ll Ll I 1 L1 I 1 L I £ __EUE I i | I | I 11 1 L I 1 Ll 1 I 1 1 { F I 11
9.5 10 10.5 11 11.5 12 12.5 9. 10 10.5 11 11.5 12 12.5

UL | T T T T | T T | S |

redshift = 3

l 1 (I | L

L [ 1 1 1 L

= 1

1 1 L |

™ T T T I T T T T l T | L T

||l||l||||||l|l||l||

redshift = 0 -
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» Atlow (z<3) redshift the
effect vanishes



Star formation

Matteo Viel

lllllIIllllllllllllllllllllllllllll

lIlllllIIIIlllllllllllllllll'][llll

<
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, - e
1 1.5 2
féxalo / fl():osmlc

>

>

>

Star formation efficiency vs
baryon fraction is very redshift
dependent in PMF models

IMPORTANT: no feedback for
these simulations.

IMPORTANT: no MHD for
these simulations! Purely
gravitational interactions



Back on the constraint plot

Matteo Viel

» Linear theory simple analytical predictions:
More small mass haloes

With large baryon fractions

» Hydro sims with no feeback confirm this and
quantify the amount of star formation efficiency
and its scatter

> Below 0.05nG the effect is likely to vanish

» Can we do something more?

log(B [G])

No effect on
structure
formation

-12-11-10-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4
log(Ag [Mpc])



Simulations of IGM structures tten Vi

https://www nottingham.ac.uk/astronomy/sherwood/

Bolton+17

z=/ (ZUlth reionizationﬁniShing at Z=5.3) Puchweln Bolt0n+23

40 Gadget-3, homogeneous UVB ATON Gadget-3, patchy reionization /

30 [ e T TR .
— 25 ] : E J. Bolton E. Puchwein
< <

15F = . o
” N B » Sherwood-Relics suite (>200

1 : .

F simulations: boxes 5-160

oll cMpc/h; M, =3.7€3-6.4€6 M) -

- about 75 Million CPU hrs
z 2 =)
£ 20 g » G3 code + ATON to perform
=15 5 radiative transfer for patchy

‘ z C ..
10 § g reionization
s
e SRR OBy T AN . ... o o 0 : :
00 5 10 1520 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40 » Focus (and model calibration)

x [Mpc/h] x [Mpc/h] x [Mpc/h] on the high-z (z>4) forest



The simulations: patchy reionization effects on 1D flux power

Matteo Viel
Boost
due t ati 13 SR S
ue to variation Bo=ra+19 10 interval
in neutral fraction ';}3
from large scale 1.2 | early 1
temperature fluctuations
1 .1 .- \
3
Molaro+23 E 107 o
“Detected” this 4
increase of power at 2.7c 09+ z=4.2
from KODIAQ, SQUAD, .
XQ100 sample of 538 QSOs Suppression
0.8 1 due to thermal broadening
of recently ionised regions
0.71_ A i MR | A A ks a1
107 102 107

k (km™ s)

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



Physical scales involved

Matteo Viel

WDM free streaming

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

Vid Irgig!-?
Puchwein

10
t]

5,6

1.0

0.9

0.8

Pr/ P

0.6

0.5

04

\
—— CDM \
mwpuM = 5.0 keV \
—— mwpu = 4.0 keV \
— TMWDM — 3.0 keV
— MWwWDM — 2.0 keV
—2.0 —1.5 —-1.0

logy (k [km™!

s))

, Matteo Viel3-*5:6.7
, George D. Becker!!

Lk avli Inctitute for Cosmolnov Thiversity of Camhbrides

1.20

1.15

1.10

0.90

0.85

0.80

, Martin G. Haehnelt!-3 @, James S. Bolton®
, Prakash Gaikwad!?

Thermal broademng

— Ty=084x 10K |
Ty = 0.92 x 10° K .f

Ty = 1.01 x 10' K ;"II
— Ty=106x 10K / |
—— S
N\
\
ug = 7.69 eV/m, \

72 =46, Tg =140

—1.5
logy, (k [km™ s])

—2.0 —-1.0

, Margherita Molaro®
, Laura C. Keating!?

, Ewald

, Girish Kulkarnil*

Gas pressure

1.2
11 To=1.01 x 10° K //\
_F_‘_’,_/
L0
-
=
al)
0.9:
—— uy=6.59 eV/my, 2. = 5.25
0.8 uy = 7.69 6V /my, zy = 6.0
ug = 9.59 eV /my, 2 = 6.75
—— uy=1143eV/my, 2, = 7.5
0.7"35 15 ~10
logy, (k [km_ls])
H 3k3
up(t) = d —_—
0 Pm

H is heating rate



1D Lyman-a flux power and LCDM best-fit

Matteo Viel

2=42 by N S 2=50
¢+ Boera+18 gttty ** 7 +"'-'
FEETSEeN e | -
2107 LN <10 * =107
g g R \
2 2 EE
\{\. # .
"y 2=46 + "
+ ——  best-fit x%/d.o.f. = 40.74/34
== -~ 0 DL S S T . I e T
=20 -1.5 -1.0 -2.0 -1.5 -1.0 —2.0 -1.5 -1.0
1.5 1.57 1.5
: | NN SRIF- RS INE M
=101t ! - H'H‘ o e e e S R AR T =1.07! L B S o
fé — 2 =769 fé yv=1832 ' r_.ﬁ — x =}14.?3 !
.5 05— 05—
v a0 15 ~1.0 Y20 15 ~1.0 ~2.0 15 ~1.0
log,, (k [km_ls]) logy, (k [km‘ls]) logy, (k [km ™! s])

Boera+19, Irsic+24



1D Lyman-a flux power and LCDM best-fit

Matteo Viel

z=42 _ byt Yoy 2=50
+  Boera+18 R . *+ 17} +--.,.'_.
*{} 1 + ot s pr } ' Y
& } +, 5 k +
= ) = =
2107 N <10 * =107
o LY o * o i
e e <2
1
Y
"y z2=46 } '
A ——  best-fit x%/d.o.f. = 40.74/34
mi—— ks DL S S T . I e T
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mwpmM > 9.7 keV

Boera+19, Irsic+23




PMF models

Matteo Viel

0.50 nG, -2.9
0.20 nG, -2.9
0.15 nG, -2.9
0.10 nG, -2.9
ACDM

10!

(k, z=99)
=
|

T T IIIIII|

2
matter

—
<
wd

I IIIiIIl

0.084 nG, -2.0

0.022 nG, -2.0
0.015 ngG, -2.0
0.008 nG, -2.0

a - -

s

III'I

8

0Z/FZ0T %= PNy

10!
k [h/Mpc|

Pavicevic, Irsic, Viel, et al. 2025, arXiv:2501.06299

» 4 different PMF models at fixed
nB=-2.9, 1 model with nB=-2

» Effect on matter power
parameterized by kpeak

» For each PMF we simulate 12

thermal histories and build a
likelihood in the CDM+PMEF
space with >0.5 million flux
models


https://arxiv.org/abs/2501.06299

ﬂPf(k)/Pj ref. (k) [%]

Impact on flux power

Matteo Viel

15
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-
20/

| Boera+19 op

{Bivipe, i}

logo[k / (km™'s)]

logo[k/ (km™'s)]

B 1 — 0.20nG, —2.9 N

 — 0.15nG, —2.9 5 i

_ . --- 0.015nG, —2.0 ! ]
L — 0.10nG. —29 '

f— '| | i

- || 2=5.0 / 2=4.6 -

s A LY M) ‘5\\

L1 -] e ’

17 -"/x:.- 1] ,.»-"/:Lf- TN

— —r 1 O 9 O Bl == e il L=t ]

| L b J B

-2.0 -1.5 -1.0 -0.5 =2.0 -15 -1.0 -0.5

» Strong scale/z dependent
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Best fit PMF models
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Xacpm = 40.8 for 36 d.of. Xoup = 28.63 for 35 d.o.f.



Constraints on peak position
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Constraints on peak position
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Upper limit < B=0.3 nG (30)



PMFs: interplay with baryonic corrections mtteo Vi
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Summary
Matteo Viel

» PMFs can enhance baryon fraction apart from enhancing matter power spectrum
» Can affect star formation/important for JWST
» Observing high baryon fraction at high redshift will be smoking gun signal for PMFs

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

» Constraints from Lyoa forest point to a detection at 0.2 nG or more conservatively a tight
36 upper limit of 0.3 nG



Constraints on peak position
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Implications for the detection tten Vi
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» MF is boosted at M;,;,<10° My/h

» ~2 more 108 Mg/h haloes at z=10
expected compared to ACDM
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PMFs: flux pdf
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ratio of flux PDF, 2=5.0
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Extra slides: triangle plot |
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BN PMF (ref)
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» Not strong degeneracies present

» Weak degeneracies with injected heat
and noise modelling
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Extra slides: PMFs vs thermal parameters S
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Non-linear scales with MHD
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Ralegankar, Garaldi, Viel, 2024, arXiv:2410.02676



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