zhangyao22@mails.tsinghua.edu.cn

Department of Astronomy, Tsinghua University

Unveiling the dark matter nature with
reionization relics

Yao Zhang
Department of Astronomy, Tsinghua University

Supervisor: Yi Mao (Tsinghua University)

Collaborators:

Catalina Morales-Gutiérrez (University of Costa Rica),
Paulo Montero-Camacho (Peng Cheng Laboratory),
Heyang Long (The Ohio State University),
Christopher Hirata (The Ohio State University).

21 cm Cosmology Workshop 2024 & Tianlai Collaboration Meeting July 21 - 26, 2024



Small-scale challenges to the CDM model

Cusp-core problem

Missing satellites problem
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Other DM models: small-scale suppression
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Lyman alpha forest, satellite galaxy population, stellar streams...




Constrain WDM by large-scale observations

P(k) (Mpc?)

WDM: suppress small-scale structures
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How does the small-scale suppression effect of WDM migrate to large scales?
Reionization relics!

Large scale: reionization is inhomogeneous. Small scale: post-reionization evolution is

Zisian sensitive to DM models.
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Reionization relic: IGM thermal state

“sensitive” to local z,,

Thermal history of IGM
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Reionization heats gas to T~2 x 10% K.
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The IGM thermal state is sensitive to when IGM reionizes: thermal relic

Optical depth < A%a,(T)
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Transparency of IGM is sensitive to z,, -> affect Lya forest

Then: adiabatic expansion, photoheating by UV background,

Compton cooling




EffECtS Of WDM Free streaming velocity -> suppress small-scale structures
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For lighter WDM, density contrast is smaller, thus
dynamical response after reionization is less violent.
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Reionization relic: suppress f}, in low-mass halos

Increased pressure suppresses baryon infalling
into low-mass halos.

In the post-reionization era, 21 cm signal mainly comes from

HI in halos and galaxies.

Baryon mass in low-mass halos is sensitive to z,_ ->
affect HI density, and post-reionization 21 cm power spectrum
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(Sobacchi & Mesinger, 2013)

Earlier reionization has stronger suppression effect.

HI density fluctuation
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In WDM models, there are fewer low-mass halos to be
affected by reionization.



Combine with inhomogeneity Recshit = 3.5
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Different positions reionize at different redshifts.
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Power SPECtrum Lya forest power spectrum 21 cm power spectrum
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Forecast: constraint on Myom
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PUMA + Stage V

0.831

° 0.82

0.81

0.05 0.10 0.15 0.20 081 082 083
1keV / mypu Og

DESI Lya survey my,p\, > 4.8 keV

DESI Lya survey + SKA1-LOW 21 cm IM mypp > 6.5 keV
PUMA 21 cm IM my,p,, > 10 keV

Stage V (e.g. MUST) Lya surveys mypy > 30 keV

PUMA 21 cm IM + Stage V Lya surveys my,p,, > 40 keV
(95% credible intervals)

o> Lyman alpha forest
[ 2 4
*>
*>
[ 2 4
* >
o>
*>
*r
*>
*>
*>
*>
[ o 2
*>
o>
*>
*r
Lya + 21 cm
>
2 6

mylkeV]

Pretodtdetttttteettss

RXEREREE,

+

B -

SDSS Viel et al 2006

HIRES Viel et al 2008

SDSS Viel et al 2008

SDSS + HIRES Viel et al 2008

SDSS + WMAPS Bovarsky et al 2009

HIRES + MIKE Viel et al 2013

SDSS-IIl Baur et al. 2016

XQ-100 Irsi¢ et al. 2016

HIRES + MIKE Irsi¢ et al. 2016

XQ-100 + HIRES + MIKE Irsi¢ et al. 2016

HIRES + MIKE (1) Ir3i¢ et al. 2016

XQ-100 Yéche et al. 2017

SDSS-III + XQ-100 Yéche et al. 2017

SDSS-IIl + XQ-100 (2) Yeche et al. 2017

SDSS-IIl + XQ-100 + HIRES + MIKE Yeche et al. 2017
(3) Garzilli et al. 2018

eBOSS + XQ-100 Palanque-Delabrouille et al. 2020
HIRES Garzilli et al. 2021

Keck + VLT Villasenor et al. 2022

Keck + VLT (4) Villasenor et al. 2022

Keck + VLT (5) Villasenor et al. 2022

DESI This work

Stage V This work

SKA1-LOW 1000 hours Carucci et al. 2015
SKA1-LOW 5000 hours Carucci et al. 2015
EDGES + Atomic cooling halos Safarzadeh et al. 2018
EDGES + HIl cooling halos Safarzadeh et al. 2018
EDGES + X-ray heating Chatterjee et al. 2019
EDGES Boyarsky et al. 2019

SKA1-LOW 1000 hours SKA CWK et al. 2020
SKA1-LOW 5000 hours SKA CWK et al. 2020
EDGES SNR Global Signal Murioz et al. 2020
SKA1-LOW 1000 hours Mosbech et al. 2023
PUMA 1000 hours This work

DESI + SKA1l-Low 5000 hours This work

PUMA 1000 hours + Stage V This work
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Summary
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On small scales, IGM post- Pg and P, can differentiate DM Forecast current and future
reionization evolution is sensitive models on k < 0.4 Mpc. surveys’ constraints on mypum-
to DM models.

Not limited to WDM, can be applied to other DM models with small-scale suppression.



Small-scale simulations

“maxlgX Dg (Zobs)
3, (2, Zops) Py (K, 2) W

Pm,X(k; Zops) = _j

Zmin

Small scale: high-resolution hydrodynamical simulation
Modified Gadget-2 box size: 1275 kpc

Particle mass: 9.72X10° M, (DM), 1.81X10° M, (gas)
redshift of reionization: z,_=6, 7, 8, 9, 10, 11, 12

calculate Y(z,.) and E(z,..)

Implement WDM: myypm = {3,4, 6,9} keV
Py pm (k) = Tx(k)?Pcpy (k) as initial condition

transfer function: Ty (k) = [1 + (ak)?”]~5/" (Bode et al. 2001)

suppression scale: a = 0.049( X )_1'11 (ﬂ)o'll (h )1'22 h~Mpc

1 keV 0.25 0.7

v=1.12 (Viel et al. 2005)
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Large-scale simulations

Pm,X(k: Zobs) = - j

Zmin
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Dg (Zobs)
D, (2)

Large scale: semi-analytic simulation
21CMFAST box size: 400 Mpc
2563 HI cells and 7683 matter density cells

calculate P, x, (Zye, k)
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Lya forest power spectrum

Lya transmission:  8p = bp (1 + Bep”) 8m + br ¥ (2ee).
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21 cm power spectrum
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Telescope SKA1-LOW PUMA
Redshift range 3.5<z<b55
Observing time (tint) 5000 h 1000 h
Sky coverage (fsky) One pointing (FOV) 0.5
Dish/Station diameter
40 m 6m
(Dphys)
Maximum baseline (byax) ~ 1 km ~ 1.5 km
Number of receivers (Np) 224 stations ~ 32000
Az 0.3 0.2
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