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mWDM ∼ keV



The history of the universe
©NAOJ

Dark Ages・・・No luminous object exists.

Epoch of Reionization(EoR)・・・UV photons by luminous objects ionize 

neutral hydrogen in the IGM ( ).z ∼ 6 − 15

Cosmic Dawn・・・First stars and galaxies form ( ).z ∼ 20 − 30



•Neutral hydrogen(HI) atoms in intergalactic 
medium(IGM) emit or absorb 21cm wavelength 
radiation

•We often focus on 21cm emission line to probe dark 
ages and epoch of reionization (EoR), but this paper 
focuses on 21cm absorption lines.
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Why can we evaluate the effect of WDM by 21cm forest?

The effect of WDM on halo 
mass function

The number of HI regions is 
suppressed

HI gas inside the halo.Lower WDM mass suppresses 
mass function at a lower halo 
mass range.

21cm absorption lines 
are also suppressed.

z = 9



The effect of X-ray heating on halos

•When X-ray heating is more effective, the kinetic 
temperature of the gas is more heated.
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Inside the halo, the optical depth is 
determined by kinetic temperature

If X-ray heating is effective (higher 
), 21cm forest is suppressed.fX



Both lower WDM and higher X-ray heating suppress the 21cm forest

(Important !)



Original view of this paper

•In this paper, they introduce 1-D power spectrum of 21cm forest to evaluate the 21cm forest.

For 21cm emission lines, we usually use 1-D power spectrum. But, we have not used 1-D power 
spectrum to describe 21cm forest.

(e.g) 21cm power spectrum in the case of 21cm emission lines



•As we expected, higher X-ray hearing and lower WDM mass suppress 21cm forest power spectrum

•The dependency is different between X-ray hearing and WDM (WDM suppresses 21cm forest 
power spectrum at higher wave-numbers)



•Remember that 21cm forest depends on the brightness of radio sources

•If the radio source are brighter, it is easier to detect 21cm forest.

•If we found radio sources brighter 
than 100mJy, we can detect 21cm 
power spectrum even if  and fX = 3
mWDM = 3keV



They reported radio brightest AGN at  with . 
It is good target for 21cm forest.

z ∼ 6 S147MHz ∼ 64mJy

Belladitta et al (2020)



•Fisher forecast for 21cm forest power spectrum assuming 10mJy radio source.



Summary & future work

• This paper proposed 1-D 21cm forest power spectrum to 
evaluate 21cm absorption lines


• They explore the effects of WDM and X-ray heating with 
21cm forest power spectrum


• I expect this method can be applied to explore other dark 
matter scenarios such as axion dark matter and 
primordial black holes or enhancement by isocurvature 
perturbations.


