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Why DarkHistory?
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Powerful cosmological probes of exotic energy injection,  
if we can compute the effects correctly!
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DarkHistory Highlights
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Open source code in Python with 
documentation and Jupyter 
notebook examples.

https://github.com/hongwanliu/DarkHistory/ 
https://darkhistory.readthedocs.io/
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DarkHistory Highlights
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Implements important corrections 
to temperature calculation. 


Self-consistent treatment of exotic 
energy injection and reionization. 


Critical for 21-cm and Lyman-  
forest comparison. 
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Temperature History
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Matter Temperature
·Tm = − 2HTm + ΓC(TCMB − Tm)
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Temperature History
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Matter Temperature
·Tm = − 2HTm + ΓC(TCMB − Tm)

Ionization
·xe = − 𝒞 [nHx2

e αB − 4(1 − xe)βBe−E21/TCMB]

Recombination Photoionization
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Exotic Injection
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Additional ionization 
from exotic excitation

 ·Tm = − 2HTm + ΓC(TCMB − Tm) +
2fheat(z, xe)

3(1 + fHe + xe)nH ( dE
dV dt )

inj

·xe = − 𝒞 [nHx2
e αB − 4(1 − xe)βBe−E21/TCMB] + [ fion(z, xe)

ℛnH
+

(1 − 𝒞)fexc(z, xe)
0.75ℛnH ] ( dE

dV dt )
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Deposition Efficiency and Ionization 
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 ·Tm = − 2HTm + ΓC(TCMB − Tm) +
2fheat(z, xe)

3(1 + fHe + xe)nH ( dE
dV dt )

inj

·xe = − 𝒞 [nHx2
e αB − 4(1 − xe)βBe−E21/TCMB] + [ fion(z, xe)
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+

(1 − 𝒞)fexc(z, xe)
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Energy Deposition
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Hongwan Liu AstroDark 6 Dec 2021

Transfer Functions

high-energy 
photons

dN
dEin

Ein

A B C

low-energy 
photons

dN
dEout

Eout

A ×

+

B ×

+

C ×

𝖣[Ein, Eout, z, xe]

Obtained by interpolating over a large 
grid of precomputed transfer functions
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Dark Matter Effects
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Matter Temperature

Ionization

 + reionization terms·Tm = − 2HTm + ΓC(TCMB − Tm) +
2fheat(z, xe)

3(1 + fHe + xe)nH ( dE
dV dt )

inj




        + reionization terms

·xe = − 𝒞 [nHx2
e αB − 4(1 − xe)βBe−E21/TCMB] + [ fion(z, xe)

ℛnH
+

(1 − 𝒞)fexc(z, xe)
0.75ℛnH ] ( dE

dV dt )
inj

Accurate calculation of  allows self-consistent treatment of 
exotic energy injection and reionization.

f(z, xe)
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Reionization
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Easily include photoionization, photoheating and atomic processes 
to model reionization. 
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Reionization + Dark Matter

13

5 10 15 20
Redshift (1+z)

0

5000

10000

15000

20000

25000

M
at

te
rT

em
pe

ra
tu

re
T m

[K
]

c ! e+e°, mc = 100 MeV
t = 3 £ 1025 s

Temperature History

Dark Matter
DM+Backreaction
Reionization
Reion.+DM
Reion.+DM+Backreaction

5 10 15 20
Redshift (1+z)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Io
ni

za
tio

n
Fr

ac
tio

n
x H

II

c ! e+e°, mc = 100 MeV
t = 3 £ 1025 s

Ionization History

Dark Matter
DM+Backreaction
Reionization
Reion.+DM
Reion.+DM+Backreaction

DM Effects
Using 

DarkHistory
Reionization 

Effects



Hongwan Liu AstroDark 6 Dec 2021

Intergalactic Medium Temperature
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Intergalactic medium temperature measured by Lyman-  
forest observations can constrain DM processes.

α

Villasenor+ 2111.00019
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Ionization History
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1. Pick a history within Planck 95% 
containment, call it .


2. Given this ionization history, we can 
compute . 


3. For a given DM model, DM energy 
injection makes up .


4. Reionization responsible for the rest 
through photoionization, .

·xPl
e

fc(z, xe)

·xDM
e

·x⋆
e

+ ·xPl
e = − 𝒞 [nHx2

e αB − 4(1 − xe)βBe−E21/TCMB] + [ fion(z, xe)
ℛnH

+
(1 − 𝒞)fexc(z, xe)

0.75ℛnH ] ( dE
dV dt )

inj

·x⋆
e

fixed by 
Planck

Planck Collab. 1807.06209
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Dark Matter Constraints
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Scan over ionization histories and photoionization rates. Adopt 
different parametrizations for photoheating as a function of 

photoionization, including no photoheating. 

HL, W. Qin, Ridgway & Slatyer 
2008.01084
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Constraints — Decay
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Competitive with other constraints for dark matter decay  
into  pairs. e+e−

Band from scanning 
over different 

ionization histories

HL, W. Qin, Ridgway & Slatyer 
2008.01084
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Other Uses
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1. Spinning black holes and global 21cm signal, Natwariya+ 
2107.12358


2. Primordial black holes constraints with 21-cm signal, X-ray 
heating and radio background, Mittal+ 2107.02190


3. Millicharged dark matter and 21-cm signal, HL+ 1908.06986 


4. more upcoming!

Tidbit: fast evaluation of integrals  
over Bose-Einstein and Fermi-Dirac distributions. 
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DarkHistory
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Open source code in Python for 
calculating ionization and thermal 
histories with exotic energy injection. 

https://github.com/hongwanliu/DarkHistory/ 
https://darkhistory.readthedocs.io/
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Backup Slides
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Temperature History
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+ ·xPl
e = − 𝒞 [nHx2

e αB − 4(1 − xe)βBe−E21/TCMB] + [ fion(z, xe)
ℛnH

+
(1 − 𝒞)fexc(z, xe)

0.75ℛnH ] ( dE
dV dt )

inj

·x⋆
e

Ionization History

Fixed by Planck Fixed by DM Injection Rate

Photoionization

Temperature History

  ·Tm = − 2HTm + ΓC(TCMB − Tm) + ·Tatom +
2fheat(z)

3(1 + fHe + xe)nH ( dE
dV dt )

inj
+ ·T⋆

Expansion Compton 
with CMB Fixed by DM Injection Rate

leads to

PhotoheatingAtomic Cooling 
Processes

Photoionization 
Event

E

E − 13.6 eV

Photoheating
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Change in Temperature due to Backreaction
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Ionization History
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No DM,‘photoheated’ Ṫ ?
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Temperature History
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 ·Tm = − 2HTm + ΓC(TCMB − Tm) +
2fheat(z)

3(1 + fHe + xe)nH ( dE
dV dt )

inj
+ ·Tatom + ·T⋆

Adiabatic cooling Compton heating DM heating Atomic cooling

Photoheating

Before reionization, we use a common, well-motivated  
parametrization photoheating. 

.   
without DM is a good fit.

·T⋆ = ·x⋆
e ΔT ΔT ∼ 2.5 × 104 K

Photoionization 
Event

E

E − 13.6 eV

Photoheating

Oñorbe+ 1607.04218
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Temperature History
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 ·Tm = − 2HTm + ΓC(TCMB − Tm) +
2fheat(z)

3(1 + fHe + xe)nH ( dE
dV dt )

inj
+ ·Tatom + ·T⋆

Adiabatic cooling Compton heating DM heating Atomic cooling

Photoheating

After reionization, simple relation between UV spectrum at 
threshold and temperature evolution. 

Photoionization 
Event

E

E − 13.6 eV

Photoheating
·T⋆ =

13.6 eV × αA

3(γ − 1 + αbk)

Case-A recombination 
coefficient

Spectral index near ionization 
threshold, Jν ∝ ν−αbk

σPH ∝ ν−γ

Upton Sanderbeck+ 
1511.05992
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Histories
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before reionization

·T⋆ = ·x⋆
e ΔT

 
after reionization

·T⋆ = 13.6 eV × αA/3(γ − 1 + αbk)

For each DM model (mass, injection parameter), do a goodness-of-fit 
test, marginalizing over ,  for “photoheated” cases.ΔT αbk



Hongwan Liu AstroDark 6 Dec 2021

Statistical Test
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Photons
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Muons and Pions
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