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Probe of the ionization state 𝛿𝑇𝑏 ∼ 𝑥𝐻𝐼 … 

 

21-cm Signal of HI 

 

 
Talk by A. Mesinger 



 

 

Not only! 

It can also be used as a cosmic thermometer and radiometer 

𝛿𝑇𝑏~𝑥𝐻𝐼 1 −
𝑇𝐶𝑀𝐵

𝑇𝑆
… 

• Ly-a coupling → 𝑇𝑆 ≈ 𝑇𝐺𝑎𝑠 
• Collisional coupling → 𝑇𝑆 ≈ 𝑇𝐺𝑎𝑠 

 

Probe of the ionization state 𝛿𝑇𝑏 ∼ 𝑥𝐻𝐼 … 
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𝛿 

 

 

Not only! 

It can also be used as a cosmological probe 

𝛿𝑇𝑏 ∝ 𝑥𝐻𝐼  1 −
𝑇𝐶𝑀𝐵

𝑇𝑆
(1 + 𝛿)… 

• Growth of structure 

• Total optical depth for the CMB (e.g., Liu et al. 2016) 

• Nature of dark matter 

 

21-cm Signal of HI 
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Expected 21-cm Signal: An Example 

 

Power   Spectrum 

Drivers: 

Galaxies 

Quasars 

XRB  

BHs 

Hot Gas 

SN 

First stars 

Feedbacks 

Velocity flows  

Cosmology 

Atomic physics 

DM physics 

 

 

 

 

 

 

Global  Signal 

𝛿𝑇𝑏 ∝ 𝑥𝐻𝐼(1 + 𝛿)(1 + 𝑧)
1/2 1 −

𝑇𝐶𝑀𝐵
𝑇𝑆

𝐻(𝑧)/(𝑧 + 𝑧)

𝑑𝑣||/𝑑𝑟||
 



Soft SED Hard SED 

Cohen, Fialkov, Barkana (submitted) 

Dependence on Astro  

Parameters 

Signature of X- ray SED 

 



A black hole binary  

(ESO image) 
 

A quasar 
 

Hirano et al.  

(2014)  
Large Uncertainty in  

Astro Parameters 

 

Minimal mass of star forming halos 

Fialkov et al. (2013) 

Supersonic velocity flow 

Feedbacks 

Reionization 

~200 models are ready 

5 parameters 

Star formation,  

2 parameters  

+ feedbacks 

Heating,  

2 parameters 

EoR 1 parameters 



Cohen, Fialkov, Barkana (2017) 

• Exact shape and amplitude of the 21-cm signal are unconstrained 

• Global signal – shape is “fixed”. Direct constraints of astro properties 

• PS – large variety of shapes. Ly-a transition & heating transition are 

unconstrained 

 

Cohen, Fialkov, Barkana (submitted) 

Global 21-cm  Power Spectra 

~200 models 

Large Uncertainty in Astro Parameters 

 

 

k = 0.1 1/Mpc 



EDGES 

High-band 

Preliminary 

 

Preliminary 

Talk by Judd Bowman 

SARAS2 

4 h 

1𝜎 
• Disfavour 𝑓𝑋 < 0.1 and 

𝑑𝑇𝑏

𝑑𝑧
> 120 

mK at 1𝜎 level 

 

• Rule out models with no emission 
Singh et al. 2017 

SARAS2 

EDGES2 

High-band 



Prospects for detection LEDA 

Price et al. 2017 

LEDA 

 

EDGES  

Low-band 

Talk by Judd Bowman 

Low-band Experiments are on their Way 

 

 



• Power at high z is higher – in the SKA range 

• Fluctuations introduced by density and velocity, Lyα radiation, X-

ray heating, and ionization  

• Density fluctuations can play a significant role 

 

Parameter Study : Lessons Learned  

 

Ly-a 

Heating 

Density 

Ionization 

Cohen, Fialkov, Barkana (submitted) 

k = 0.1 Mpc-1 k = 0.1 Mpc-1 

Hard SED 



• Slope of the PS shows universal redshift dependence  

• Useful to identify source of fluctuations 

• Negative slope at 𝑧𝑚𝑖𝑛,𝑙𝑜𝑤 = hard SED 

Cohen, Fialkov, Barkana (submitted) 

Parameter Study : Lessons Learned  

 

Slope = 
ln Δ 𝑘2 − ln Δ 𝑘1

ln 𝑘2−𝑙𝑛𝑘1
 

k = 0.05-0.2 Mpc-1  

Extrema of the Slopes Slopes 

<Ly-a> 

Measure 

of Heating 

  



Parameter Study : Lessons Learned  

 Astrophysical properties can be extracted from global, PS and slope 

• Model independent way 

• z of Ly-a transition →  z of the high-z minimum of the slope 

• z of heating transition → z of the low-z minimum of the slope 

 

“Heating Era” “Ly-a Era, 𝒙𝒂 = 𝟏” 

Cohen, Fialkov,  

Barkana  

(submitted) 

Vc = 4.2 km/s 

Vc = 16.5 km/s 

Vc = 35.5 km/s 

Vc = 76.5 km/s 



• 𝜏 is a nuisance parameter (Talk by M. Langer).  

Ade et al. (2016)  

Planck collaboration 

Alternative Way to Probe 𝝉 
 

 

• 𝑥𝐻𝐼 at the redshift of the peak vs the 

peak power 

• PS traces 𝑥𝐻𝐼 when heating is weak 

 

Liu et al., 2016 

Strong 

heating 

Weak 

heating 



Consistency Checks 

 Features of the global signal and power spectrum (slope) are correlated 

 

1 + 𝑧𝑔,𝑚𝑎𝑥 = 1.14 1 + 𝑧𝑑𝑃𝑆,𝑚𝑖𝑛
ℎ𝑖 + 1.83 1 + 𝑧𝑔,𝑚𝑖𝑛 = 0.94 1 + 𝑧𝑑𝑃𝑆,𝑚𝑎𝑥

ℎ𝑖 + 1.55 

“Heating Era” “Ly-a Era” 

Cohen, Fialkov, Barkana (submitted) 

Driven by Ly-a  

Driven by X-rays 



Exploration of the Parameter Space  

is still Ongoing! 

 

Odyssey Cluster (Harvard) 

Interpolation scheme 

Parameters → Global signal 

• ~20k models, 7 parameters   

• 𝑓∗ ≤ 50%  

• 𝑉𝐶 = 16.5 − 76.5 km/s 

• τ ≥ 0.055  
• 𝑅𝑚𝑓𝑝 = 10 − 50 Mpc  

• X-ray sources: α = 1 − 1.5,
𝑓𝑋 = 0 − 10 , 𝜐𝑚𝑖𝑛 = 0.1 − 3  

keV 



• In total only 23 are known 

• At least 1 is cosmological! 

• Poor statistics at the moment 

Parkes: 17 FRBs 

1.4 GHz 

 

GBT: 1 FRB 

0.7-0.9 GHz 

 

ARECIBO: 1 FRB 

1.4 GHz 

 

UTMOST: 3 FRB 

0.8 GHz 

ASKAP: 1 FRB 

0.7-1.8 GHz 

 

High-z FRBs: Probe of 𝝉 

 

 
Optical Counterpart 

Tendulkar et al. 2017 



𝐷𝑀 =  
𝑛𝑒
1 + 𝑧

𝑧

0

𝑑𝑙 

• Ionized plasma leaves fingerprints 

on observed radiation 

• Frequency-dependent time delay 

Δ𝑡 = 4 × 10−3𝐷𝑀/𝜐2 
• Pre-EoR: DM saturates 

Fialkov & Loeb (2016) 

Lorimer et al. (2007) 



Nuisance Parameter? Not with FRBs! 

 
𝜏 𝑧 = 𝐷𝑀 𝑧 1 + 𝑧 − 𝐷𝑀 𝑧′ 𝑑𝑧′ 𝜎 

Δ𝐷𝑀 ~ 100 𝑐𝑚−3𝑝𝑐 →
Δ𝜏

𝜏
~0.3% 

Fialkov & Loeb (2016) 

Optical depth vs DM 

To probe 𝜏 = 0.055: 

FRBs from z~6-7 

DM of 6100 pc/cm3 

𝐷𝑀 =  
𝑛𝑒
1 + 𝑧

𝑧

0

𝑑𝑙 



Fialkov & Loeb (2017) 

Predicted rates  

with SKA-MID 

 

SC 

Sch LF 





Summary 

 
• 21-cm wide parameter space 

• Data will transform the field 

 

• Density can be an important 

source of fluctuations at 

intermediate z 

• 21-cm (global, PS and slope):  

direct correlation with astro 

properties 

 

• Fast transients – could be a 

new way to probe 𝜏 


