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Domain of thermal dark matter candidates 
Coy, Hambye, MHGT, Vanderheyden 

2105.01263

Essentially based on

 From darkness to light:  
a history of a hot dark sector  

with R. Coy & J. Kimus 
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Hufnagel, MHGT 

2212.09759

building upon

see also



dark matter abundance  ~  chemistry (albeit in an expanding universe)



mapping matter candidates





Domain of thermal Dark Matter candidates?  

Courtesy M.Cirelli 

thermal particles
(aka WIMP)



Plot from Kainulainen & K. Olive  ‘03

a classic example ~ massive neutrino DM

Lee-Weinberg

Griest-Kamionkowski 
(non-relativistic freeze-out 

unitarity bound)Cowsik-McLelland 
(relativistic 
freeze-out)

what goes up at low 
DM masses

to go up again at large 
DM masses

 must go
down … 

I      your plot Kimmo ! 



stronger weaker

changing interaction strength

⌦ / ⇤4/m2
dm
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Plot from Kainulainen & Olives ‘03

range of thermal DM candidates 

DM

over-abundant

DM

under-abundant

what goes up at low 
DM masses

 must go
down … 

to go up again at large 
DM masses

the DM candidates that were in thermal equilibrium 

with the SM lie within this range




HIDDEN SECTOR (HS)

portal

hidden sector : 

possibly many SM singlet particles, possibly with their own interactions

possibly in thermal equilibrium, but temperatures  ( T & T’ ) may be different

possibly interacting with SM through a portal

SM HS

This is visible This is hidden

T
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T 0
<latexit sha1_base64="NQPZYtqc6QLdMpd59PCq5BcIBfc="></latexit><latexit sha1_base64="NQPZYtqc6QLdMpd59PCq5BcIBfc="></latexit><latexit sha1_base64="NQPZYtqc6QLdMpd59PCq5BcIBfc="></latexit><latexit sha1_base64="NQPZYtqc6QLdMpd59PCq5BcIBfc="></latexit>



asymmetric reheating & secluded DM freeze-out

dark matter abundance through
secluded freeze-out

SM

T
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inflaton
asymmetric reheating

Foot; Feng, Tu & Hai-Bo; Pospelov, Ritz, Voloshin;…

HS



cold hidden sector ?

?
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0/T )3
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Relativistic freeze-out : 
abundance is smaller
so DM mass can be 
heavier

⌦ / m2
dm(T

0/T )
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Non-relativistic freeze-out : 
expansion faster if T’/T < 1
so DM mass can be heavier
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0
fo = O(20)
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0
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Coy, Hambye, MHGT, Vanderheyden ’21

domain of thermal DM 
cold & dark sectorthermal : candidates that were once


in thermal equilibrium
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T 0  T
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this boundary scale like 

call it the ‘unitarity wall’ 

this boundary scale like 

call it the ‘relativistic floor’



Coy, Hambye, MHGT, Vanderheyden ’21

domain of thermal DM 

T 0/T / m�1/3
dm
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this boundary scale like 

call it the ‘unitarity wall’ 

this boundary scale like 

call it the ‘relativistic floor’

if HS too cold ~ expansion
too fast, DM may never
reach thermal equilibrium  

free streaming excludes
too hot DM candidates
(Lyman-𝜶,                   for T’=T)  

merely asking not too
much stuff at BBN
(             )�Ne↵
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(OK for non-thermal 
candidates)
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mdm & keV

cold & dark sector

FS



SM dark
qed

dark electrons & positrons (DM)

(massive) dark photons 
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example dark qed

dark fine structure constant (      )↵0
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example : dark qed

Coy, Hambye, MHGT, Vanderheyden ’21

m� < m�0
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relativistic freeze-out

non-relativistic freeze-out

larger ↵0
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hot dark sector

Coy, Hambye, MHGT, Vanderheyden ’21

domain of thermal DM 
<latexit sha1_base64="/J7vGftbGivMKsDyV5RDvlxpmQs="></latexit>

T 0 & T



domain of thermal DM 
hot hidden sector

merely asking not too
much stuff at BBN
(             )�Ne↵
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expansion driven by 
hidden sector ~ SM 
irrelevant

freeze-out ~ @BBN 

Coy, Hambye, MHGT, Vanderheyden ’21

<latexit sha1_base64="/J7vGftbGivMKsDyV5RDvlxpmQs="></latexit>

T 0 & T
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hic sunt dracones

Coy, Hambye, MHGT, Vanderheyden ’21

"Here be dragons" 
means dangerous 
territories, a 
medieval practice 
of putting 
mythological 
creatures on 
uncharted maps 
where potential 
dangers were 
thought to exist 
(abbreviated from 
Wikipedia)

here ‘dragons’ are the
DM companion particle(s)
(eg a dark photon)



 history of a hot dark sector

II. dark matter abundance through
secluded freeze-out

SM

T
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inflaton
I. asymmetric reheating

HS

III. companion decays through
a portal ~ entropy transfer

In brief, a weird, indirect reheating of the SM sector

T 0 � T
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SM dark
qed✏

<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>

dark electrons & positrons (DM) 

(massive) dark photons  
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<latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit>

KINETIC MIXING with DARK QED
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<latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="m9nEaQOCNzM3JLrP+VpSH8zrseg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit>

dark photon decay into SM 

✏
<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>
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<latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit>
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<latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit>
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<latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit>
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<latexit sha1_base64="G1m7KnBYaBMm5bWKAGwvxuMsLNo="></latexit><latexit sha1_base64="G1m7KnBYaBMm5bWKAGwvxuMsLNo="></latexit><latexit sha1_base64="G1m7KnBYaBMm5bWKAGwvxuMsLNo="></latexit><latexit sha1_base64="G1m7KnBYaBMm5bWKAGwvxuMsLNo="></latexit>
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<latexit sha1_base64="1GSxZVDtQ/4b5CmB3FYmNOvxe0k="></latexit><latexit sha1_base64="1GSxZVDtQ/4b5CmB3FYmNOvxe0k="></latexit><latexit sha1_base64="1GSxZVDtQ/4b5CmB3FYmNOvxe0k="></latexit><latexit sha1_base64="1GSxZVDtQ/4b5CmB3FYmNOvxe0k="></latexit>



set of simplified Boltzmann equations

{µ0, T 0, T}
<latexit sha1_base64="4sEPEZIPjUL8biO3DlGqHK+kvZ0="></latexit><latexit sha1_base64="4sEPEZIPjUL8biO3DlGqHK+kvZ0="></latexit><latexit sha1_base64="4sEPEZIPjUL8biO3DlGqHK+kvZ0="></latexit><latexit sha1_base64="4sEPEZIPjUL8biO3DlGqHK+kvZ0="></latexit>
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<latexit sha1_base64="sHCDv5Unj1uke6f2Cmy78NWH5v8="></latexit><latexit sha1_base64="sHCDv5Unj1uke6f2Cmy78NWH5v8="></latexit><latexit sha1_base64="sHCDv5Unj1uke6f2Cmy78NWH5v8="></latexit><latexit sha1_base64="sHCDv5Unj1uke6f2Cmy78NWH5v8="></latexit>
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<latexit sha1_base64="xpb1RC3z5dNfeQYh3Daa5wQvWyc="></latexit><latexit sha1_base64="xpb1RC3z5dNfeQYh3Daa5wQvWyc="></latexit><latexit sha1_base64="xpb1RC3z5dNfeQYh3Daa5wQvWyc="></latexit><latexit sha1_base64="xpb1RC3z5dNfeQYh3Daa5wQvWyc="></latexit>

simplify…

eos

T 0 & m�0
<latexit sha1_base64="w3FWNxHmitEWOKbVD9+IVDXCA1Q="></latexit><latexit sha1_base64="w3FWNxHmitEWOKbVD9+IVDXCA1Q="></latexit><latexit sha1_base64="w3FWNxHmitEWOKbVD9+IVDXCA1Q="></latexit><latexit sha1_base64="w3FWNxHmitEWOKbVD9+IVDXCA1Q="></latexit>

ifMaxwell-Boltzmann statistics

simplify…

Coy, Kimus, MHGT ‘23



1st scenario : relativistic reheating

⇠ =
T 0

T
<latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit>

Coy, Kimus, MHGT ‘24
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1st scenario : relativistic reheating

⇠ =
T 0

T
<latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit>

Coy, Kimus, MHGT ‘24

scale factor

O(1) entropy  
production

Sf/Si ⇡ (g/g0)1/4
<latexit sha1_base64="9xy3h4W5mz0HF3O5vbqr4m58hKI="></latexit><latexit sha1_base64="9xy3h4W5mz0HF3O5vbqr4m58hKI="></latexit><latexit sha1_base64="9xy3h4W5mz0HF3O5vbqr4m58hKI="></latexit><latexit sha1_base64="9xy3h4W5mz0HF3O5vbqr4m58hKI="></latexit>

I. constant initially (plateau)

II. heat transfer

effectively begins

this happens when

 
⇢/⇢

0 ⇠ h�0i/H
<latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit>

meaning when

 

(energy from decay) & ⇢

<latexit sha1_base64="foOAElnMnXjoK+5MxCHR8/411to="></latexit><latexit sha1_base64="foOAElnMnXjoK+5MxCHR8/411to="></latexit><latexit sha1_base64="foOAElnMnXjoK+5MxCHR8/411to="></latexit><latexit sha1_base64="foOAElnMnXjoK+5MxCHR8/411to="></latexit>

III. reheating :

T 0 = T
<latexit sha1_base64="NJQzDwKHsa1qECzBct5PHNCU0Y4="></latexit><latexit sha1_base64="NJQzDwKHsa1qECzBct5PHNCU0Y4="></latexit><latexit sha1_base64="NJQzDwKHsa1qECzBct5PHNCU0Y4="></latexit><latexit sha1_base64="NJQzDwKHsa1qECzBct5PHNCU0Y4="></latexit>

are still relativistic�0
<latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit>

both sectors reach thermal 

equilibrium

�0
<latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit>

IV.     non-relativistic
Boltzmann suppressed

⇢/⇢
0 ⇠ h�0i/H

<latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit>

throughout heating



2nd scenario : non-relativistic reheating

scale factor

⇠ =
T 0

T
<latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit>

Coy, Kimus, MHGT ‘24

I. plateau II. onset of heating III.       non-relativistic (        )�0
<latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit>

entropy production
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<latexit sha1_base64="US2wLni0beBtuvuwqtchsJM6+Co="></latexit><latexit sha1_base64="US2wLni0beBtuvuwqtchsJM6+Co="></latexit><latexit sha1_base64="US2wLni0beBtuvuwqtchsJM6+Co="></latexit><latexit sha1_base64="US2wLni0beBtuvuwqtchsJM6+Co="></latexit>
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<latexit sha1_base64="57Z0yAS/PpAdXhpBoP/7SJyJyq8="></latexit><latexit sha1_base64="57Z0yAS/PpAdXhpBoP/7SJyJyq8="></latexit><latexit sha1_base64="57Z0yAS/PpAdXhpBoP/7SJyJyq8="></latexit><latexit sha1_base64="57Z0yAS/PpAdXhpBoP/7SJyJyq8="></latexit>

IV. reheating

dark photon lifetime

(cf Scherrer & Turner)

⌧ 0
<latexit sha1_base64="+Yc/ywR7UHYNEC5QVxmoLhAtsxw="></latexit><latexit sha1_base64="+Yc/ywR7UHYNEC5QVxmoLhAtsxw="></latexit><latexit sha1_base64="+Yc/ywR7UHYNEC5QVxmoLhAtsxw="></latexit><latexit sha1_base64="+Yc/ywR7UHYNEC5QVxmoLhAtsxw="></latexit>
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<latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit><latexit sha1_base64="KMA/jY5TXRS5O7Fm6n4CkTLqoc4="></latexit>

throughout heating



relativistic vs non-relativistic reheating

⇠ =
T 0

T
<latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit><latexit sha1_base64="LfKekznTnibiQLR1axklJ3NmVoE="></latexit>

Coy, Kimus, MHGT ‘24

<latexit sha1_base64="4VZG9GPK4is9WVYOSKW4jqr8FCo="></latexit>

 ⇠ ⇢
0

⇢

h�0i
H

- after asymmetric reheating, 
initial phase with T’/T ~ constant

- DM initial abundance from secluded FO

- early phase of heating from
relativistic and/or non-relativistic decay
of dark photons

- VS reheated, dark photon
thermalised or simply gone

- large entropy production possible 
if MD phase

<latexit sha1_base64="xNneviYoWDpqWFbcS+ncm/9Vq3o="></latexit>

⌦dm = ⌦dm|fo
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St,f

RD

thermalization



constraints on dark photons

relativistic reheating 

non-relativistic
reheating 

dark photon decays before BBN 

DS & HS do not thermalise 
from the onset  

m�0 . T 0
fo

<latexit sha1_base64="Udq2cBQYbicp6jVYlaD9lP+xe6Y="></latexit><latexit sha1_base64="Udq2cBQYbicp6jVYlaD9lP+xe6Y="></latexit><latexit sha1_base64="Udq2cBQYbicp6jVYlaD9lP+xe6Y="></latexit><latexit sha1_base64="Udq2cBQYbicp6jVYlaD9lP+xe6Y="></latexit>



implications for domain of thermal DM

entropy production

dilutes DM abundance

relativistic reheating
non-relativistic reheating

larger DM mass ! 

mdm . 1011 GeV
<latexit sha1_base64="Vo8lVGMngdqMvWdm/OxMJRYscKE="></latexit><latexit sha1_base64="Vo8lVGMngdqMvWdm/OxMJRYscKE="></latexit><latexit sha1_base64="Vo8lVGMngdqMvWdm/OxMJRYscKE="></latexit><latexit sha1_base64="Vo8lVGMngdqMvWdm/OxMJRYscKE="></latexit>

max for unitarity annihilation

heavy companion

decays right before BBN

*

* Bernal, Konar & Show, 2023; Coy, Kimus, 
MHGT ’24, see also Berlin & Hooper, 2016

entropy production from companion

that comes to dominate  

ask that DS does not heat up 

the VS from the onset  

ask that VS does not heat up 

the DS from the onset 

(irrelevant if DS completely

secluded) 

<latexit sha1_base64="Db/KX3LVHt7iffnYUvYz8Q1M4EA="></latexit>
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⌘2
✓
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m0

◆✓
0.2 s

⌧ 0

◆1/2



examples : dark qed & kinetic mixing

entropy production

dilutes DM abundance

relativistic reheating
non-relativistic reheating

larger DM mass ! 

max for heavy companion

decays right before BBN

Coy, Kimus, MHGT ‘24

entropy production 

from companion

that comes to dominate 

the expansion 

↵0 = 10�2
<latexit sha1_base64="aNWU/0PQF6dAeICLC4Y1z2JjO/4="></latexit><latexit sha1_base64="aNWU/0PQF6dAeICLC4Y1z2JjO/4="></latexit><latexit sha1_base64="aNWU/0PQF6dAeICLC4Y1z2JjO/4="></latexit><latexit sha1_base64="aNWU/0PQF6dAeICLC4Y1z2JjO/4="></latexit>
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A history of hot dark sector 
(eg non-relativistic reheating)

VS dominates

⇠ = 1
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⇠ ⌘ T 0/T = ⇠i

<latexit sha1_base64="eM5iMMs9JhGE2dEMNKuQWSLCaFc="></latexit>
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<latexit sha1_base64="xNneviYoWDpqWFbcS+ncm/9Vq3o="></latexit>

⌦dm = ⌦dm|fo
St,i

St,f

other constraints ? eg baryon asymmetry

entropy production 

(NR reheating)

baryo/lepto  before relativistic (non-relativistic) reheating baryo/lepto  after (or from) reheating

<latexit sha1_base64="EUYGi7r8O64P9Lrlu8IDAPRhfkA="></latexit>

⌘b ⇠ �CP ⇠
�3
i

✓
St,i

St,f

◆
<latexit sha1_base64="IPKNqcuG5syUCcKN1Ut58uQ0B2Y="></latexit>

⌘b ⇠ �CPvs



other constraints ? eg baryon asymmetry
<latexit sha1_base64="0PC2FhEZA/uK03YZuheziwCTPkU="></latexit>

⌘b ⇠ ⇠�3 ⇠ 10�10

initial asymmetry O(1)

<latexit sha1_base64="faUoTaV0VSM/Sai1XJHPoOjlZnc="></latexit>

⌘b ⇠ ⇠�3Sf/Si ⇠ 10�10

<latexit sha1_base64="oRfy6PwkoeOrrdnbR+zqGbYylJI="></latexit>

⌘b ⇠ Sf/Si < 10�10

Coy, Kimus, MHGT ‘24

baryo/lepto  before relativistic (non-relativistic) reheating baryo/lepto  after (or from) reheating
<latexit sha1_base64="EUYGi7r8O64P9Lrlu8IDAPRhfkA="></latexit>

⌘b ⇠ �CP ⇠
�3
i

✓
St,i

St,f

◆
<latexit sha1_base64="IPKNqcuG5syUCcKN1Ut58uQ0B2Y="></latexit>

⌘b ⇠ �CPvs



conclusions

dark photons dark matter

dark matter mass up to 1011 GeV

Coy, Kimus, MT 2023 
Bernal, Konar, Show 2023

hot dark sector = non-standard cosmological evolution

- baryogenesis/leptogenesis ? 

- phase transitions (VS or DS) ? 

- simple framework (more complex DS)?

- domain of dark qed vs specific 

cosmological constraints (eg self-
interacting dm)



BACKUP SLIDES



relativistic  
freeze-out

non-relativistic  
freeze-out

NO THERMALIZATION



SM

a real singlet scalar (and only that) 

example : secluded cannibalism

S

<latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit><latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit><latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="LPWPWsnVLk8RxZgY3kMw6AI98rA=">AAACuXicjVJdS8MwFD2rX3NOnb76UhyCT6P1RR8FQXzc0H2ADmmzbIZlbUlSYQx/ga/628R/oP/Cm9iBOkRT2p6ce89Jbm7iTAptguC15C0tr6yuldcrG9XNre3aTrWj01wx3mapTFUvjjSXIuFtI4zkvUzxaBJL3o3HZzbevedKizS5MtOM9yfRKBFDwSJDVOvytlYPGoEb/iIIC1BHMZpp7QU3GCAFQ44JOBIYwhIRND3XCBEgI66PGXGKkHBxjgdUSJtTFqeMiNgxfUc0uy7YhObWUzs1o1UkvYqUPg5Ik1KeImxX8108d86W/c175jzt3qb0jwuvCbEGd8T+pZtn/ldnazEY4sTVIKimzDG2Ola45O5U7M79L1UZcsiIs3hAcUWYOeX8nH2n0a52e7aRi7+5TMvaOStyc7zbXVKDw5/tXASdo0YYNMJWgDL2sI9DauMxTnGBJtrO8hFPePbOPenpz6vglYo7sYtvw8s/AN06jig=</latexit><latexit sha1_base64="QeFXJyD1TDclzggmED/loSCe0+U="></latexit><latexit sha1_base64="VRHxygtKN6c2bj/mp5hmLVMFm4U="></latexit><latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit><latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit><latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit><latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit><latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit><latexit sha1_base64="ke5fmQ0a666OtG1dwrOsh9gg0iw="></latexit>

S

Bernal & Chu, 2016; Arcadi et al 2019; Ghosh et al 2022; Hufnagel & MHGT 2022

goes through a phase

of cannibalism

2 parameters  + T’/T

cf Carlson & Hall 1992 



other example : secluded cannibal DM

T 0/T
<latexit sha1_base64="LSBtoDHKJbtfAUlWjKVtGGdF/ro="></latexit><latexit sha1_base64="LSBtoDHKJbtfAUlWjKVtGGdF/ro="></latexit><latexit sha1_base64="LSBtoDHKJbtfAUlWjKVtGGdF/ro="></latexit><latexit sha1_base64="LSBtoDHKJbtfAUlWjKVtGGdF/ro="></latexit>

Hufnagel, MT 2022

+ …

example : secluded cannibalism

T 0/T / m�(1+)/3
dm

<latexit sha1_base64="ilSyVl2UGfWJ2A6IFVbuoxRAXsk="></latexit><latexit sha1_base64="ilSyVl2UGfWJ2A6IFVbuoxRAXsk="></latexit><latexit sha1_base64="ilSyVl2UGfWJ2A6IFVbuoxRAXsk="></latexit><latexit sha1_base64="ilSyVl2UGfWJ2A6IFVbuoxRAXsk="></latexit>

« anomalous » scaling

 ⇡ 5

3k � 5

T 0
fo

mdm
<latexit sha1_base64="5iG7WEX0NqMh/cm9cTe/A7PbVY0="></latexit><latexit sha1_base64="5iG7WEX0NqMh/cm9cTe/A7PbVY0="></latexit><latexit sha1_base64="5iG7WEX0NqMh/cm9cTe/A7PbVY0="></latexit><latexit sha1_base64="5iG7WEX0NqMh/cm9cTe/A7PbVY0="></latexit>

k = 4 (k = 3)
<latexit sha1_base64="VOuYaD7dilEhvgkh9rXWZhaRMN4="></latexit><latexit sha1_base64="VOuYaD7dilEhvgkh9rXWZhaRMN4="></latexit><latexit sha1_base64="VOuYaD7dilEhvgkh9rXWZhaRMN4="></latexit><latexit sha1_base64="VOuYaD7dilEhvgkh9rXWZhaRMN4="></latexit>

with for symmetric (broken) phase

4 to 2 freeze-out



the trouble with companions 

Coy, Hambye, MHGT, Vanderheyden ’21

DM comes with a lot of
companion particles (eg         )

a priori, this is (at best) 
what is allowed
if the companions are still
around by BBN

what if they are both stable ?  

their entropy must go away

�0
<latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit><latexit sha1_base64="Yqp1wyE1DYZzwP94AloAMiS9uOA="></latexit>

�Ne↵
<latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="teR3ko6/D6+uRfPO+iduPG1HA70="></latexit><latexit sha1_base64="6KuYH4WjLIBT5evV25bVZ9E2Tk8="></latexit><latexit sha1_base64="5As/yIPl08QHiXnLVuS+FzKmkU0="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit>

FS



DM & companion stable ?

Coy, Hambye, MHGT, Vanderheyden ’21

�Ne↵
<latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="teR3ko6/D6+uRfPO+iduPG1HA70="></latexit><latexit sha1_base64="6KuYH4WjLIBT5evV25bVZ9E2Tk8="></latexit><latexit sha1_base64="5As/yIPl08QHiXnLVuS+FzKmkU0="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit><latexit sha1_base64="uUyPFtffojYpYZEc4Kq6Zauu8t8="></latexit>

FS

mdm = 100GeV
<latexit sha1_base64="LpZtHETgll/4gMH10usQpekHWeY="></latexit><latexit sha1_base64="LpZtHETgll/4gMH10usQpekHWeY="></latexit><latexit sha1_base64="LpZtHETgll/4gMH10usQpekHWeY="></latexit><latexit sha1_base64="LpZtHETgll/4gMH10usQpekHWeY="></latexit>

T 0/T |fo = 10�2
<latexit sha1_base64="HgqoQOqTdeIB4WIiKFbTxPE09W0="></latexit><latexit sha1_base64="HgqoQOqTdeIB4WIiKFbTxPE09W0="></latexit><latexit sha1_base64="HgqoQOqTdeIB4WIiKFbTxPE09W0="></latexit><latexit sha1_base64="HgqoQOqTdeIB4WIiKFbTxPE09W0="></latexit>

⌦comp . ⌦dm
<latexit sha1_base64="oigsPYE7AZU1FMXMXXrarBcvkA8="></latexit><latexit sha1_base64="oigsPYE7AZU1FMXMXXrarBcvkA8="></latexit><latexit sha1_base64="oigsPYE7AZU1FMXMXXrarBcvkA8="></latexit><latexit sha1_base64="oigsPYE7AZU1FMXMXXrarBcvkA8="></latexit>

provided

(relativistic freeze-out)

example :mcomp . 100MeV
<latexit sha1_base64="o94HG2xE4STu+wBbSSoFkjvguZ8="></latexit><latexit sha1_base64="o94HG2xE4STu+wBbSSoFkjvguZ8="></latexit><latexit sha1_base64="o94HG2xE4STu+wBbSSoFkjvguZ8="></latexit><latexit sha1_base64="o94HG2xE4STu+wBbSSoFkjvguZ8="></latexit>



brief history of a hot dark sector

Coy, Kimus, MHGT ‘23

assume

• HS with        
• DM abundance from secluded freeze-out
• history starts right after DM freeze-out

we need to track 

• dark photons (DP) abundance
• temperature ratio T’/T
• entropy creation

T 0 � T
<latexit sha1_base64="U/p9ragRCyG1Xb2//XxZWwSfouM="></latexit><latexit sha1_base64="U/p9ragRCyG1Xb2//XxZWwSfouM="></latexit><latexit sha1_base64="U/p9ragRCyG1Xb2//XxZWwSfouM="></latexit><latexit sha1_base64="U/p9ragRCyG1Xb2//XxZWwSfouM="></latexit>



HEAT TRANSFER PARAMETER

 ⇠ ⇢
0

⇢

h�0i
H

<latexit sha1_base64="WbZuqIBq/D87ZTmS1440IeTSyMs="></latexit><latexit sha1_base64="WbZuqIBq/D87ZTmS1440IeTSyMs="></latexit><latexit sha1_base64="WbZuqIBq/D87ZTmS1440IeTSyMs="></latexit><latexit sha1_base64="WbZuqIBq/D87ZTmS1440IeTSyMs="></latexit>

heat transfer

 ⇠ 1
<latexit sha1_base64="3HZmJBOgBy9EfJxTShAfa9j7NOc="></latexit><latexit sha1_base64="3HZmJBOgBy9EfJxTShAfa9j7NOc="></latexit><latexit sha1_base64="3HZmJBOgBy9EfJxTShAfa9j7NOc="></latexit><latexit sha1_base64="3HZmJBOgBy9EfJxTShAfa9j7NOc="></latexit>

during heat 
transfer



HEAT TRANSFER PARAMETER

 ⇠ ⇢
0

⇢

h�0i
H

<latexit sha1_base64="WbZuqIBq/D87ZTmS1440IeTSyMs="></latexit><latexit sha1_base64="WbZuqIBq/D87ZTmS1440IeTSyMs="></latexit><latexit sha1_base64="WbZuqIBq/D87ZTmS1440IeTSyMs="></latexit><latexit sha1_base64="WbZuqIBq/D87ZTmS1440IeTSyMs="></latexit>

heat transfer

 & 1
<latexit sha1_base64="uk/9RRu+wo7SPUHkS3yfsU4hlAA="></latexit><latexit sha1_base64="uk/9RRu+wo7SPUHkS3yfsU4hlAA="></latexit><latexit sha1_base64="uk/9RRu+wo7SPUHkS3yfsU4hlAA="></latexit><latexit sha1_base64="uk/9RRu+wo7SPUHkS3yfsU4hlAA="></latexit>

heat tansferred  
from the outset!

If



~ REHEATING AFTER INFLATION

From Kolb & Turner

⇢I � ⇢SM
<latexit sha1_base64="uXWertPDAjmE8BP92Z6NMLKmrJA="></latexit><latexit sha1_base64="uXWertPDAjmE8BP92Z6NMLKmrJA="></latexit><latexit sha1_base64="uXWertPDAjmE8BP92Z6NMLKmrJA="></latexit><latexit sha1_base64="uXWertPDAjmE8BP92Z6NMLKmrJA="></latexit>

heating to Tmax

reheating

heating



entropy : relativistic reheating

Non-reversible process -> entropy production 



Non-reversible process -> entropy production 

Scherrer, Turner

the later the decay, the larger the entropy produced
Coy, Kimus, MT

entropy : non-relativistic reheating



Coy, Hambye, MHGT, Vanderheyden ’21

domain of thermal DM 

FS



freeze-in and then decay of dark photons




