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Promises of the post-reionization Universe tten Vi
atteo Vie

» Ideal place to test structure
formation

» ... and cosmological models in
and beyond ACDM (Universe
being more linear) . B

» Large volume to be probed DE=MD 3 AP =T

» ... but LIM is sensitive to small ket~ 0(0.1) o el
scale (astro) physics (intrinsically Reionization
no threshold) .
Surveys

Cosmic Noon

< -0 Present

4

Clustering of LSS tracers (>Mpc) is
coupled to the astrophysics of line
intensity (~O(pc))

Bernal & Kovetz 2022



Promises of the post-reionization Universe tten Vi
atteo Vie

400 thousand 0.1 billion

The Big Bang
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Long lever arm in terms of scales/redshifts will in turn allow to break
degeneracies between astro and cosmo parameters with:

- cross-correlations of different tracers
- new estimators (e.g. VID, bispectrum, Machine Learning)

It is an “active phase” of structure formation processes (see Rachel’s talk)



Promises of the post-reionization Universe S
atteo Vie

Years afi@

Time since Big Bang (Gyr)
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Long lever arm in terms of scales/redshifts will in turn allow to break
degeneracies between astro and cosmo parameters with:

- cross-correlations of different tracers
- new estimators (e.g. VID, bispectrum, Machine Learning)

It is an “active phase” of structure formation processes (see Rachel’s talk)
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What are the big questions?

Matteo Viel

What is Dark Matter?

Is evolving Dark Energy real?

Can we measure neutrino masses?

Can we probe the matter power spectrum
down to the smallest scales?

Can we test inflation?

Is there new physics like Primordial Magnetic
Fields?

Can we constrain galaxy formation? [highly
complementary to JWST observations]
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Y VYV

What are the big questions?

Matteo Viel

What is Dark Matter?

Is evolving Dark Energy real?

Can we measure neutrino masses?

Can we probe the matter power spectrum
down to the smallest scales?

Can we test inflation?

Is there new physics like Primordial Magnetic

Fields?

Can we constrain galaxy formation? [highly
complementary to JWST observations]

Signature in clustering, decay, annihilation
BAOs

Neutrino free-streaming at large/medium scales
DM acoustic oscillations, suppression of power

Non Gaussianity
Increase of power at small scales

High redshift Universe is becoming a very interesting
place to constrain galaxy formation models [tail of
reionization]



Modelling LIM power to linear order

Matteo Viel

P21 em(k, p, 2) = Tp(2)*[(bu1(2) + f (Z),uz)szgk, z) + Psn(2)].

Linear power (cosmology)

2
Brightness HI temperature or other lines Tb( z) — 189h (HOEBIT (+)Z) ) QHI(Z) mK
VA
Amount of HI 1 [°°
Qmi(z) = — / n(M, 2) Mg (M, 2)dM
c 40
HI bias

bin() = = o e /O " (M, 2)b(M, 2) My (M, M

Shot-Noise power spectrum 1 0o )
Psn(z) = / n(M, z) M5, (M, z)dM
&= G Jy MO

New physics from P(k) or n(M) / \

Halo mass function (cosmology) Amount of HI in each DM halo (astrophysics)



Modelling of the LIM power with the halo model

Matteo Viel

Pii(k,2) = Par1n(k) + Paron(k) P (z) = %%Plh,ﬂl(k,z) :

Halo models important for reaching 3 1 o0 B 2

Smau Scales PHI,lh(k:Z) — (ngHI(z))g /0 dMn’(M: Z)MHI(M: Z) |uHI(k|M?z)|

Can be easily extended to any IM line Pin(k, 2) o0 2

Profile must be specified Praran(k, 2) = (0201 (2))2 [ /0 dMn(M, z)b(M, z) Mu1(M, z)|uni (k| M, 2)|
COSMOLOGY

My and Qyy; from sims or from
observed HI mass function or DLAs

Padmanabhan+16,+17; Bernal, Breyesse, Gil-Marin, Kovetz 19; Villaescusa—Navarro et al. 2018, Padmanabhan 2024 (review)



Modelling of the LIM power with the halo model

Matteo Viel

Halo models important for reaching
small scales

Can be easily extended to any IM line
Profile must be specified

My and €y from sims or from
observed HI mass function or DLAs

M . Veo ’
Mi(M,7) = afH,cM(muh_1 M@) exp[—( )

Pii(k,2) = Par1n(k) + Paron(k) P (z) = %%Pm,m(k,z) :

2

1 >0 p
Pann(ks2) = gy [ AMn(M,2) MM, ) (1M, 2)
Prrton(k, 2) = —oimn(k>2) [ / " AMn(M, 2)b(M, 2) My (M, 2)|ussi (k| M, 2)]
HI,2h\ /v, (ngHI (Z))2 0 ’ ’ HI ’ HI 3
COSMOLOGY

ASTROPHYSICS OF THE HALOES

ve(M,7) pu1(r; M, z) = po exp(—r/rsun)

Physically-rich modelling: involves a set of parameters that are calibrated on sims to fit observations

Padmanabhan+16,+17; Bernal, Breyesse, Gil-Marin, Kovetz 19; Villaescusa—Navarro et al. 2018, Padmanabhan 2024 (review)



New modelling of LIM power with the halo model ot Vi

Dark Matter

. ?‘ » ‘.;'u ‘
= L, - ! . 5 o,.. . :
R o : =9 L L% g
V,.,l(,)(,)h 'Vipc % O 10h '1\1],)(,'__‘ 4 ll()]l '31[)(,"

» Alcock-Paczynski parameters and BAO wiggles

» State-of-the-art treatment of (non) Poisson shot noise

» Bias of the different lines [CII] and CO

» EFT inspired perturbation theory at 1-loop

» Comparison with large scale/high res. (DM only) mocks

Moradinezhad Dizgah, Nikakthar, Keating, Castorina 22



New modelling of LIM power with the halo model

Matteo Viel
Bt Mattor e o s I Different treatment of non linearities in
matter and bias
F 10° g e
2. TN = o
E . — PNLmINLb | pPoisson ]
' T oz=1 N P PR
100h 'Mpc c'\ff 102 L Y
M r
=
- . ‘ . - o. ¢ e ‘]‘ 101 2
W0 o~ pae _i <0
it R A U . . ' : - g 109 E
- 100h"1Mip = 10h 'Mpc . '} 10h 'Mpc — E
e - I.., ..,-..,..]--“ - l‘- [_‘ - Q-| 50_
.
» Alcock-Paczynski parameters and BAO wiggles o OF
» State-of-the-art treatment of (non) Poisson shot noise o |

» Bias of the different lines [CII] and CO

» EFT inspired perturbation theory at 1-loop

» Comparison with large scale/high res. (DM only) mocks
» Range of validity k~1 h/Mpc at z=1 (5% agreement)

Moradinezhad Dizgah, Nikakthar, Keating, Castorina 22



Learning LIM with diffusion models atten Vi

Predicted N Target

LODI: Latent Overlap Diffusion for Intensity Mapping

“o\$e

a0
a\)""\
4-channel halo cubes
1 ' > - e < -
‘
ot * '
A : o ‘v
) ’ ’
"'/'.'I “ (g Y i v
AT i ) '
AN D ' s 9 !
" | ' '
|
D 12 44 '
! 12 3
=
! ’ e

T) (mK]

0 5 10 15 20 25 0 5 10 15 20

Mpc h™! Mpc h™!

HALOgen Variational Diffusion Model

1ststep: DM -2 haloes (via CNN)
2nd step: Haloes = Intensity voxel map (via Diffusion model)

Trained on CAMELS simulations
Agreement up to k=10 h/Mpc
Extendable to other LIM lines W

S

(PP,
I: =
|
|

Mishra, Trotta, Viel, 2025 (to appear soon) Jlay A R

& [ Mpe )



Evolving Dark Energy - |

Matteo Viel

» Bvolution of dark energy at
high-redshift

0.94F

Perpendicular BAO o)

Parallel BAO o

TTTTTTIT T

T T T 1T 17rrIT

T TTTTTTTT

T T T T T 1rrrT T

- @ DESI
| ® ® CDM: DESI+CMB+DESY5
== = wowaCDM: DESI+DESY5
== = wowaCDM: DESI+CMB+DESY5 0.94
002 0.1 0.5 1 3 0.02 0.1 0.5 1 3
DESI 2025

RECONSTRUCTING DYNAMICAL DARK ENERGY

CMB + DESI + PantheonPlus
— ACDM
——— Bestfit
10F T T T T ]
05 T
—~ 0.0 = -T- T
< E I\ Qx(z) = Qa(z) [1 + AQx(2)]
S 051 o1 03 o3 ]
<] 10 T T T ]
=10 | - 02 7
-15}F 2 00 ¢ ]
72'0 L 1 1 1
0.0 0.5 1.0 1.5 2.0
1 - -
| ay
~ 1
3 005 015 025 035
o} 3 1 dAQ
2 T T T 06 w(z) _ + z X(Z) 1
» 4 08 3(1 + AQ}((Z)) dz
=3r -10 7
- 4 -12
—4 . . ~14 .
1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
z

Berti, Bellini, Bonvin, Kuntz, Viel, Zumalacarrequi arxiv:2503.13198



Evolving Dark Energy - Il

Matteo Viel
CPL parameterization
1 S R N S LM
| | T LR I N A R
» Testing GR and DE with LIM (Horndeski, DT TS A AUURC A AUUUI I . OO S AU B i
Bransk-Dicke, early dark energy models) s i (@1 [0 2L YA AN

» Fisher matrix analysis for CO and [CII] on
P(k) including modelling of the interlopers;
scatter in L(M); shot noise; instrumental
noise

ln(IOmAs) g h gb Qc wo

> Effectively a linear model, which is sensitive 10_1;
to geometry and dynamics ;

102

Moradinezhad Dizgah, Bellini, & Keating 2024
(also Berti, MV+21 for 21cm)



Beyond P(k): Voxel Intensity Distribution

Matteo Viel

cosmology _ Picpm(k) |1 if k < keut
T*(k) = Pcpm(k) (k";)_n if k> keut
1.0
astrophysics ~ Lco an _ 5 C 0.9
pny Lo (M)=4.9x10 CTALESCTITAL

1T — ma - 10_24 eV, Qa/ﬂd = 0-05

P(T) =)  Pn(TYP(N) —— m,=10"7 eV, Q,/Qy=0.05

- 06 —— m,=10"3 eV, Q,/Qy=0.05 -
. 0.5 m,=10"%" eV, Q,/Qy = 0.075 e
» Pheno model that captures axion + cold DM~ | .. e =102 eV, O/ = 0.025
o4 1072 101 10°
1 k [h/M
» COMAP-Y5 experiment (z=2.9) (h/Mpc]

» Monopole of the power spectrum + Voxel
intensity distribution (VID) — this is
important to capture non gaussian nature of
signal

Breysse, Kovetz+17, Sato-Polito & Bernal 22, Sabla, Bernal, Sato-Polito, Kamionkowski 24



Beyond P(k): Voxel Intensity Distribution

Matteo Viel

Lo| COMAP-Y
cosmology T2y Pacom(k) |1 if k < keyt
®)= Poom®) = )T i k> keut
astrophysics ~ Lco ey 5 C
pny I (M)=4.9x10 (M/MA + (M]M.)B
P(T)= 3 PACTYPY)
» Pheno model that captures axion + cold DM 101
7
» COMAP-Y5 experiment (z=2.9) ~ 10
; 104
> Monopole .Of the power spectrum + Voxel = _ Fiducial L(w)
intensity distribution (VID) — this is 10t == Power Spectrum
important to capture non gaussian nature of S — Ve
10 1010 1012 1014

signal

M[Mo]
Breysse, Kovetz+17, Sato-Polito & Bernal 22, Sabla, Bernal, Sato-Polito, Kamionkowski 24



How is HI distributed in cold DM haloes?

Matteo Viel
103 Mg halo at z=3
1023 1023
53.8 - 53.8 22
GAS W < 19
" 10?? 1021
53.6 F 4 53.6
/ v 10%°
- g AR
.%. ’. » B ™ ™~ & =~
= 534|008 p ¥, | 1102 ' = 534 10 g
— . - 7 o 4 : — . :
:N N “,e > (3 i (&}
0% 1018
e ¥
53.2F 53.2
1020 1017
16
53.0} 4 53.0 =
11.2 11.4 11.6 11.8 12.0 10" 11.2 11.4 11.6 11.8 12.0 0%
h~'Mpc h~'Mpc

Feedback/star formation is shaping the properties of HI...
...unfortunately this above cannot be directly observed



How is HI distributed in non-cold DM haloes at z=0?

Matteo Viel

Redshift z=0
stacking of 100
haloes 103-10™ M,

DM

GAS

HI

Temperature

Poas [Mokpc™] Pom [Mokpc3]
Y[kpcl Y[kpc]

pri [Mokpc™3]
Y[kpc]

T[K]
Y[kpc]

DM SIDM vSIDM  WDMl1keV WDM3keV

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

10°
107
o
v
6
) We
°
-200 x
10°
-400
-600
. 10¢
-800 ;
10¢
1
10°

L3

g
Mg kpc™3

-200

-400

-600

-800
800

, ! pt W A el = .
600 ikl ; fcd I : ; wil f > 4 ‘€~ 0% d ¥
; e L] PR ! . 10°
. TR e X M o
‘e By B
N . 'y XD A 108 7
¢
] ,& wied g g
e i}
=
107
107
100
107
»
10°

-200
-400
-600
;)
-800 ol

-750 =500 -250 0 750 =750 =500 -250 O 750 ~750 -500 -250 O 750 -750 -500 -250 0O 750 -750 -500 -250 0 250 500 750
X[kpc} X[kpc] XlkPCI X[kpﬂ Xlkpc]

Zhang, Garaldi, Despali,

Viel 2025 in prep.



How is HI distributed in non-cold DM haloes at z=3?

Matteo Viel

Redshift z=3
stacking of 100
haloes 102-10"3 M,

DM

GAS

HI

Temperature

DM SIDM vSIDM  WDM1lkeV WDM3keV

Projection to x-y plane; Halo Mass: 10'2 — 10}*M,; Number Stacked: 100; z=3
SIDM1 ) VvSIDM_correa WDM3 WDM1

10°

x 10°
g 7
<8 8
2 2
RS °
& E
108
108
id
g 1077
27 9
S e -3
X X
=5 .
p =
& 10°
10°
10°
- 103
to 1
87 o
£ g 10t <
N °
E =

107t

10-3

TIK]
Y[kpc]

50 100 150-150 -100 -50 0 0 =50 0 : . 0 50 100 150~150 =100 —50 [ 50
X[kpc] X[kpc] X[kpc] X[kpc] X [kpc]

Zhang, Garaldi, Despali,

Viel 2025 in prep.



How does HIl is distributed in DM haloes? S

Modeling of HI halo important also for
halo models - Surely affected by
feedback but maybe also sensitive to
DM nature?

Large scatter in the HI density profile

- | - (correlates with environmental
2=0 - properties)
™, 108 r [1-2] %102k 1‘”37 1-2]x10°h M, .
& w0 E;__;—;;ET ﬁi » Rationale behind: we are tracing the
S 104 1/ ,’ TN cold gas at high-z, i.e. building blocks of
& 103] il B % :
= a0l I star formation
S 10 | I i\
o 10° |
S (1

10? 10? 10°

r [h~kpc] r [h~1kpe] Villaescusa-Navarro+ 2018



The relics of reionization

h~! cMpc

h~! cMpc

Matteo Viel
Raste+24, Kulkarni+19 v mH] In disagreement with Lya forest
230 220 210 200 190 180 170 160
C e . i : ks [cMpc™]
Early reionization z>6 R ,‘ 0.40 0.35 0.30 0.250.20 0.10
) g < T T T T T
k1 = 0.20 cMpe™?
2 2L .
_ = 10 N gy 9-02
< = -~ -
£ ZE S —— 8.56
Late reioniza}%on AGRY 3 2|z ~ 8.15
; ffé LI‘-w 7.78
& % 744
£ 7.14
> G.SGdj
: 6602
In agreement with Lya forest 637"
6.15
F5.95
5.76
5.58

» 2lcm power spectrum typically boosted
» And bispectrum (which follows xy;) shows distinctive features
» New window of opportunity for the bispectrum after EoR ~10tF

(Leon Noble’s talk later) Early Reionization
~10 -05 00 05 10
cos 6

By (K1, Kz, kg
\/{klhgkﬂ‘lf’{hjp{hﬂf‘{hj




h~! cMpc

h~! cMpc

The relics of reionization

Matteo Viel

Raste+24, Kulkarni+19 v mH] In disagreement with Lya forest
230 220 210 200 190 180 170 160

Early reionization z>6

AT, mK]

Late reioniza%on AGH

In agreement with Lya forest

» 2lcm power spectrum typically boosted

» And bispectrum (which follows xy;) shows distinctive features

» New window of opportunity for the bispectrum after EoR
(Leon Noble’s talk later)



Is the small scale HI distribution important? ot v

Real Space o

§ —— N — body
T 10° - ———  Hydro
~ ]

= 102 ;

Villaescusa-Navarro+ 2018



Is the small scale HI distribution important?

Matteo Viel
Redshif
Real Space . Redshift Space z=1
fran z=1 5
10 o 107
2, _—

) —— N-body = N — body
~ = 102 -
T 1073 H}TdI'O T - | Q
< =
= 102 4 ] = 10%;
= -

= =
df 1.4 4% oy 1.5 - 45%

Q =

= =

: :

10t 10°

k[hMpc ]

» N-body (all HI is in the center of the halo) vs. full hydro HI power spectrum (effectively
there is a 1-halo term). Normalization is quite different but shape is reasonable.

> Kaiser effect (boosts power at large scales) vs. Finger of Gods (suppresses power at small
scales but not so small). Behaviour in matter field and HI field is different.....!

Villaescusa-Navarro+ 2018



log1g Mux [h~'Mg)]

12

11

10

Cross correlating Hl and galaxies

Matteo Viel

=

Centrals
Satellites

z=5,4,3,2,1,0

logg My, [h~'Mg)]

¢ Spinelli+2020
: ' 4 é
4 4 using GAEA
L. A‘ / -
o [}
10 11 12 13 14

15

...further progress: interfacing
this “small-scale” accurate and
physical information with large
scale methods for extensive
mock productions

And machine learning
techniques...

And higher order statistics...

Spinelli+2020 - Noble, Majumdar, MV+ 25 in prep.



Modelling the 21cm power: SKA-mid

Matteo Viel

¥ 22025  —d- z-125 B z-225 » Beam is killing small/medium scales modes
4 z=075 —F—z=175 —H— z=275

» Modelling non-linearities is thus not so crucial (due
to beam)

> But non-linear scales are indeed informative

kP, (k) [mK? (h—! Mpc)?)

Berti, Spinelli, MV (2023)



kBy (k) [mK2 (h=1 Mpc)3]

kPy (k) [mK? (h~! Mpc)?]

Modelling the 21cm power: SKA-mid

Matteo Viel

-4 z2=025
z=075

—— z=1.25
—+— z2=175

z =225

—$— z=275

F---E=

- -0

k [hMpc 1]

0.20

h?_

= 015

0.10

» Beam is killing small/medium scales modes

» Modelling non-linearities is thus not so crucial (due
to beam)

» But non-linear scales are informative (to some
extent)

» Compared to Planck only improvement of a factor
4 on the error on Hy, ().

B+ B
By + P> + nuisances
ﬁSJL + ﬁgJL

- ANE 4 PNL 4 nuisances (with Pen)

Berti, Spinelli, MV (2023)



Modelling the 21cm cross-power: SKA-mid X DESI/Euclid

Matteo Viel

1
flg (2)

5\2
Pg(z,k, ) = (bg(z) + f(2)u ) Pm(z, k) +

[ F’U + ﬁ’z

iﬁgi[é"l + nuis.

(DEST fEuclid :
1 le,g + [21,}: + nuis.

4B+ PEE:I +f)zEll‘£"d + nuis.

» Cross-correlation with spectroscopic samples

» Nuisance parameters to bracket instrumental and
astrophysical uncertainties

» Very constraining (similar to auto-correlation) 06 - -
1 | |
b6 70 74
Hy 03
X ADEST 5Euclid  pHDESI , pEuclid 5 . P
Parameter By + P, PSEESI Pﬂ"g PzEluchd Pﬂ’g‘ Pye * ‘P21,g *DESJPD:EPE.;} |
’ + nuis. - + nuis. + nuis. + Py +P2{“; + nuis.
Hy 0.25% 0.69% 1.96% 0.49% 1.07% 0.87% 0.33%

Berti, Spinelli, MV (2024)



ng‘ﬂ cm [mK2 (h ! }'IPC)Q]

Baryonic Acoustic Oscillations in 21cm IM
Matteo Viel

» Poor angular resolution, will smooth BAO feature
» Butin the k parallel direction, frequency resolution is very high = radial BAO
» 1D power is reduced in amplitude compared to 3D but wiggles are prominent

0.8} — R=0 h 'Mpc : linear

-- R=0 h 'Mpc : non— linear

0.6

0.4

0.2}

0.0

20 40 60 80 100 120 140 160 180

Villaescusa-Navarro, Alonso, MV 2017



TQ&‘Zlcm [mK2 (h - 1\’IPC)Q]

Baryonic Acoustic Oscillations in 21cm IM

Matteo Viel
» Poor angular resolution, will smooth BAO feature
» Butin the k parallel direction, frequency resolution is very high = radial BAO
» 1D power is reduced in amplitude compared to 3D but wiggles are prominent
: 1
Rll_I)‘I;o P21cm,obs,1D(k?” , Z) = AnR? PQ]_cm (k” , Z)
. . . : 1.08 ,
08 — R=0 h 'Mpc : linear
-- R=0 h 'Mpc : non—linear 1.06}
0.6}
— 1.04
S
:
0.4 E] 1.02
>
~—
"= 1.00
-
0.2} e
S 0.8
0.0
0.96
—02— ' ' ' : : ; ' %% 0.1 0.2 0.3 0.4 0.5
20 40 60 80 100 120 140 160 180 ) : : ' ' )
r[h ! Mpc] k[hMpc ]

Villaescusa-Navarro, Alonso, MV 2017



Baryonic Acoustic Oscillations in 21cm IM
Matteo Viel

» SKA estimate: H(z) measured at sub-percent level up to z=2.5
» Made with mask, and foregrounds removal
» And realistic treatment of instrument noise

4900 mK 240000 4900 mK 240000

Villaescusa-Navarro, Alonso, MV 2017



Baryonic Acoustic Oscillations in 21cm IM
Matteo Viel

cosmological signal cosmological mask

ST e A S S —
= i T X S S

» SKA estimate: H(z) measured at sub-percent level up to z=2.5
» Made with mask, and foregrounds removal
» And realistic treatment of instrument noise

013 mK 0.47 013 mK 0.47

total signal

foregrounds mask

[ — ]
4900 mK 240000 4900 mK 240000

: ‘ ' ‘ ' ' z range (z) mask Oa
<z> =1.6 (C) (C+N) (C+N+FG)
— 1.05 no  1.008+£0.016 1.008+0.016 1.007 + 0.016
= [0.36-0.75] 0.6
= yes  1.00640.020 1.00640.021  1.006 & 0.024
B
=]
0.996 + 0.010  0.997 £+ 0.011  0.996 =+ 0.011
& 100 [0.75-1.26] 1.0 ’
= yes  0.99740.012 0.997+0.013  0.998 + 0.015
<2
1.001 +£0.011  1.004 +0.014 1.003 + 0.014
[ } 126198 16 ™ 001 + 0.0 004 =+ 0.0 003 £ 0.0
0.95 yes  1.0004+0.013 1.00340.016 1.004 + 0.019
x2/dof=1.02 x?/dof=4.73 a=1.002=+0.007 nos30s] 25 M° 1.004 +£0.013 1.003 +0.021  1.000 + 0.021
0.02 0.04 0.06 008 010 0.12 0.14 0.16 0.18 0.20 R ) yes  1.00440.016 1.002+0.026 1.002 + 0.031
k[h Mpc 1]

Villaescusa-Navarro, Alonso, MV 2017



Reconstruction of the BAO peak with pixels S

» For galaxies, undoing non-
linearities with Zeldovich to
sharpen the BAO peak

» How would this work for pixels?

» Even less computationally
demanding, pixels are moved... and
local density estimates (grid based)
are for free

Obuljen, Villaescusa-Navarro, Castorina, MV 2017



Reconstruction of the BAO peak with pixels S

o =5 h~'Mpe

» Errors on a decreases by 40% after
reconstructon, and this depends on
the angular resolution

10 | Halol maps in r‘eal—slpace 10 Ha]o maps in rec!shlft —space é 30 o
0.8} . 0.8+ f
o 0.6_ 7 o 0.6_ | 20
= < T
E sl | = o >
’—T 0| N | A, I _— ;F | IR R - - T 10
—0.2} ] —0.2} S
S o4} S —o0a4f .
—06F = * NoRec * * Rec | -0.6}
_08 1 1 L 1 1 1 _08 | I L I 1 1 ) . . . .
4 5 6 7 8 9 10 11 4 5 6 7 8 9 10 11 60 80 100 120 140
_ _ -1
o [ Mpc] o [h~! Mpc] s[h™" Mpc]

Obuljen, Villaescusa-Navarro, Castorina, MV 2017



Post-reionization cosmology with IM experiments e v
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BAO with LIM experiments
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Angular diameter distance
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Post-reionization cosmology: neutrino masses from CO

Matteo Viel

» Realistic Fisher-matrix based forecasts for CO and [CII] in
a wide redshift range z=[0,12]
» Crucial different degeneracies pattern for LIM

w.r.t. CMB data

» Especially true in the extended Mv — CPL model

» Very promising: 40% of the sky, with 10° spectrometer hours
and no removal of interlopers could provide
6(Ngg)~0.023 and (M, )~13 meV

10t

— CO(1-0) —— CO(5-4)
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Post-reionization cosmology: neutrino masses

Matteo Viel
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amplitude inferred from the CMB... and helps measuring

neutrino free streaming
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Por g2k, 1) = To(2) (binn(2) + Foomsn (, 2)1?) (bg(2) + Fomrsn (ks 202 ) Popwtsn(z, b, 1),

Note the different degeneracies

] ﬁzf{Eg’I 0 Planck 2018 — 15531551 + Planck 2018 Likelihoods Smid = 0.066V | Emfd =0.1eV
Py+ Py < 0.287 < 0.317
68 - ‘ 68 -+ nuisances < 0.425 < 0.452
o 66 > 66 - Planck 2018
= T + P+ By < 0.105 0.098 + 0.022
64 - 64 - N + nuisances < 0.126 < 0.151
62 - 62 - Planck 2018
1 1 I I -~
0.12 0.14 02 04 0.6 + PR <0.116 0.09910033
’ -+ nuisances < 0.155 < 0.177
Qch 2.1y [
Planck 2018
. : : 4 pEuclid <0.117 0.100+0:021
» Cross-correlation data alone cannot constrain neutrino 2le —0.032
+ nuisances < 0.156 < 0.180

masses.
» When combined with CMB data, gives constraints
Competitive to the ones obtained with auto-power. Autieri, Berti, Spmellz, Haridasu, MV (2025, arXiv:2504.18625)
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Primordial Magnetic Fields and LIM

Matteo Viel

Increase of power in total matter power
Spectrum due to Lorentz force affecting
Baryons’ clustering

Impact on VID
COMAP EoR survey + other instruments at z=2-3
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From the forest: B~ 0.2 nG “hint” From CO: IM B ~ 0.006 nG can be probed

Pavicevic, Irsic, MV+ (2025) arXiv: 2501.06299 Adi, Libanore, Crutz, Kovetz 2024



Summary
Matteo Viel

Post-reionization Universe: a new place to test structure (and galaxy) formation and probe
fundamental physics

Access to relatively small scales k~1 h/Mpc at high redshift (cool scientific cases)
1D radial BAO will constrain geometry
Power spectrum will constrain growth (and thus neutrino masses)

If auto-correlation is difficult, then cross-correlation will boost the signal and break
degeneracies

New statistics/methods

Realistic mocks” production: there is a lot to learn



Axions
Matteo Viel

Axion as a fraction of DM Detecting DM decay as a line interloper
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