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Cosmological Probes of  
Dark Matter Energy Deposition
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Hongwan Liu



Lots of Evidence 
for Dark Matter
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… but what is it?

3image credit: Sandbox Studio, Chicago



Can we be agnostic, and still learn 
something about DM?
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Eeny… Meeny…

Miny… Moe?

image credit: Sandbox Studio, Chicago
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Dark Matter Annihilation
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DM

DM

Motivated by ideas for dark matter production in the early universe.

Jungman+ hep-ph/9506380
SM

SM

Ωχh2 = 0.12

Katelin Schutz (22 Mar) 
Miguel Sánchez-Conde (23 Mar) 
Seyda Ipek (23 Mar)
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Dark Matter Decay
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DM

DM is cosmologically stable, but small couplings to the SM  
can lead to decays if DM not protected by symmetry.

SM

SM

Axion-Like Particles 
JiJi Fan, Kerstin Perez (22 Mar) 
Lindley Winslow (23 Mar)

Sterile Neutrinos 
Kerstin Perez (22 Mar)



Cosmological probes of high-
energy particles are highly effective:  
high densities, long duration and  

pristine systems. 

7



Hongwan Liu A Rainbow of Dark Sectors 24 Mar 2021

Cosmological Probes
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Cosmic Microwave Background 
(CMB) Power Spectrum

21-cm Global Signal

Intergalactic Medium (IGM)  
Temperature from Lyman-  Forestα

Gaikwad+ 2001.10018

Planck Collaboration
REACH Collaboration

Mather+ ApJ 420(439) 1994

CMB Spectral Distortions

Big-Bang Nucleosynthesis
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Lyman-  Constraints on Cosmic Heating 
from Dark Matter Annihilation and Decay

α
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HL, Gregory W. Ridgway and Tracy Slatyer arXiv:1904.09296 
HL, Wenzer Qin, Gregory W. Ridgway and Tracy Slatyer arXiv:2008.01084

Wenzer QinGregory Ridgway Tracy Slatyer
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Histories without Exotic Energy Injection
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Well-understood before star formation: 
Precise calculations used in CMB analysis. 
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How Much Heat from DM?
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1. Every decay releases  worth of energy. 

2.  decays per volume per time. 

3.  is the number density of baryons.

mχ

nχ /τ

nB

Energy per baryon        Age of the universe∼ mχ ×
nχ

τ
×

1
nB

×

 ∼ 2.5 × 106 K( 1025 s
τ )  at star formation 

 after reionization
Tm ∼ 10 K
Tm ∼ 104 K
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Dark Matter Injection
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Matter Temperature

 ·Tm = ⋯ +
2fheat(z, xe)

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

inj

Ionization

 ·xe = ⋯ + [ fion(z, xe)
ℛnH

+
(1 − 𝒞)fexc(z, xe)

0.75ℛnH ] ( dE
dV dt )

inj
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Temperature History

Standard

s-wave Annihilation

Decay

CMB

Dark matter energy injection heats IGM, 
deposition parametrized by efficiency factor.  

Nontrivial to calculate.

HL, Ridgway & Slatyer 1904.09296
github.com/hongwanliu/DarkHistory
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Lyman-  Forestα
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Intergalactic medium (IGM) temperature can be  
deduced from Lyman-  forest measurements.α

1 + z = 3.771 + z = 3.70

1 + z = 3.89

HI Gas
Quasar

Doppler 
broadening

Jeans 
broadening

Walther+ 1709.07354
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Data
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Walther+ 1808.04367 
Gaikwad+ 2001.10018

Planck Collab. 1807.06209

Both ionization and thermal histories are becoming well-measured.

95% containment 
of ionization level

Two different methods
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Ionization History
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Avoid direct modelling of reionization, 
which is highly uncertain.  
 
For each DM decay/annihilation model, 
scan over ionization histories. 
 
Excess assigned to photoionization (i.e. 
caused by star formation and reionization).

 =  +  + ·xPl
e

·xDM
e (mχ, Γ, xe) ·xatom

e (Tm, xe) ·x⋆
e

constrained 
by Planck

Planck Collab. 1807.06209

set by DM model 
(DarkHistory)

collisional ionization, 
recombination…

photoionization 
from stars  

(only unknown)



Hongwan Liu A Rainbow of Dark Sectors 24 Mar 2021

Temperature History
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 =  +  +  +  + ·Tm
·Texpansion

·TCompton
·TDM

·Tatom
·T⋆

To Calculate!

Compton  
Heating

DM  
Heating

Recombination 
Cooling, …

Photoheating from 
Photoionization

Photoionization causes heating, .  
i) Conservative: . ii) Photoheating Model: .

·T⋆
·T⋆ = 0 ·T⋆ = ·x⋆

e ΔT

Photoionization 
Event

E

E − 13.6 eV

Photoheating

Adiabatic 
Expansion 
Cooling

 =  +  + ·xPl
e

·xDM
e (mχ, Γ, xe) ·xatom

e (Tm, xe) ·x⋆
e
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Histories
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] Latest FlexKnot ¬ ! e+e°, ‘conservative’ Ṫ ?

No DM,‘photoheated’ Ṫ ?

¬ ! e+e°, ‘photoheated’ Ṫ ?

Walther+

Gaikwad+

Conservative: 
·T⋆ = 0

Photoheating I: 
 

 
(+ model after full ionization)

·T⋆ = ·x⋆
e ΔT

0 K < ΔT < 3 × 104 K

Photoheating II: 
 

 
(+ model after full ionization)

·T⋆ = ·x⋆
e ΔT

2 × 104 K < ΔT < 3 × 104 K
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Constraints — Decay
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Voyager I

X/∞-ray Telescopes

Dwarf Galaxies

INTEGRAL

‘conservative’

‘photoheated-I’

‘photoheated-II’

Competitive with other constraints for dark matter decay  
into electron/positron pairs. 

Band from scanning 
over different 

ionization histories
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Constraints — p-wave Annihilation
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Voyager I

X/∞-ray Telescopes
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INTEGRAL

‘conservative’

‘photoheated-I’

‘photoheated-II’

Complementary with other probes: much less dependent on  
Milky Way DM distribution/cosmic ray transport. 

p-wave annihilation,  ⟨σv⟩ ∝ v2

, ⟨σv⟩ = (σv)ref
v2

v2
ref

vref = 100 km/s

Boost from structure included, 
both density and dispersion. 

HL, Slatyer and Zavala 1604.02457



Dark matter energy injection can 
be constrained through 

cosmological probes, including 
IGM temperature measurements.

20
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Backup Slides

21
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Recombination
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Photons with energy > 13.6 eV are abundant:  
hydrogen atoms are ionized. 

13.6 eV
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Recombination
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Universe expands, cools: protons and electrons recombines, 
Universe becomes neutral and transparent.  
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Thermal Decoupling
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Compton scattering between free electrons and CMB photons keep 
matter and the CMB in thermal contact until 150.z ∼
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Redshifting
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Simple thermal history 
between recombination and 

star formation.
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Three-Level Atom
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n = ∞

n = 1

2p

Peebles Astrophys. J 153, 1968 
Zel’dovich+ Soviet Physics JETP 28, 1969

Matter Temperature

·Tm = − 2HTm + ΓC(TCMB − Tm)
Adiabatic cooling

Compton heating

Ionization

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

Recombination

Photoionization

Simple model captures most of the physics of  
the cosmic ionization and thermal histories.
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Three-Level Atom
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Matter Temperature
·Tm = − 2HTm + ΓC(TCMB − Tm)

Ionization
·xe = − 𝒞 [nHx2

e αB − 4(1 − xe)βBe−E21/TCMB]

Adiabatic cooling Compton heating

Recombination Photoionization
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Dark Matter Effects
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Matter Temperature
 ·Tm = − 2HTm + ΓC(TCMB − Tm) +

2fheat(z)
3(1 + fHe + xe)nH ( dE

dV dt )
inj

Ionization
·xe = − 𝒞 [nHx2

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

+
(1 − 𝒞)fexc(z)

0.75ℛnH ] ( dE
dV dt )

inj
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Temperature History
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s-wave Annihilation

Decay

CMBAdiabatic cooling Compton heating

Recombination Photoionization

DM heating

DM ionization

Additional ionization 
from DM excitation
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Calculating Deposition Efficiency 
with DarkHistory

29

HL, Gregory W. Ridgway and Tracy Slatyer arXiv:1904.09296 
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Deposition Efficiency
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Matter Temperature
 ·Tm = − 2HTm + ΓC(TCMB − Tm) +

2fheat(z)
3(1 + fHe + xe)nH ( dE

dV dt )
inj

Ionization
·xe = − 𝒞 [nHx2

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

+
(1 − 𝒞)fexc(z)

0.75ℛnH ] ( dE
dV dt )

inj
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Deposition efficiencies are  
nontrivial to calculate. 

Valdes+ 0911.1125 
Galli+ 1306.0563 
Slatyer 1506.03812 
…
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Deposition Efficiency

31

Matter Temperature
 ·Tm = − 2HTm + ΓC(TCMB − Tm) +

2fheat(z, xe)
3(1 + fHe + xe)nH ( dE

dV dt )
inj

Ionization
·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
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CMB

Strongly dependent on ionization: previous 
calculations assumed standard cosmic history.
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Backreaction
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Matter Temperature
 ·Tm = − 2HTm + ΓC(TCMB − Tm) +

2fheat(z, xe)
3(1 + fHe + xe)nH ( dE

dV dt )
inj

Ionization
·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
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Temperature History
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Decay

CMBIncreased ionization leads to increased heating 
efficiency: accounting for backreaction important 

for accurate temperature histories.

Heating Rate ∝ xe

102 -103 change  
in  possible!xe
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Backreaction
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c ! e+e°, mc = 100 MeV
t = 3 £ 1025 s

Backreaction Comparison
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Important for accurate temperature calculations.

21-cm

Ly  Forestα
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Reionization
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Matter Temperature
  + reionization terms·Tm = − 2HTm + ΓC(TCMB − Tm) +

2fheat(z, xe)
3(1 + fHe + xe)nH ( dE

dV dt )
inj

Ionization
+ 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

Given a model for reionization, we can now track  
dark matter and reionization self-consistently. 
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Photoionization rate, photoheating rate, 
recombination cooling, bremsstrahlung cooling…

Puchwein+ 1801.04931
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Reionization + Dark Matter
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STEPS 
1. Input

2. Electron Cooling

3. Photon Propagation and Deposition

4. Calculating         

5. TLA Integration and Reionization

6. Next Step

Low-Energy Photons Low-Energy Electrons 

Ionization and 
Temperature
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D�
<latexit sha1_base64="jZT5Vcn96ODqCTgi3zpCr96eNWI=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4Ckna2tZVQRcuK9gHNCVMppN26EwSZiZCCd248VfcuFDErf/gzr9x+hBU9MDA4Zx7mHtPkDAqlW1/GEvLK6tr67mN/ObW9s6uubffknEqMGnimMWiEyBJGI1IU1HFSCcRBPGAkXYwupj67VsiJI2jGzVOSI+jQURDipHSkm8eebG2p+nM40gNZZhdTia+N0CcI98s2JZdqpXdMrStYqXmODVNzip21a1Cx7JnKIAFGr757vVjnHISKcyQlF3HTlQvQ0JRzMgk76WSJAiP0IB0NY0QJ7KXza6YwBOt9GEYC/0iBWfq90SGuJRjHujJ2aa/van4l9dNVVjtZTRKUkUiPP8oTBlUMZxWAvtUEKzYWBOEBdW7QjxEAmGli8vrEr4uhf+Tlms5Rcu9LhXq54s6cuAQHINT4IAKqIMr0ABNgMEdeABP4Nm4Nx6NF+N1PrpkLDIH4AeMt08yDpmm</latexit>

De
<latexit sha1_base64="P5wqOTRvOCzPnylUtJSEdov4V+w=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokaWtbVwVduKxgH9CEMJlO2qGTBzMToYRs/BU3LhRx62e482+cPgQVPTBwOOce5t7jJ4wKaZofWmFldW19o7hZ2tre2d3T9w+6Ik45Jh0cs5j3fSQIoxHpSCoZ6SecoNBnpOdPLmd+745wQePoVk4T4oZoFNGAYiSV5OlHTqzsWTpzQiTHIsiu8twjnl42DbParNk1aBqVetOymoqc182G3YCWYc5RBku0Pf3dGcY4DUkkMUNCDCwzkW6GuKSYkbzkpIIkCE/QiAwUjVBIhJvND8jhqVKGMIi5epGEc/V7IkOhENPQV5PzJX97M/Evb5DKoOFmNEpSSSK8+ChIGZQxnLUBh5QTLNlUEYQ5VbtCPEYcYak6K6kSvi6F/5OubVgVw76pllsXyzqK4BicgDNggTpogWvQBh2AQQ4ewBN41u61R+1Fe12MFrRl5hD8gPb2CUUfl3o=</latexit>

P�
<latexit sha1_base64="Gj2yJCvfTWBM/P+f3qwficTM8ug=">AAACBXicdVDLSsNAFJ3UV62vqktdDBbBVUj6sK2rghuXFewDmhAm00k7dCYJMxOhhG7c+CtuXCji1n9w5984aSuo6IGBwzn3MPceP2ZUKsv6MHIrq2vrG/nNwtb2zu5ecf+gK6NEYNLBEYtE30eSMBqSjqKKkX4sCOI+Iz1/cpn5vVsiJI3CGzWNicvRKKQBxUhpySseO5G2s3TqcKTGMkjbs5nnjBDnyCuWLNOqNmvlGrTMSr1p201NzutWo9yAtmnNUQJLtL3iuzOMcMJJqDBDUg5sK1ZuioSimJFZwUkkiRGeoBEZaBoiTqSbzq+YwVOtDGEQCf1CBefq90SKuJRT7uvJ+aa/vUz8yxskKmi4KQ3jRJEQLz4KEgZVBLNK4JAKghWbaoKwoHpXiMdIIKx0cQVdwtel8H/SLZt2xSxfV0uti2UdeXAETsAZsEEdtMAVaIMOwOAOPIAn8GzcG4/Gi/G6GM0Zy8wh+AHj7RNEqpmy</latexit>

Injected Photons 
N�

inj
<latexit sha1_base64="m9VolOaDOPrHKyPTXbLoJRcL8WM=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJqUoKEowVLEyoSPQhNaVyXKc1tZPIvkFUURcWfoWFAYRY+Qc2/ganzQAtR7J0dM698j3HiwTXYNvfVm5hcWl5Jb9aWFvf2Nwqbu80dBgryuo0FKFqeUQzwQNWBw6CtSLFiPQEa3rDi9Rv3jOleRjcwChiHUn6Afc5JWCkbnHflQQGnp9cjW/dPpGSdF1gD5Dw4G7cLZbssj0BnidORkooQ61b/HJ7IY0lC4AKonXbsSPoJEQBp4KNC26sWUTokPRZ29CASKY7ySTFGB8apYf9UJkXAJ6ovzcSIrUeSc9MpjfrWS8V//PaMfhnHRMoioEFdPqRHwsMIU4rwT2uGAUxMoRQxc2tmA6IIhRMcQVTgjMbeZ40KmXnuFy5PilVz7M68mgPHaAj5KBTVEWXqIbqiKJH9Ixe0Zv1ZL1Y79bHdDRnZTu76A+szx+ol5lR</latexit>

High-Energy Deposition 
Ehigh

c
<latexit sha1_base64="TRSMnT/2Ey2AA5QsBSR8a0KNJDM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSBT0WRfBYwX5AG8Nmu22WbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYngGhzn2yqsrK6tbxQ3S1vbO7tle2+/peNUUdaksYhVJyCaCS5ZEzgI1kkUI1EgWDsYXU399gNTmsfyDsYJ8yIylHzAKQEj+Xb52qf3PWCPkIV8GE58u+JUnRnwMnFzUkE5Gr791evHNI2YBCqI1l3XScDLiAJOBZuUeqlmCaEjMmRdQyWJmPay2eETfGyUPh7EypQEPFN/T2Qk0nocBaYzIhDqRW8q/ud1UxhceBmXSQpM0vmiQSowxHiaAu5zxSiIsSGEKm5uxTQkilAwWZVMCO7iy8ukVau6p9Xa7VmlfpnHUUSH6AidIBedozq6QQ3URBSl6Bm9ojfryXqx3q2PeWvBymcO0B9Ynz8dSZNj</latexit>

Te
<latexit sha1_base64="L6dPwpjZS6iZSI9bl98S+MFfiL8=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokrY/qquDGZYW+oAlhMp20QycPZiZCCdn4K25cKOLWz3Dn3zhJI6jogYHDOfcw9x4vZlRI0/zQKkvLK6tr1fXaxubW9o6+u9cXUcIx6eGIRXzoIUEYDUlPUsnIMOYEBR4jA292nfuDO8IFjcKunMfECdAkpD7FSCrJ1Q/sSNl5OrUDJKfCT7tZ5hJXr5vGpWmdtyxoGmaBnJw1G40mtEqlDkp0XP3dHkc4CUgoMUNCjCwzlk6KuKSYkaxmJ4LECM/QhIwUDVFAhJMWB2TwWClj6EdcvVDCQv2eSFEgxDzw1GSx5G8vF//yRon0W05KwziRJMSLj/yEQRnBvA04ppxgyeaKIMyp2hXiKeIIS9VZTZXwdSn8n/QbhtU0Gren9fZVWUcVHIIjcAIscAHa4AZ0QA9gkIEH8ASetXvtUXvRXhejFa3M7IMf0N4+ARuql1w=</latexit>

Rc
<latexit sha1_base64="PlpEpHgOXFbT8YHKv0IVuZbWsfU=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokqY/qquDGZRX7gCaEyXTSDp08mJkIJWTjr7hxoYhbP8Odf+OkjaCiBwYO59zD3Hv8hFEhTfNDqywsLi2vVFdra+sbm1v69k5XxCnHpINjFvO+jwRhNCIdSSUj/YQTFPqM9PzJZeH37ggXNI5u5TQhbohGEQ0oRlJJnr7nxMou0pkTIjn2g+wmzz3s6XXTODet06YFTcOcoSAnDdtuQKtU6qBE29PfnWGM05BEEjMkxMAyE+lmiEuKGclrTipIgvAEjchA0QiFRLjZ7IAcHiplCIOYqxdJOFO/JzIUCjENfTVZLCl+e4X4lzdIZdB0MxolqSQRnn8UpAzKGBZtwCHlBEs2VQRhTtWuEI8RR1iqzmqqhK9L4f+kaxtWw7Cvj+uti7KOKtgHB+AIWOAMtMAVaIMOwCAHD+AJPGv32qP2or3ORytamdkFP6C9fQL7SJdH</latexit>

TICS,N
�
pos

<latexit sha1_base64="mQSi7YRM/P5bZHGXNLkIMAh5Z0o="></latexit>

RELEVANT MODULES 
1. main 
2. darkhistory.electrons 
3. main  
4. darkhistory.low_energy          
5. darkhistory.history 
6. main

Transfer Functions

D
high
c

<latexit sha1_base64="x8dVTNRwHm+EO1RRkeVpLXF0Ito="></latexit>

N�
<latexit sha1_base64="zJea1qtsOUaqsizec2rcx12siXc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgqiRVUFwV3LiSCvYBbSyT6aQdOjMJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnThAzqrTrfluFldW19Y3iZmlre2d3zy7vt1SUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIOxleZ334gUtFI3OlJTHyOhoKGFCNtpL5d7nGkR0GY3kzve0PEOerbFbfqzuAsEy8nFcjR6NtfvUGEE06Exgwp1fXcWPspkppiRqalXqJIjPAYDUnXUIE4UX46iz51jo0ycMJImie0M1N/b6SIKzXhgZnMgqpFLxP/87qJDi/8lIo40UTg+aEwYY6OnKwHZ0AlwZpNDEFYUpPVwSMkEdamrZIpwVv88jJp1areabV2e1apX+Z1FOEQjuAEPDiHOlxDA5qA4RGe4RXerCfrxXq3PuajBSvfOYA/sD5/AIKElCI=</latexit>

fc(z,x)
<latexit sha1_base64="4NC82nGRkrQpEXHSn4MR8Ffq+FU=">AAAB+nicdVDLSgMxFM3UV62vVpdugkWoIEPaOti6KrhxWcE+oB2GTJppQzMPkoxax36KGxeKuPVL3Pk3ZtoKKnogcDjnXu7JcSPOpELow8gsLa+srmXXcxubW9s7+cJuW4axILRFQh6Krosl5SygLcUUp91IUOy7nHbc8Xnqd66pkCwMrtQkoraPhwHzGMFKS06+4DmkdHfc97EauV5yOz1y8kVk1mt1q16ByLRQBSFLE1StWrU6LJtohiJYoOnk3/uDkMQ+DRThWMpeGUXKTrBQjHA6zfVjSSNMxnhIe5oG2KfSTmbRp/BQKwPohUK/QMGZ+n0jwb6UE9/Vk2lE+dtLxb+8Xqy8mp2wIIoVDcj8kBdzqEKY9gAHTFCi+EQTTATTWSEZYYGJ0m3ldAlfP4X/k3bFLFfNyuVJsXG2qCML9sEBKIEyOAUNcAGaoAUIuAEP4Ak8G/fGo/FivM5HM8ZiZw/8gPH2CUSolAA=</latexit>

Propagating Photons 
N�

prop
<latexit sha1_base64="BIxFtEOVHAFH/Yh4hVWA2TxFWlE=">AAACBnicbVBNS8NAEN34WetX1KMIwSJ4KkkV9Fj04kkq2A9oYthsN+3S3STsTsQSevLiX/HiQRGv/gZv/hs3bQ7a+mDg8d4MM/OChDMFtv1tLCwuLa+sltbK6xubW9vmzm5LxakktEliHstOgBXlLKJNYMBpJ5EUi4DTdjC8zP32PZWKxdEtjBLqCdyPWMgIBi355oErMAyCMLse+y7QB8gSGSfjO7ePhcC+WbGr9gTWPHEKUkEFGr755fZikgoaAeFYqa5jJ+BlWAIjnI7LbqpogskQ92lX0wgLqrxs8sbYOtJKzwpjqSsCa6L+nsiwUGokAt2ZH61mvVz8z+umEJ57GYuSFGhEpovClFsQW3kmVo9JSoCPNMFEMn2rRQZYYgI6ubIOwZl9eZ60alXnpFq7Oa3UL4o4SmgfHaJj5KAzVEdXqIGaiKBH9Ixe0ZvxZLwY78bHtHXBKGb20B8Ynz+fQZnb</latexit>

DarkHistory is the state-of-the-art 
calculation of DM energy injection, 
and is especially important during 

the epoch of reionization.

36

github.com/hongwanliu/DarkHistory

HL, Ridgway & Slatyer 1904.09296
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Temperature Probes
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Temperature Probes
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Combined Limits, ¬ ! e+e°

Strong Coupling, f¬,int = 0.01

Strong Coupling, f¬,int = 1

Planck CMB Limit

Additional 21-cm Source

Non-Standard Recombination

21-cm is potentially very sensitive to DM energy injection.

HL & Slatyer 1803.09739

many other relevant results, including Lopez-Honorez, Vincent+ 1603.06795 …
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Temperature History

39

 ·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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Future Work

40

1. Computing spectral distortions from DM 
energy injection in full. 

2. Improved calculation of energy injection: 
many spectral distortion effects neglected 
so far. 

3. Energy injection in haloes: how to particles 
escape the halo into the IGM? Schön+ 1706.04327

HL, Ridgway & Slatyer 1904.09296
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Statistical Test

41
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Photons
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Muons and Pions
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p-wave Boost Factor

44
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DarkHistory Code

45

STEPS 
1. Input

2. Electron Cooling

3. Photon Propagation and Deposition

4. Calculating         

5. TLA Integration and Reionization

6. Next Step

Low-Energy Photons Low-Energy Electrons 

Ionization and 
Temperature

Ne
low

<latexit sha1_base64="f2Xym5mz2to7K6Z7/oBnSdlcYbU=">AAACAHicbVA9SwNBEN3zM8avUwsLm8MgWIW7KGgZtLGSCOYDknjsbeaSJXsf7M6p4bjGv2JjoYitP8POf+MmuUITHww83pthZp4XC67Qtr+NhcWl5ZXVwlpxfWNza9vc2W2oKJEM6iwSkWx5VIHgIdSRo4BWLIEGnoCmN7wc+817kIpH4S2OYugGtB9ynzOKWnLN/U5AceD56XV2B24H4RFTET1krlmyy/YE1jxxclIiOWqu+dXpRSwJIEQmqFJtx46xm1KJnAnIip1EQUzZkPahrWlIA1DddPJAZh1ppWf5kdQVojVRf0+kNFBqFHi6c3yumvXG4n9eO0H/vJvyME4QQjZd5CfCwsgap2H1uASGYqQJZZLrWy02oJIy1JkVdQjO7MvzpFEpOyflys1pqXqRx1EgB+SQHBOHnJEquSI1UieMZOSZvJI348l4Md6Nj2nrgpHP7JE/MD5/ANeGlzY=</latexit>

N�
low

<latexit sha1_base64="wzFHEWLDySUVtnNcEdtjiM4GbT8=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgqiRV0GXRjSupYB/Q1DKZTtqhM5Mwc6OWkI0bf8WNC0Xc+g/u/Bunj4W2HrhwOOde7r0niDnT4LrfVm5hcWl5Jb9aWFvf2Nyyt3fqOkoUoTUS8Ug1A6wpZ5LWgAGnzVhRLAJOG8HgYuQ37qjSLJI3MIxpW+CeZCEjGIzUsfd9gaEfhOlV1vGBPkDKo/vs1u9hIXDHLroldwxnnnhTUkRTVDv2l9+NSCKoBMKx1i3PjaGdYgWMcJoV/ETTGJMB7tGWoRILqtvp+IvMOTRK1wkjZUqCM1Z/T6RYaD0Ugekc3axnvZH4n9dKIDxrp0zGCVBJJovChDsQOaNInC5TlAAfGoKJYuZWh/SxwgRMcAUTgjf78jypl0vecal8fVKsnE/jyKM9dICOkIdOUQVdoiqqIYIe0TN6RW/Wk/VivVsfk9acNZ3ZRX9gff4AxdqZYg==</latexit>

Injected Electrons  
Ne

inj
<latexit sha1_base64="v4LWC8JAbkvaUfG7qZeg7se8U8w=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjEIVmE3CloGbawkgnlAsobZyd1kzOyDmbtiWLbxV2wsFLH1M+z8G2eTFJp4YOBwzr3MPceLBVdo29/GwuLS8spqYa24vrG5tW3u7DZUlEgGdRaJSLY8qkDwEOrIUUArlkADT0DTG17mfvMBpOJReIujGNyA9kPuc0ZRS11zvxNQHHh+ep3dQbeD8IgpD++zrlmyy/YY1jxxpqREpqh1za9OL2JJACEyQZVqO3aMbkolciYgK3YSBTFlQ9qHtqYhDUC56ThAZh1ppWf5kdQvRGus/t5IaaDUKPD0ZH6umvVy8T+vnaB/7upAcYIQsslHfiIsjKy8DavHJTAUI00ok1zfarEBlZSh7qyoS3BmI8+TRqXsnJQrN6el6sW0jgI5IIfkmDjkjFTJFamROmEkI8/klbwZT8aL8W58TEYXjOnOHvkD4/MHvaqXJQ==</latexit>

Photons at this Step 

fc(z,x)
<latexit sha1_base64="hvYku1TtGkoYiS4X+rD+tis+5e0=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBahgpSkCrosunFZwT6gDWUynbRDJw9mJtIa8ituXCji1h9x5984abPQ1gMDh3Pu5Z45bsSZVJb1bRTW1jc2t4rbpZ3dvf0D87DclmEsCG2RkIei62JJOQtoSzHFaTcSFPsupx13cpv5nUcqJAuDBzWLqOPjUcA8RrDS0sAsewNSfTpHfR+rsesl0/RsYFasmjUHWiV2TiqQozkwv/rDkMQ+DRThWMqebUXKSbBQjHCalvqxpBEmEzyiPU0D7FPpJPPsKTrVyhB5odAvUGiu/t5IsC/lzHf1ZBZRLnuZ+J/Xi5V37SQsiGJFA7I45MUcqRBlRaAhE5QoPtMEE8F0VkTGWGCidF0lXYK9/OVV0q7X7Ita/f6y0rjJ6yjCMZxAFWy4ggbcQRNaQGAKz/AKb0ZqvBjvxsditGDkO0fwB8bnDyjqk+A=</latexit>

D�
<latexit sha1_base64="jZT5Vcn96ODqCTgi3zpCr96eNWI=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4Ckna2tZVQRcuK9gHNCVMppN26EwSZiZCCd248VfcuFDErf/gzr9x+hBU9MDA4Zx7mHtPkDAqlW1/GEvLK6tr67mN/ObW9s6uubffknEqMGnimMWiEyBJGI1IU1HFSCcRBPGAkXYwupj67VsiJI2jGzVOSI+jQURDipHSkm8eebG2p+nM40gNZZhdTia+N0CcI98s2JZdqpXdMrStYqXmODVNzip21a1Cx7JnKIAFGr757vVjnHISKcyQlF3HTlQvQ0JRzMgk76WSJAiP0IB0NY0QJ7KXza6YwBOt9GEYC/0iBWfq90SGuJRjHujJ2aa/van4l9dNVVjtZTRKUkUiPP8oTBlUMZxWAvtUEKzYWBOEBdW7QjxEAmGli8vrEr4uhf+Tlms5Rcu9LhXq54s6cuAQHINT4IAKqIMr0ABNgMEdeABP4Nm4Nx6NF+N1PrpkLDIH4AeMt08yDpmm</latexit>

De
<latexit sha1_base64="P5wqOTRvOCzPnylUtJSEdov4V+w=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokaWtbVwVduKxgH9CEMJlO2qGTBzMToYRs/BU3LhRx62e482+cPgQVPTBwOOce5t7jJ4wKaZofWmFldW19o7hZ2tre2d3T9w+6Ik45Jh0cs5j3fSQIoxHpSCoZ6SecoNBnpOdPLmd+745wQePoVk4T4oZoFNGAYiSV5OlHTqzsWTpzQiTHIsiu8twjnl42DbParNk1aBqVetOymoqc182G3YCWYc5RBku0Pf3dGcY4DUkkMUNCDCwzkW6GuKSYkbzkpIIkCE/QiAwUjVBIhJvND8jhqVKGMIi5epGEc/V7IkOhENPQV5PzJX97M/Evb5DKoOFmNEpSSSK8+ChIGZQxnLUBh5QTLNlUEYQ5VbtCPEYcYak6K6kSvi6F/5OubVgVw76pllsXyzqK4BicgDNggTpogWvQBh2AQQ4ewBN41u61R+1Fe12MFrRl5hD8gPb2CUUfl3o=</latexit>

P�
<latexit sha1_base64="Gj2yJCvfTWBM/P+f3qwficTM8ug=">AAACBXicdVDLSsNAFJ3UV62vqktdDBbBVUj6sK2rghuXFewDmhAm00k7dCYJMxOhhG7c+CtuXCji1n9w5984aSuo6IGBwzn3MPceP2ZUKsv6MHIrq2vrG/nNwtb2zu5ecf+gK6NEYNLBEYtE30eSMBqSjqKKkX4sCOI+Iz1/cpn5vVsiJI3CGzWNicvRKKQBxUhpySseO5G2s3TqcKTGMkjbs5nnjBDnyCuWLNOqNmvlGrTMSr1p201NzutWo9yAtmnNUQJLtL3iuzOMcMJJqDBDUg5sK1ZuioSimJFZwUkkiRGeoBEZaBoiTqSbzq+YwVOtDGEQCf1CBefq90SKuJRT7uvJ+aa/vUz8yxskKmi4KQ3jRJEQLz4KEgZVBLNK4JAKghWbaoKwoHpXiMdIIKx0cQVdwtel8H/SLZt2xSxfV0uti2UdeXAETsAZsEEdtMAVaIMOwOAOPIAn8GzcG4/Gi/G6GM0Zy8wh+AHj7RNEqpmy</latexit>

Injected Photons 
N�

inj
<latexit sha1_base64="m9VolOaDOPrHKyPTXbLoJRcL8WM=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJqUoKEowVLEyoSPQhNaVyXKc1tZPIvkFUURcWfoWFAYRY+Qc2/ganzQAtR7J0dM698j3HiwTXYNvfVm5hcWl5Jb9aWFvf2Nwqbu80dBgryuo0FKFqeUQzwQNWBw6CtSLFiPQEa3rDi9Rv3jOleRjcwChiHUn6Afc5JWCkbnHflQQGnp9cjW/dPpGSdF1gD5Dw4G7cLZbssj0BnidORkooQ61b/HJ7IY0lC4AKonXbsSPoJEQBp4KNC26sWUTokPRZ29CASKY7ySTFGB8apYf9UJkXAJ6ovzcSIrUeSc9MpjfrWS8V//PaMfhnHRMoioEFdPqRHwsMIU4rwT2uGAUxMoRQxc2tmA6IIhRMcQVTgjMbeZ40KmXnuFy5PilVz7M68mgPHaAj5KBTVEWXqIbqiKJH9Ixe0Zv1ZL1Y79bHdDRnZTu76A+szx+ol5lR</latexit>

High-Energy Deposition 
Ehigh

c
<latexit sha1_base64="TRSMnT/2Ey2AA5QsBSR8a0KNJDM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSBT0WRfBYwX5AG8Nmu22WbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYngGhzn2yqsrK6tbxQ3S1vbO7tle2+/peNUUdaksYhVJyCaCS5ZEzgI1kkUI1EgWDsYXU399gNTmsfyDsYJ8yIylHzAKQEj+Xb52qf3PWCPkIV8GE58u+JUnRnwMnFzUkE5Gr791evHNI2YBCqI1l3XScDLiAJOBZuUeqlmCaEjMmRdQyWJmPay2eETfGyUPh7EypQEPFN/T2Qk0nocBaYzIhDqRW8q/ud1UxhceBmXSQpM0vmiQSowxHiaAu5zxSiIsSGEKm5uxTQkilAwWZVMCO7iy8ukVau6p9Xa7VmlfpnHUUSH6AidIBedozq6QQ3URBSl6Bm9ojfryXqx3q2PeWvBymcO0B9Ynz8dSZNj</latexit>

Te
<latexit sha1_base64="L6dPwpjZS6iZSI9bl98S+MFfiL8=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokrY/qquDGZYW+oAlhMp20QycPZiZCCdn4K25cKOLWz3Dn3zhJI6jogYHDOfcw9x4vZlRI0/zQKkvLK6tr1fXaxubW9o6+u9cXUcIx6eGIRXzoIUEYDUlPUsnIMOYEBR4jA292nfuDO8IFjcKunMfECdAkpD7FSCrJ1Q/sSNl5OrUDJKfCT7tZ5hJXr5vGpWmdtyxoGmaBnJw1G40mtEqlDkp0XP3dHkc4CUgoMUNCjCwzlk6KuKSYkaxmJ4LECM/QhIwUDVFAhJMWB2TwWClj6EdcvVDCQv2eSFEgxDzw1GSx5G8vF//yRon0W05KwziRJMSLj/yEQRnBvA04ppxgyeaKIMyp2hXiKeIIS9VZTZXwdSn8n/QbhtU0Gren9fZVWUcVHIIjcAIscAHa4AZ0QA9gkIEH8ASetXvtUXvRXhejFa3M7IMf0N4+ARuql1w=</latexit>

Rc
<latexit sha1_base64="PlpEpHgOXFbT8YHKv0IVuZbWsfU=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokqY/qquDGZRX7gCaEyXTSDp08mJkIJWTjr7hxoYhbP8Odf+OkjaCiBwYO59zD3Hv8hFEhTfNDqywsLi2vVFdra+sbm1v69k5XxCnHpINjFvO+jwRhNCIdSSUj/YQTFPqM9PzJZeH37ggXNI5u5TQhbohGEQ0oRlJJnr7nxMou0pkTIjn2g+wmzz3s6XXTODet06YFTcOcoSAnDdtuQKtU6qBE29PfnWGM05BEEjMkxMAyE+lmiEuKGclrTipIgvAEjchA0QiFRLjZ7IAcHiplCIOYqxdJOFO/JzIUCjENfTVZLCl+e4X4lzdIZdB0MxolqSQRnn8UpAzKGBZtwCHlBEs2VQRhTtWuEI8RR1iqzmqqhK9L4f+kaxtWw7Cvj+uti7KOKtgHB+AIWOAMtMAVaIMOwCAHD+AJPGv32qP2or3ORytamdkFP6C9fQL7SJdH</latexit>

TICS,N
�
pos

<latexit sha1_base64="mQSi7YRM/P5bZHGXNLkIMAh5Z0o="></latexit>

RELEVANT MODULES 
1. main 
2. darkhistory.electrons 
3. main  
4. darkhistory.low_energy          
5. darkhistory.history 
6. main

Transfer Functions

D
high
c

<latexit sha1_base64="x8dVTNRwHm+EO1RRkeVpLXF0Ito="></latexit>

N�
<latexit sha1_base64="zJea1qtsOUaqsizec2rcx12siXc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgqiRVUFwV3LiSCvYBbSyT6aQdOjMJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnThAzqrTrfluFldW19Y3iZmlre2d3zy7vt1SUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIOxleZ334gUtFI3OlJTHyOhoKGFCNtpL5d7nGkR0GY3kzve0PEOerbFbfqzuAsEy8nFcjR6NtfvUGEE06Exgwp1fXcWPspkppiRqalXqJIjPAYDUnXUIE4UX46iz51jo0ycMJImie0M1N/b6SIKzXhgZnMgqpFLxP/87qJDi/8lIo40UTg+aEwYY6OnKwHZ0AlwZpNDEFYUpPVwSMkEdamrZIpwVv88jJp1areabV2e1apX+Z1FOEQjuAEPDiHOlxDA5qA4RGe4RXerCfrxXq3PuajBSvfOYA/sD5/AIKElCI=</latexit>

fc(z,x)
<latexit sha1_base64="4NC82nGRkrQpEXHSn4MR8Ffq+FU=">AAAB+nicdVDLSgMxFM3UV62vVpdugkWoIEPaOti6KrhxWcE+oB2GTJppQzMPkoxax36KGxeKuPVL3Pk3ZtoKKnogcDjnXu7JcSPOpELow8gsLa+srmXXcxubW9s7+cJuW4axILRFQh6Krosl5SygLcUUp91IUOy7nHbc8Xnqd66pkCwMrtQkoraPhwHzGMFKS06+4DmkdHfc97EauV5yOz1y8kVk1mt1q16ByLRQBSFLE1StWrU6LJtohiJYoOnk3/uDkMQ+DRThWMpeGUXKTrBQjHA6zfVjSSNMxnhIe5oG2KfSTmbRp/BQKwPohUK/QMGZ+n0jwb6UE9/Vk2lE+dtLxb+8Xqy8mp2wIIoVDcj8kBdzqEKY9gAHTFCi+EQTTATTWSEZYYGJ0m3ldAlfP4X/k3bFLFfNyuVJsXG2qCML9sEBKIEyOAUNcAGaoAUIuAEP4Ak8G/fGo/FivM5HM8ZiZw/8gPH2CUSolAA=</latexit>

Propagating Photons 
N�

prop
<latexit sha1_base64="BIxFtEOVHAFH/Yh4hVWA2TxFWlE=">AAACBnicbVBNS8NAEN34WetX1KMIwSJ4KkkV9Fj04kkq2A9oYthsN+3S3STsTsQSevLiX/HiQRGv/gZv/hs3bQ7a+mDg8d4MM/OChDMFtv1tLCwuLa+sltbK6xubW9vmzm5LxakktEliHstOgBXlLKJNYMBpJ5EUi4DTdjC8zP32PZWKxdEtjBLqCdyPWMgIBi355oErMAyCMLse+y7QB8gSGSfjO7ePhcC+WbGr9gTWPHEKUkEFGr755fZikgoaAeFYqa5jJ+BlWAIjnI7LbqpogskQ92lX0wgLqrxs8sbYOtJKzwpjqSsCa6L+nsiwUGokAt2ZH61mvVz8z+umEJ57GYuSFGhEpovClFsQW3kmVo9JSoCPNMFEMn2rRQZYYgI6ubIOwZl9eZ60alXnpFq7Oa3UL4o4SmgfHaJj5KAzVEdXqIGaiKBH9Ixe0ZvxZLwY78bHtHXBKGb20B8Ynz+fQZnb</latexit>
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Change in Temperature due to Backreaction
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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)

Conservative: 
·T⋆ = 0

Photoheating I: 
 0 K < ΔT < 3 × 104 K

−0.5 < αbk < 1.5

Photoheating II: 
 2 × 104 K < ΔT < 3 × 104 K

−0.5 < αbk < 1.5
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Future Work
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1. Computing spectral distortions from DM 
energy injection in full. 

2. Improved calculation of energy injection: 
many spectral distortion effects neglected 
so far. 

3. Energy injection in haloes: how to particles 
escape the halo into the IGM? Schön+ 1706.04327

HL, Ridgway & Slatyer 1904.09296


