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What happened before BBN?

 3

We have good reasons to think that the Universe was not radiation 
dominated at all times before neutrino decoupling.

•Primordial density fluctuations point to inflation.  After inflation, 
the inflaton may have entered a fast-roll phase (            ; kination) 
or it may have oscillated (            ; matter domination).
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What happened before BBN?

 3

We have good reasons to think that the Universe was not radiation 
dominated at all times before neutrino decoupling.

Acharya, Kumar, Bobkov, Kane, Shao, Watson 2008   
Summary: Kane, Sinha, Watson 1502.07746

Carlos, Casas, Quevedo, Roulet 1993
Banks, Kaplan, Nelson 1994

Zhang 2015    
Berlin, Hooper, Krnjaic 2016
ALE, Ralegankar, Shelton 2021

Dror, Kuflik, Ng 2016
Dror, Kuflik, Melcher, Watson 2018

•Other scalar fields or particles may have come to 
dominate the Universe after inflation.

•The string moduli problem: oscillating scalar fields 
come to dominate the Universe before BBN.

•String moduli can also generate periods of kination.

•Hidden sector dark matter: massive mediators 
dominate the Universe. 

Conlon, Revello 2022
Apers, Conlon, Mosny, Revello 2023

•Primordial density fluctuations point to inflation.  After inflation, 
the inflaton may have entered a fast-roll phase (            ; kination) 
or it may have oscillated (            ; matter domination).
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Cosmic Timeline
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EMDE 
or 

Kination

•An early matter-dominated era (EMDE): 

•Dominant component: 

•Ends when dominant component decays 
into relativistic particles.

•A period of kination: 

•Dominant component:

•Ends when dominant component’s 
energy density falls below radiation 
density (no entropy injection).
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EMDE/Kination Implications:
1. Dark matter production
2. Early structure growth
3. Enhanced dark matter 
annihilation rates

EMDE 
or 

Kination

•An early matter-dominated era (EMDE): 

•Dominant component: 

•Ends when dominant component decays 
into relativistic particles.

•A period of kination: 

•Dominant component:

•Ends when dominant component’s 
energy density falls below radiation 
density (no entropy injection).
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•A radiation-dominated era prior to 
the EMDE further widens the range of 
viable parameters.

• Tdom is the temperature at the start 

of the EMDE.
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•A radiation-dominated era prior to 
the EMDE further widens the range of 
viable parameters.

• Tdom is the temperature at the start 
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Structure Growth during an EMDE
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•Enhanced perturbation 
growth affects 
subhorizon scales: 

•Define          to be 
mass within this 
comoving radius.

R �< k�1
RH

MRH
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The Small-Scale Cut-off
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The small-scale cut-off in the matter power spectrum 
determines the mass and formation time of the first halos.
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•For WIMP dark matter 
that kinetically 
decouples during an 
EMDE, free-streaming 
sets  

ALE, Sinha, Watson 2016

<latexit sha1_base64="0Ruzb0ZmLH3dkWwZBRJplciR3fI=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoKiRa2roruumyin1AE8JkOmmHziRhZiKUkF9w46+4caGIW3fu/BuTtuKjHrhwOOde7r3HixiVyjQ/tMLK6tr6RnGztLW9s7un7x90ZRgLTDo4ZKHoe0gSRgPSUVQx0o8EQdxjpOdNLnO/d0uEpGFwo6YRcTgaBdSnGKlMcvXKxLU5UmPBExyrFNqMSCkphw0TflvXrdTVy6Zx3qidndXhMrEMc4YyWKDt6u/2MMQxJ4HCDEk5sMxIOQkSimJG0pIdSxIhPEEjMshogDiRTjL7KIUnmTKEfiiyChScqT8nEsSlnHIv68xPlH+9XPzPG8TKbzgJDaJYkQDPF/kxgyqEeTxwSAXBik0zgrCg2a0Qj5FAWGUhlmYhzD+Fy+QrhO6pYdWM6lW13LxYxFEER+AYVIAF6qAJWqANOgCDO/AAnsCzdq89ai/a67y1oC1mDsEvaG+fYXaeBQ==</latexit>

kcut . 80kRH
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The small-scale cut-off in the matter power spectrum 
determines the mass and formation time of the first halos.

•Dark matter in a hidden sector is generally much colder, so the cut-off is set 
by other mechanisms.  
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<latexit sha1_base64="0Ruzb0ZmLH3dkWwZBRJplciR3fI=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoKiRa2roruumyin1AE8JkOmmHziRhZiKUkF9w46+4caGIW3fu/BuTtuKjHrhwOOde7r3HixiVyjQ/tMLK6tr6RnGztLW9s7un7x90ZRgLTDo4ZKHoe0gSRgPSUVQx0o8EQdxjpOdNLnO/d0uEpGFwo6YRcTgaBdSnGKlMcvXKxLU5UmPBExyrFNqMSCkphw0TflvXrdTVy6Zx3qidndXhMrEMc4YyWKDt6u/2MMQxJ4HCDEk5sMxIOQkSimJG0pIdSxIhPEEjMshogDiRTjL7KIUnmTKEfiiyChScqT8nEsSlnHIv68xPlH+9XPzPG8TKbzgJDaJYkQDPF/kxgyqEeTxwSAXBik0zgrCg2a0Qj5FAWGUhlmYhzD+Fy+QrhO6pYdWM6lW13LxYxFEER+AYVIAF6qAJWqANOgCDO/AAnsCzdq89ai/a67y1oC1mDsEvaG+fYXaeBQ==</latexit>

kcut . 80kRH
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•For WIMP dark matter thermally 
produced during an EMDE, microhalos 
form during matter domination. 
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•For WIMP dark matter thermally 
produced during an EMDE, microhalos 
form during matter domination. 

•With HS dark matter, we can form 
halos earlier, during radiation 
domination!
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•Beware halo formation during the 
EMDE; it heats your dark matter!

Blanco, Delos, ALE, Hooper 2019
Barenboim, Blinov, Stebbins 2021
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Simulations by Himanish Ganjoo and M. Sten Delos
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Microhalos increase the DM annihilation 
rate by increasing the boost factor:

<latexit sha1_base64="qvUrRHHBNKLC+IAmU6WPIYpEmhA="></latexit>

B(z) ⌘
h⇢2�i
⇢̄2�

=
nhalohJi

⇢̄2�

t = 100 hours t = 750 000 years

t = 16 million years t = 16 million years

Delos et al. 2017

•Use Peak-to-Halo (P2H) method to predict the 
central density profile of halos based on the 
properties of initial density peaks.

•Use power spectrum to determine the abundance 
and properties of local maxima in the density field.

Delos, Bruff, ALE 2019

Bardeen, Bond, Kaiser, Szalay 1986
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Delos et al. 2017

•Use Peak-to-Halo (P2H) method to predict the 
central density profile of halos based on the 
properties of initial density peaks.

•Use power spectrum to determine the abundance 
and properties of local maxima in the density field.

Delos, Bruff, ALE 2019

Bardeen, Bond, Kaiser, Szalay 1986

Hwan Bae, Delos, 
ALE, coming soon

<latexit sha1_base64="w6fkcZP4KrokBHPKQv9vgtIhE+w=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwY00kPjZC0U2XtdgHtCFMptN26OTBzEQoIV/hxl9x40IRt+LOv3GSRrTVAwNnzrmXe+9xQ0aFNIxPrbCwuLS8Ulwtra1vbG7p2zstEUQckyYOWMA7LhKEUZ80JZWMdEJOkOcy0nbH16nfviNc0MC/lZOQ2B4a+nRAMZJKcvSjhtPzkBxxL8aRTOAlHM8Ixz/fRi1x9LJRMTLAv8TMSRnkqDv6R68f4MgjvsQMCdE1jVDaMeKSYkaSUi8SJER4jIakq6iPPCLsODsrgQdK6cNBwNXzJczU3x0x8oSYeK6qTFcU814q/ud1Izm4sGPqh5EkPp4OGkQMygCmGcE+5QRLNlEEYU7VrhCPEEdYqiRLWQiWaZ1a6e3z5DuE1knFPKtYN1a5epXHUQR7YB8cAhOcgyqogTpoAgzuwSN4Bi/ag/akvWpv09KClvfsghlo71+E2aBj</latexit>

Rcut = kcut/kRH



Mitchell Conference:  May 16, 2023Adrienne Erickcek

Observational Constraints

 12

Energy released by DM annihilation affects the ionization fraction 
and IGM temperature. Can be constrained by CMB and 21cm 
absorption.

Hwan Bae, Delos, 
ALE, coming soon

A. Turchaninova, Hwan Bae, 
Poulin, ALE, coming soon

<latexit sha1_base64="+Hfkcp7CExG8NnRj9WhDl/Nv3O0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQSH8uiG5cV7AOaUCbTSTN0MgkzE6WE7tz4K25cKOLWX3Dn3zhJI2j1wL0czrmXmXv8hFGpLOvTqCwsLi2vVFdra+sbm1vm9k5HxqnApI1jFouejyRhlJO2ooqRXiIIinxGuv74Mve7t0RIGvMbNUmIF6ERpwHFSGlpYO67OKRw1gQdhQoJEd9B3/WRyPzpwKxbDasA/EvsktRBidbA/HCHMU4jwhVmSMq+bSXKy5BQFDMyrbmpJAnCYzQifU05ioj0suKOKTzUyhAGsdDFFSzUnxsZiqScRL6ejJAK5byXi/95/VQF515GeZIqwvHsoSBlUMUwDwUOqSBYsYkmCAuq/wpxiATCSkdXK0JwbOfEyW+fJ98hdI4b9mnDuXbqzYsyjirYAwfgCNjgDDTBFWiBNsDgHjyCZ/BiPBhPxqvxNhutGOXOLvgF4/0L7ZiZhQ==</latexit>

�� ! bb̄

<latexit sha1_base64="E4O/FFScvL/TnjyCbzjCnHm6fV8="></latexit>

h�vi/m� = 1.2⇥ 10�27 cm3s�1GeV�1

<latexit sha1_base64="VbBOKifvvIka8xwvtaz2afiY7xE="></latexit>

kcut/kRH = 40

<latexit sha1_base64="+tpca/gT4B9Oryf6dsKZAqGNll4=">AAACCnicbVDLSgMxFM3UV62vUZduokVwNWb63ghFN11WsQ9oh5JJ0zY08yDJCGWYtRt/xY0LRdz6Be78G9OH+DwQODnnXu69xw05kwqhdyO1tLyyupZez2xsbm3vmLt7TRlEgtAGCXgg2i6WlDOfNhRTnLZDQbHnctpyxxdTv3VDhWSBf60mIXU8PPTZgBGstNQzD8e9rofVSHgxiVRy+vW9qiXwDOZQz8wiq1LK2SgPkVUs5hEqa2LbhVK5BG0LzZAFC9R75lu3H5DIo74iHEvZsVGonBgLxQinSaYbSRpiMsZD2tHUxx6VTjw7JYHHWunDQSD08xWcqd87YuxJOfFcXTndU/72puJ/XidSg4oTMz+MFPXJfNAg4lAFcJoL7DNBieITTTARTO8KyQgLTJROLzMLYX4p/Es+Q2jmLLtkFS4L2er5Io40OABH4ATYoAyqoAbqoAEIuAX34BE8GXfGg/FsvMxLU8aiZx/8gPH6ARSQmn4=</latexit>

kcut/kRH = 20
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But the strongest constraints for                    come from 
the isotropic gamma-ray background. M. Sten Delos, 

Tim Linden, ALE 2019
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<latexit sha1_base64="+Hfkcp7CExG8NnRj9WhDl/Nv3O0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQSH8uiG5cV7AOaUCbTSTN0MgkzE6WE7tz4K25cKOLWX3Dn3zhJI2j1wL0czrmXmXv8hFGpLOvTqCwsLi2vVFdra+sbm1vm9k5HxqnApI1jFouejyRhlJO2ooqRXiIIinxGuv74Mve7t0RIGvMbNUmIF6ERpwHFSGlpYO67OKRw1gQdhQoJEd9B3/WRyPzpwKxbDasA/EvsktRBidbA/HCHMU4jwhVmSMq+bSXKy5BQFDMyrbmpJAnCYzQifU05ioj0suKOKTzUyhAGsdDFFSzUnxsZiqScRL6ejJAK5byXi/95/VQF515GeZIqwvHsoSBlUMUwDwUOqSBYsYkmCAuq/wpxiATCSkdXK0JwbOfEyW+fJ98hdI4b9mnDuXbqzYsyjirYAwfgCNjgDDTBFWiBNsDgHjyCZ/BiPBhPxqvxNhutGOXOLvgF4/0L7ZiZhQ==</latexit>

�� ! bb̄

<latexit sha1_base64="+Hfkcp7CExG8NnRj9WhDl/Nv3O0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQSH8uiG5cV7AOaUCbTSTN0MgkzE6WE7tz4K25cKOLWX3Dn3zhJI2j1wL0czrmXmXv8hFGpLOvTqCwsLi2vVFdra+sbm1vm9k5HxqnApI1jFouejyRhlJO2ooqRXiIIinxGuv74Mve7t0RIGvMbNUmIF6ERpwHFSGlpYO67OKRw1gQdhQoJEd9B3/WRyPzpwKxbDasA/EvsktRBidbA/HCHMU4jwhVmSMq+bSXKy5BQFDMyrbmpJAnCYzQifU05ioj0suKOKTzUyhAGsdDFFSzUnxsZiqScRL6ejJAK5byXi/95/VQF515GeZIqwvHsoSBlUMUwDwUOqSBYsYkmCAuq/wpxiATCSkdXK0JwbOfEyW+fJ98hdI4b9mnDuXbqzYsyjirYAwfgCNjgDDTBFWiBNsDgHjyCZ/BiPBhPxqvxNhutGOXOLvgF4/0L7ZiZhQ==</latexit>

�� ! bb̄
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Case study: Draco
Microhalos in the central region are disrupted by stars and 
tides, reducing the annihilation signature.

Since              determines the 
microhalos’ densities, it sets 
how much they are disrupted.

<latexit sha1_base64="XSNOxpztZ1tITRpsorX4vbvdGT8=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4ioktbd0V3HRZxT6gDWEynbRDZ5IwMxFKyMaNv+LGhSJu/Qd3/o1JWvFRDwycOede7r3HDRmVyjQ/tKXlldW19cJGcXNre2dX39vvyCASmLRxwALRc5EkjPqkrahipBcKgrjLSNedXGZ+95YISQP/Rk1DYnM08qlHMVKp5OhHE2fAkRoLHuNIJWff3+tm4ugl07ioV8vlGlwklmHmKIE5Wo7+PhgGOOLEV5ghKfuWGSo7RkJRzEhSHESShAhP0Ij0U+ojTqQd51ck8CRVhtALRPp8BXP1Z0eMuJRT7qaV2Yryr5eJ/3n9SHl1O6Z+GCni49kgL2JQBTCLBA6pIFixaUoQFjTdFeIxEgirNLhiHsLsUrhIvkLonBtW1ahcVUqN+jyOAjgEx+AUWKAGGqAJWqANMLgDD+AJPGv32qP2or3OSpe0ec8B+AXt7RMJOpmO</latexit>

kcut/kRH

Sten Delos, Tim Linden, ALE 2019
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Case study: Draco
Microhalos in the central region are disrupted by stars and 
tides, reducing the annihilation signature.

Since              determines the 
microhalos’ densities, it sets 
how much they are disrupted.

<latexit sha1_base64="XSNOxpztZ1tITRpsorX4vbvdGT8=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4ioktbd0V3HRZxT6gDWEynbRDZ5IwMxFKyMaNv+LGhSJu/Qd3/o1JWvFRDwycOede7r3HDRmVyjQ/tKXlldW19cJGcXNre2dX39vvyCASmLRxwALRc5EkjPqkrahipBcKgrjLSNedXGZ+95YISQP/Rk1DYnM08qlHMVKp5OhHE2fAkRoLHuNIJWff3+tm4ugl07ioV8vlGlwklmHmKIE5Wo7+PhgGOOLEV5ghKfuWGSo7RkJRzEhSHESShAhP0Ij0U+ojTqQd51ck8CRVhtALRPp8BXP1Z0eMuJRT7qaV2Yryr5eJ/3n9SHl1O6Z+GCni49kgL2JQBTCLBA6pIFixaUoQFjTdFeIxEgirNLhiHsLsUrhIvkLonBtW1ahcVUqN+jyOAjgEx+AUWKAGGqAJWqANMLgDD+AJPGv32qP2or3OSpe0ec8B+AXt7RMJOpmO</latexit>

kcut/kRH

Sten Delos, Tim Linden, ALE 2019

One remaining question:
How do we compute      ? kcut

<latexit sha1_base64="AWQGyfkq9M2FHExcBDFjnAO2rMI=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5JoW82u6MZlBfuANoTJdNIOnTyYh1BDv8SNC0Xc+inu/BsnaQRfBwYO59zLPXP8hFEhLevDKK2srq1vlDcrW9s7u1Vzb78nYsUx6eKYxXzgI0EYjUhXUsnIIOEEhT4jfX92lfn9O8IFjaNbOU+IG6JJRAOKkdSSZ1Zn3ihEcsrDFCu5gJ5Zs+qO45w1G1CTVtNptTSxckC7IDVQoOOZ76NxjFVIIokZEmJoW4l0U8QlxYwsKiMlSILwDE3IUNMIhUS4aR58AY+1MoZBzPWLJMzV7xspCoWYh76ezEKK314m/ucNlQwu3JRGiZIkwstDgWJQxjBrAY4pJ1iyuSYIc6qzQjxFHGGpu6rkJRRf/ku+Suid1u2zeuOmUWtfFnWUwSE4AifABuegDa5BB3QBBgo8gCfwbNwbj8aL8bocLRnFzgH4AePtE4PHk6c=</latexit>

•Gravitational heating for long EMDEs

•Dark matter free streaming 

•Pressure in the field that’s dominant during the EMDE
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If dark matter is part of a hidden sector, it may never interact with 
the Standard Model, and it could be very, very cold.  

•Dark matter free-streaming is often NOT the cause of the small-scale cut-off.

• Instead, the properties of the dominant hidden particle set the cut-off.

•The Y particles are initially 
relativistic, but then they cool 
and come to dominate the 
Universe.

•The HS and the SM have 
different temperatures.

<latexit sha1_base64="EwslxNbrTxxuIMSR9PT2E2lJ7P4=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwISEpKboRii7sskpf0IQymU7aoZMHMxOhhH6AG3/FjQtF3PoB7vwbJ2kKWj0wcDjnXObe40aMCmkYX1phZXVtfaO4Wdra3tndK+8fdEQYc0zaOGQh77lIEEYD0pZUMtKLOEG+y0jXnVynfveecEHDoCWnEXF8NAqoRzGSShqUK62B7SM55n5y15jBS2joVQvaZwvxhnRmKmXoRgb4l5g5qYAczUH50x6GOPZJIDFDQvRNI5JOgrikmJFZyY4FiRCeoBHpKxognwgnyY6ZwROlDKEXcvUCCTP150SCfCGmvquS6Y5i2UvF/7x+LL0LJ6FBFEsS4PlHXsygDGHaDBxSTrBkU0UQ5lTtCvEYcYSl6q+UlWCZVs1Kb18mixI6Vd2s6catValf5XUUwRE4BqfABOegDhqgCdoAgwfwBF7Aq/aoPWtv2vs8WtDymUPwC9rHN5IUmjI=</latexit>

TRH = 0.24GeV
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Himanish Ganjoo,
ALE, W. Lin, K. Mack 

2023 

During the EMDE, dark matter particles fall 
into gravitational wells sourced by Y particles:

<latexit sha1_base64="unJmwTXqVDsDHVpFf6yGPi5Vn0E=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVFKrtt6KXjxWsB/SlrLZbtqlm03YnSgl9OTFv+LFgyJe/Q3e/Ddu0whqfTDweG+GmXluKLgGx/m05uYXFpeWMyvZ1bX1jU17a7uug0hRVqOBCFTTJZoJLlkNOAjWDBUjvitYwx1eTPzGLVOaB/IaRiHr+KQvuccpASN17b12jwkg3SZuK94fAFEquMOpeNO1c07+rHxaLJbwLCnknQQ5lKLatT/avYBGPpNABdG6VXBC6MREAaeCjbPtSLOQ0CHps5ahkvhMd+LkjTE+MEoPe4EyJQEn6s+JmPhaj3zXdPoEBvqvNxH/81oReOVOzGUYAZN0usiLBIYATzLBPa4YBTEyhFDFza2YDogiFExy2SSE6ad4lnyHUD/KF07yztVxrnKexpFBu2gfHaICKqEKukRVVEMU3aNH9IxerAfryXq13qatc1Y6s4N+wXr/AssomVo=</latexit>

�X ! �Y

<latexit sha1_base64="wL+WFuByCRk07CIpK/2I01qtNS0="></latexit>

�J =

r
2

3

csY

aH

⇢R + ⇢Y

⇢Y

The Y particles 
have pressure 
support for 

<latexit sha1_base64="0jvtRf9EO0qOCGzXVU9aG1epNho=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiRWbQUXRTfiqoJ9QBvCZDJph04ezEyEEOqvuHGhiFs/xJ1/4zSNoNYDA4dzzuXeOW7MqJCm+amVlpZXVtfK65WNza3tHX13ryuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67uRq5vfuCRc0Cu9kGhM7QKOQ+hQjqSRHrw6ZCnsIXsCCOTeOXjON8+ZZvd6Ai8QyzBw1UKDt6B9DL8JJQEKJGRJiYJmxtDPEJcWMTCvDRJAY4QkakYGiIQqIsLP8+Ck8VIoH/YirF0qYqz8nMhQIkQauSgZIjsVfbyb+5w0S6TftjIZxIkmI54v8hEEZwVkT0KOcYMlSRRDmVN0K8RhxhKXqq5KXMP8pXCTfJXSPDevUMG9Paq3Loo4y2AcH4AhYoAFa4Bq0QQdgkIJH8AxetAftSXvV3ubRklbMVMEvaO9fJAGUdQ==</latexit>

� < �J

<latexit sha1_base64="CXiUwCKnLNSQb7ksqJ1YDxFcUTs="></latexit>

�J / a RD;mY < TD
<latexit sha1_base64="vO/vWsTOiymtzOZSX4+KXK3Gy3U="></latexit>

�J / a�1/2 YD;mY > TD

<latexit sha1_base64="FFL6lVmw5FMqFgqsvIBoTrDUfkI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSSohuh4KbLin1JG8JkOm2HziRhZiKEUH/FjQtF3Poh7vwbJ2kErR4YOJxzL/fM8SNGpbKsT6O0tr6xuVXeruzs7u0fmIdHPRnGApMuDlkoBj6ShNGAdBVVjAwiQRD3Gen78+vM798TIWkYdFQSEZejaUAnFCOlJc+scu8OXsGON+JIzQRPW7cLz6xZdSsH/EvsgtRAgbZnfozGIY45CRRmSMqhbUXKTZFQFDOyqIxiSSKE52hKhpoGiBPppnn4BTzVyhhOQqFfoGCu/txIEZcy4b6ezCLKVS8T//OGsZpcuikNoliRAC8PTWIGVQizJuCYCoIVSzRBWFCdFeIZEggr3VclL8GxnYaT/X2VfJfQO6/bjbp149SaTlFHGRyDE3AGbHABmqAF2qALMEjAI3gGL8aD8WS8Gm/L0ZJR7FTBLxjvX9zglF8=</latexit>

mY = THS
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Himanish Ganjoo,
ALE, W. Lin, K. Mack 
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During the EMDE, dark matter particles fall 
into gravitational wells sourced by Y particles:

<latexit sha1_base64="unJmwTXqVDsDHVpFf6yGPi5Vn0E=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVFKrtt6KXjxWsB/SlrLZbtqlm03YnSgl9OTFv+LFgyJe/Q3e/Ddu0whqfTDweG+GmXluKLgGx/m05uYXFpeWMyvZ1bX1jU17a7uug0hRVqOBCFTTJZoJLlkNOAjWDBUjvitYwx1eTPzGLVOaB/IaRiHr+KQvuccpASN17b12jwkg3SZuK94fAFEquMOpeNO1c07+rHxaLJbwLCnknQQ5lKLatT/avYBGPpNABdG6VXBC6MREAaeCjbPtSLOQ0CHps5ahkvhMd+LkjTE+MEoPe4EyJQEn6s+JmPhaj3zXdPoEBvqvNxH/81oReOVOzGUYAZN0usiLBIYATzLBPa4YBTEyhFDFza2YDogiFExy2SSE6ad4lnyHUD/KF07yztVxrnKexpFBu2gfHaICKqEKukRVVEMU3aNH9IxerAfryXq13qatc1Y6s4N+wXr/AssomVo=</latexit>

�X ! �Y

The Small Scale Cut-off

<latexit sha1_base64="HkgYoQcAbArlzg8oFi5lMopP0ic="></latexit>

(mY = THS at horizon entry)

•Modes that enter the 
horizon while the Y 
particles are semi-
relativistic are suppressed.

•The peak occurs at a 
fixed value of            at 
horizon entry:

<latexit sha1_base64="qgvU9KQnimSCN0lh4tdcOoWtnhQ=">AAAB+nicbVDNS8MwHE39nPOr06OX4BA81dapm7ehF/E0wX3AVkqapltYmpYkVcbcn+LFgyJe/Uu8+d+YdRXU+SDk8d77kV+enzAqlW1/GguLS8srq4W14vrG5ta2WdppyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsfXk799h0Rksb8Vo0S4kaoz2lIMVJa8sxSj+lwgI7y27v2zLJtndfOKpUqnCeOZWcogxwNz/zoBTFOI8IVZkjKrmMnyh0joShmZFLspZIkCA9Rn3Q15Sgi0h1nq0/ggVYCGMZCH65gpv6cGKNIylHk62SE1ED+9abif143VWHNHVOepIpwPHsoTBlUMZz2AAMqCFZspAnCgupdIR4ggbDSbRWzEmY/hfPku4TWseWcWvbNSbl+kddRAHtgHxwCB1RBHVyBBmgCDO7BI3gGL8aD8WS8Gm+z6IKRz+yCXzDevwBcS5QU</latexit>

�/�J

•Changing the cut-off 
suppresses both the boost 
and gravitational heating.

<latexit sha1_base64="Miet6CUEp3z3MouNCiDqflkgJwM="></latexit>

kpk
kdom

' 0.3

✓
mY

Tdom

◆8/9
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During the EMDE, dark matter particles fall 
into gravitational wells sourced by Y particles:

<latexit sha1_base64="unJmwTXqVDsDHVpFf6yGPi5Vn0E=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVFKrtt6KXjxWsB/SlrLZbtqlm03YnSgl9OTFv+LFgyJe/Q3e/Ddu0whqfTDweG+GmXluKLgGx/m05uYXFpeWMyvZ1bX1jU17a7uug0hRVqOBCFTTJZoJLlkNOAjWDBUjvitYwx1eTPzGLVOaB/IaRiHr+KQvuccpASN17b12jwkg3SZuK94fAFEquMOpeNO1c07+rHxaLJbwLCnknQQ5lKLatT/avYBGPpNABdG6VXBC6MREAaeCjbPtSLOQ0CHps5ahkvhMd+LkjTE+MEoPe4EyJQEn6s+JmPhaj3zXdPoEBvqvNxH/81oReOVOzGUYAZN0usiLBIYATzLBPa4YBTEyhFDFza2YDogiFExy2SSE6ad4lnyHUD/KF07yztVxrnKexpFBu2gfHaICKqEKukRVVEMU3aNH9IxerAfryXq13qatc1Y6s4N+wXr/AssomVo=</latexit>

�X ! �Y

The Small Scale Cut-off

<latexit sha1_base64="HkgYoQcAbArlzg8oFi5lMopP0ic="></latexit>

(mY = THS at horizon entry)

•Modes that enter the 
horizon while the Y 
particles are semi-
relativistic are suppressed.

•The peak occurs at a 
fixed value of            at 
horizon entry:

<latexit sha1_base64="qgvU9KQnimSCN0lh4tdcOoWtnhQ=">AAAB+nicbVDNS8MwHE39nPOr06OX4BA81dapm7ehF/E0wX3AVkqapltYmpYkVcbcn+LFgyJe/Uu8+d+YdRXU+SDk8d77kV+enzAqlW1/GguLS8srq4W14vrG5ta2WdppyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsfXk799h0Rksb8Vo0S4kaoz2lIMVJa8sxSj+lwgI7y27v2zLJtndfOKpUqnCeOZWcogxwNz/zoBTFOI8IVZkjKrmMnyh0joShmZFLspZIkCA9Rn3Q15Sgi0h1nq0/ggVYCGMZCH65gpv6cGKNIylHk62SE1ED+9abif143VWHNHVOepIpwPHsoTBlUMZz2AAMqCFZspAnCgupdIR4ggbDSbRWzEmY/hfPku4TWseWcWvbNSbl+kddRAHtgHxwCB1RBHVyBBmgCDO7BI3gGL8aD8WS8Gm+z6IKRz+yCXzDevwBcS5QU</latexit>

�/�J

•Changing the cut-off 
suppresses both the boost 
and gravitational heating.

<latexit sha1_base64="Miet6CUEp3z3MouNCiDqflkgJwM="></latexit>

kpk
kdom

' 0.3

✓
mY

Tdom

◆8/9
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mY = mX/20
<latexit sha1_base64="kGFiF2m+q1W+nqfXskSBgEf+wwU=">AAAB83icbZBLSwMxFIUz9VXrq+rSTbAIrupMH1YXQtGNywr2Ie0wZNJMG5pkhiQjlKF/w40LRdz6Z9z5b0yng/g6EPg4515yOX7EqNK2/WHllpZXVtfy64WNza3tneLuXkeFscSkjUMWyp6PFGFUkLammpFeJAniPiNdf3I1z7v3RCoails9jYjL0UjQgGKkjTXg3h28gNzrnVRsr1iyy3Yq+BecDEogU8srvg+GIY45ERozpFTfsSPtJkhqihmZFQaxIhHCEzQifYMCcaLcJL15Bo+MM4RBKM0TGqbu940EcaWm3DeTHOmx+p3Nzf+yfqyDMzehIoo1EXjxURAzqEM4LwAOqSRYs6kBhCU1t0I8RhJhbWoqpCXUTyvndh0uoGpn4DS+SuhUyk61XLuplZqXWR15cAAOwTFwQAM0wTVogTbAIAIP4Ak8W7H1aL1Yr4vRnJXt7IMfst4+AQ6kkJ4=</latexit>

Blanco, Delos, ALE, Hooper 2019
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Now suppose that the Y particle is a scalar with
<latexit sha1_base64="LTFjTAZ08C28AmG9d6TERiA45xM="></latexit>

Lcan =
1

2
@µ'@µ'� 1

2
m2'2 � g

3!
'3 � �

4!
'4.

This allows 3-to-2 cannibal interactions:

Pappadopulo, Ruderman, Trevisan 2016
Farina, Pappadopulo, Ruderman, Trevisan 2016

ALE, Ralegankar, Shelton 2022

Cannibalism self-heats the 
cannibal field while                 :

<latexit sha1_base64="EXOAc8zybQgrZVWI5BaDs7pGLnQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyG1aiu4KLrpsmJf0IQwmU7aoTNJmJkUSihu/BU3LhRx61e4829M0gpqPXDhcM693HuPGzIqlWl+arml5ZXVtfx6YWNza3tH391ryyASmLRwwALRdZEkjPqkpahipBsKgrjLSMcd3aR+Z0yEpIHfVJOQ2BwNfOpRjFQiOfoBd6wxEuGQwivYdCyO1FDwuH43dfSiaVxWL8rlClwkJcPMUARzNBz9w+oHOOLEV5ghKXslM1R2jISimJFpwYokCREeoQHpJdRHnEg7zl6YwuNE6UMvEEn5Cmbqz4kYcSkn3E060xPlXy8V//N6kfKqdkz9MFLEx7NFXsSgCmCaB+xTQbBik4QgLGhyK8RDJBBWSWqFLITZp3CRfIfQPjVK54Z5e1asXc/jyINDcAROQAlUQA3UQQO0AAb34BE8gxftQXvSXrW3WWtOm8/sg1/Q3r8AWBqXaw==</latexit>

m' < THS
<latexit sha1_base64="ApI3BxsNnPi90nO+igi3O0Xlw5I="></latexit>

Tc /
1

ln(a/acan)
<latexit sha1_base64="iY5BHlwc2LG8KQw+9sarE4BhI/Q="></latexit>

⇢c /
1

a3 ln(a/acan)
<latexit sha1_base64="F2uoy7g86xEOmq5jg/+YDQwHvOU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahp5pIil6EghePFfolbSib7bZdupuE3Y1QQn+FFw+KePXnePPfuEkjaPXBwOO9GWbm+RFnStv2p1VYW9/Y3Cpul3Z29/YPyodHHRXGktA2CXkoez5WlLOAtjXTnPYiSbHwOe36s5vU7z5QqVgYtPQ8op7Ak4CNGcHaSPetIUHXSJzXh+WKXbMzoL/EyUkFcjSH5Y/BKCSxoIEmHCvVd+xIewmWmhFOF6VBrGiEyQxPaN/QAAuqvCQ7eIHOjDJC41CaCjTK1J8TCRZKzYVvOgXWU7XqpeJ/Xj/W4ysvYUEUaxqQ5aJxzJEOUfo9GjFJieZzQzCRzNyKyBRLTLTJqJSF4Dpu3U1/XyXfIXQuak69Zt+5lUY1j6MIJ3AKVXDgEhpwC01oAwEBj/AML5a0nqxX623ZWrDymWP4Bev9CxFmj1U=</latexit>

Tc = m/5

<latexit sha1_base64="3zkVlg1yTxZkbLxocQhT+BG1HQg="></latexit>

h�v2ican =
25

p
5(g/m)2[(g/m)2 � 3�]2

147456⇡m5
⌘ 25

p
5⇡2↵3

c

5184m5
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ALE, Pranjal Ralegankar, 
Jessie Shelton 2021  

If the cannibals dominate the Universe at cannibal freeze-out:

•Again, dark matter falls into gravitational wells sourced by cannibals.

•Maximum Jeans length set by cannibal freeze-out.

•Peak scale 

<latexit sha1_base64="pWXQkae2sHJiFd8BCFia9HLgn90="></latexit>

kpk ' kJ(2afz)/1.4 ⇠ 40pc�1
⇣ ↵c

0.02

⌘�1/3
✓

Trh

10MeV

◆1/3 ⇣ mc

TeV

⌘7/9
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Cannibalism’s Lingering Impact
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ALE, Pranjal Ralegankar, 
Jessie Shelton 2022  

If cannibal interactions freeze-out before the cannibal field 
becomes dominant, cannibalism still sets the minimum halo mass!

Initial Ratio of Cannibal Temperature to SM Temperature

cannibal sound horizon 

<latexit sha1_base64="b1BvFIVhx+dWMzGy7In2Fj1b38s="></latexit>

mc = 300TeV;↵c = 0.2;TRH = 8MeV

•The cannibal sound horizon roughly sets the scale of the peak in the power spectrum.

•We can connect the mass and density of smallest microhalos to cannibal properties.



Constraints on Dark Matter
Production During Kination
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Relentless annihilation:

⇢� / 1

a3 ln(a/af )
<latexit sha1_base64="bw68cDkgX1g8btd5WunQWaCF2Fc=">AAACE3icdVDLSgMxFM34rPVVdekmWAR1UWes2LorunGpYLXQqcOdNNOGZpIhyQhl6D+48VfcuFDErRt3/o1preDzQOBwzr3cnBMmnGnjum/OxOTU9Mxsbi4/v7C4tFxYWb3QMlWE1onkUjVC0JQzQeuGGU4biaIQh5xehr3joX95TZVmUpybfkJbMXQEixgBY6WgsOOrrgx80mXYT5RMjMR+pIBk3iCDqzL2udiCXQii7UFQKLqlw+pBuVzBv4lXckcoojFOg8Kr35YkjakwhIPWTc9NTCsDZRjhdJD3U00TID3o0KalAmKqW9ko0wBvWqWNI6nsEwaP1K8bGcRa9+PQTsZguvqnNxT/8pqpiaqtjIkkNVSQj0NRyrFNPiwIt5mixPC+JUAUs3/FpAu2EmNrzNsSPpPi/8nFXsmz/Gy/WDsa15FD62gDbSEPVVANnaBTVEcE3aA79IAenVvn3nlynj9GJ5zxzhr6BuflHZNsnfc=</latexit><latexit sha1_base64="bw68cDkgX1g8btd5WunQWaCF2Fc=">AAACE3icdVDLSgMxFM34rPVVdekmWAR1UWes2LorunGpYLXQqcOdNNOGZpIhyQhl6D+48VfcuFDErRt3/o1preDzQOBwzr3cnBMmnGnjum/OxOTU9Mxsbi4/v7C4tFxYWb3QMlWE1onkUjVC0JQzQeuGGU4biaIQh5xehr3joX95TZVmUpybfkJbMXQEixgBY6WgsOOrrgx80mXYT5RMjMR+pIBk3iCDqzL2udiCXQii7UFQKLqlw+pBuVzBv4lXckcoojFOg8Kr35YkjakwhIPWTc9NTCsDZRjhdJD3U00TID3o0KalAmKqW9ko0wBvWqWNI6nsEwaP1K8bGcRa9+PQTsZguvqnNxT/8pqpiaqtjIkkNVSQj0NRyrFNPiwIt5mixPC+JUAUs3/FpAu2EmNrzNsSPpPi/8nFXsmz/Gy/WDsa15FD62gDbSEPVVANnaBTVEcE3aA79IAenVvn3nlynj9GJ5zxzhr6BuflHZNsnfc=</latexit><latexit sha1_base64="vozr2GcMl7syDPi0yPDXls+9hIc=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF3XGio9d0Y1LBWsLnTrcSTM2NJMMSUYoQ//Bjb/ixoUibt24829MH4KvA4HDOfdyc06YcKaN6344uanpmdm5/HxhYXFpeaW4unalZaoIrRPJpWqGoClngtYNM5w2E0UhDjlthL3Tod+4pUozKS5NP6HtGG4EixgBY6WguOOrrgx80mXYT5RMjMR+pIBk3iCD6yr2uSjDLgTR9iAoltzK8dFBtXqI/xKv4o5QQhOcB8V3vyNJGlNhCAetW56bmHYGyjDC6aDgp5omQHpwQ1uWCoipbmejTAO8ZZUOjqSyTxg8Ur9vZBBr3Y9DOxmD6erf3lD8z2ulJjpqZ0wkqaGCjA9FKcc2+bAg3GGKEsP7lgBRzP4Vky7YSoytsTAqYZwU/yVfJVztVTzLL/ZLtZNJHXm0gTZRGXnoENXQGTpHdUTQHXpAT+jZuXcenRfndTyacyY76+gHnLdPkhad9A==</latexit><latexit sha1_base64="vozr2GcMl7syDPi0yPDXls+9hIc=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF3XGio9d0Y1LBWsLnTrcSTM2NJMMSUYoQ//Bjb/ixoUibt24829MH4KvA4HDOfdyc06YcKaN6344uanpmdm5/HxhYXFpeaW4unalZaoIrRPJpWqGoClngtYNM5w2E0UhDjlthL3Tod+4pUozKS5NP6HtGG4EixgBY6WguOOrrgx80mXYT5RMjMR+pIBk3iCD6yr2uSjDLgTR9iAoltzK8dFBtXqI/xKv4o5QQhOcB8V3vyNJGlNhCAetW56bmHYGyjDC6aDgp5omQHpwQ1uWCoipbmejTAO8ZZUOjqSyTxg8Ur9vZBBr3Y9DOxmD6erf3lD8z2ulJjpqZ0wkqaGCjA9FKcc2+bAg3GGKEsP7lgBRzP4Vky7YSoytsTAqYZwU/yVfJVztVTzLL/ZLtZNJHXm0gTZRGXnoENXQGTpHdUTQHXpAT+jZuXcenRfndTyacyY76+gHnLdPkhad9A==</latexit><latexit sha1_base64="vozr2GcMl7syDPi0yPDXls+9hIc=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF3XGio9d0Y1LBWsLnTrcSTM2NJMMSUYoQ//Bjb/ixoUibt24829MH4KvA4HDOfdyc06YcKaN6344uanpmdm5/HxhYXFpeaW4unalZaoIrRPJpWqGoClngtYNM5w2E0UhDjlthL3Tod+4pUozKS5NP6HtGG4EixgBY6WguOOrrgx80mXYT5RMjMR+pIBk3iCD6yr2uSjDLgTR9iAoltzK8dFBtXqI/xKv4o5QQhOcB8V3vyNJGlNhCAetW56bmHYGyjDC6aDgp5omQHpwQ1uWCoipbmejTAO8ZZUOjqSyTxg8Ur9vZBBr3Y9DOxmD6erf3lD8z2ulJjpqZ0wkqaGCjA9FKcc2+bAg3GGKEsP7lgBRzP4Vky7YSoytsTAqYZwU/yVfJVztVTzLL/ZLtZNJHXm0gTZRGXnoENXQGTpHdUTQHXpAT+jZuXcenRfndTyacyY76+gHnLdPkhad9A==</latexit><latexit sha1_base64="vozr2GcMl7syDPi0yPDXls+9hIc=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF3XGio9d0Y1LBWsLnTrcSTM2NJMMSUYoQ//Bjb/ixoUibt24829MH4KvA4HDOfdyc06YcKaN6344uanpmdm5/HxhYXFpeaW4unalZaoIrRPJpWqGoClngtYNM5w2E0UhDjlthL3Tod+4pUozKS5NP6HtGG4EixgBY6WguOOrrgx80mXYT5RMjMR+pIBk3iCD6yr2uSjDLgTR9iAoltzK8dFBtXqI/xKv4o5QQhOcB8V3vyNJGlNhCAetW56bmHYGyjDC6aDgp5omQHpwQ1uWCoipbmejTAO8ZZUOjqSyTxg8Ur9vZBBr3Y9DOxmD6erf3lD8z2ulJjpqZ0wkqaGCjA9FKcc2+bAg3GGKEsP7lgBRzP4Vky7YSoytsTAqYZwU/yVfJVztVTzLL/ZLtZNJHXm0gTZRGXnoENXQGTpHdUTQHXpAT+jZuXcenRfndTyacyY76+gHnLdPkhad9A==</latexit>

TRH
<latexit sha1_base64="eX9YYmb9q4LzMPcN4wMXbepvhQo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy6r9AXtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7CxubW9U9wt7e0fHB6Vj0/aOkoUoS0S8Uh1A6wpZ5K2DDOcdmNFsQg47QST+8zvTKnSLJJNM4upL/BIspARbKzkNwd9gc1YifSxPh+UK27VXQCtEy8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepRILqv10EXqOLqwyRGGk7JMGLdTfGykWWs9EYCeziHrVy8T/vF5iwls/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfUsf7iu1O7yOopwBudwCR7cQA3q0IAWEHiCZ3iFN2fqvDjvzsdytODkO6fwB87nD94fkiY=</latexit><latexit sha1_base64="eX9YYmb9q4LzMPcN4wMXbepvhQo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy6r9AXtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7CxubW9U9wt7e0fHB6Vj0/aOkoUoS0S8Uh1A6wpZ5K2DDOcdmNFsQg47QST+8zvTKnSLJJNM4upL/BIspARbKzkNwd9gc1YifSxPh+UK27VXQCtEy8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepRILqv10EXqOLqwyRGGk7JMGLdTfGykWWs9EYCeziHrVy8T/vF5iwls/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfUsf7iu1O7yOopwBudwCR7cQA3q0IAWEHiCZ3iFN2fqvDjvzsdytODkO6fwB87nD94fkiY=</latexit><latexit sha1_base64="eX9YYmb9q4LzMPcN4wMXbepvhQo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy6r9AXtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7CxubW9U9wt7e0fHB6Vj0/aOkoUoS0S8Uh1A6wpZ5K2DDOcdmNFsQg47QST+8zvTKnSLJJNM4upL/BIspARbKzkNwd9gc1YifSxPh+UK27VXQCtEy8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepRILqv10EXqOLqwyRGGk7JMGLdTfGykWWs9EYCeziHrVy8T/vF5iwls/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfUsf7iu1O7yOopwBudwCR7cQA3q0IAWEHiCZ3iFN2fqvDjvzsdytODkO6fwB87nD94fkiY=</latexit><latexit sha1_base64="eX9YYmb9q4LzMPcN4wMXbepvhQo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy6r9AXtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7CxubW9U9wt7e0fHB6Vj0/aOkoUoS0S8Uh1A6wpZ5K2DDOcdmNFsQg47QST+8zvTKnSLJJNM4upL/BIspARbKzkNwd9gc1YifSxPh+UK27VXQCtEy8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepRILqv10EXqOLqwyRGGk7JMGLdTfGykWWs9EYCeziHrVy8T/vF5iwls/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfUsf7iu1O7yOopwBudwCR7cQA3q0IAWEHiCZ3iFN2fqvDjvzsdytODkO6fwB87nD94fkiY=</latexit><latexit sha1_base64="9orDkym4igykaRAlPaYiXFD7i1E=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLopssqfUEbymQ6aYfOTOLMpFBCv8ONC0Xc+jHu/BsnaQStHhg4nHMv98zxI0aVdpxPq7C2vrG5Vdwu7ezu7R+UD486KowlJm0cslD2fKQIo4K0NdWM9CJJEPcZ6frT29TvzohUNBQtPY+Ix9FY0IBipI3ktYYDjvRE8uS+sRiWK07VyWD/JW5OKpCjOSx/DEYhjjkRGjOkVN91Iu0lSGqKGVmUBrEiEcJTNCZ9QwXiRHlJFnphnxllZAehNE9oO1N/biSIKzXnvplMI6pVLxX/8/qxDq69hIoo1kTg5aEgZrYO7bQBe0QlwZrNDUFYUpPVxhMkEdamp1JWQs2tXdbSv6+S7xI6F1XX8LtapX6T11GEEziFc3DhCurQgCa0AcMDPMIzvFgz68l6td6WowUr3zmGX7DevwDz8ZJZ</latexit><latexit sha1_base64="9orDkym4igykaRAlPaYiXFD7i1E=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLopssqfUEbymQ6aYfOTOLMpFBCv8ONC0Xc+jHu/BsnaQStHhg4nHMv98zxI0aVdpxPq7C2vrG5Vdwu7ezu7R+UD486KowlJm0cslD2fKQIo4K0NdWM9CJJEPcZ6frT29TvzohUNBQtPY+Ix9FY0IBipI3ktYYDjvRE8uS+sRiWK07VyWD/JW5OKpCjOSx/DEYhjjkRGjOkVN91Iu0lSGqKGVmUBrEiEcJTNCZ9QwXiRHlJFnphnxllZAehNE9oO1N/biSIKzXnvplMI6pVLxX/8/qxDq69hIoo1kTg5aEgZrYO7bQBe0QlwZrNDUFYUpPVxhMkEdamp1JWQs2tXdbSv6+S7xI6F1XX8LtapX6T11GEEziFc3DhCurQgCa0AcMDPMIzvFgz68l6td6WowUr3zmGX7DevwDz8ZJZ</latexit>

Kayla Redmond, ALE 2017
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Relentless annihilation:

⇢� / 1

a3 ln(a/af )
<latexit sha1_base64="bw68cDkgX1g8btd5WunQWaCF2Fc=">AAACE3icdVDLSgMxFM34rPVVdekmWAR1UWes2LorunGpYLXQqcOdNNOGZpIhyQhl6D+48VfcuFDErRt3/o1preDzQOBwzr3cnBMmnGnjum/OxOTU9Mxsbi4/v7C4tFxYWb3QMlWE1onkUjVC0JQzQeuGGU4biaIQh5xehr3joX95TZVmUpybfkJbMXQEixgBY6WgsOOrrgx80mXYT5RMjMR+pIBk3iCDqzL2udiCXQii7UFQKLqlw+pBuVzBv4lXckcoojFOg8Kr35YkjakwhIPWTc9NTCsDZRjhdJD3U00TID3o0KalAmKqW9ko0wBvWqWNI6nsEwaP1K8bGcRa9+PQTsZguvqnNxT/8pqpiaqtjIkkNVSQj0NRyrFNPiwIt5mixPC+JUAUs3/FpAu2EmNrzNsSPpPi/8nFXsmz/Gy/WDsa15FD62gDbSEPVVANnaBTVEcE3aA79IAenVvn3nlynj9GJ5zxzhr6BuflHZNsnfc=</latexit><latexit sha1_base64="bw68cDkgX1g8btd5WunQWaCF2Fc=">AAACE3icdVDLSgMxFM34rPVVdekmWAR1UWes2LorunGpYLXQqcOdNNOGZpIhyQhl6D+48VfcuFDErRt3/o1preDzQOBwzr3cnBMmnGnjum/OxOTU9Mxsbi4/v7C4tFxYWb3QMlWE1onkUjVC0JQzQeuGGU4biaIQh5xehr3joX95TZVmUpybfkJbMXQEixgBY6WgsOOrrgx80mXYT5RMjMR+pIBk3iCDqzL2udiCXQii7UFQKLqlw+pBuVzBv4lXckcoojFOg8Kr35YkjakwhIPWTc9NTCsDZRjhdJD3U00TID3o0KalAmKqW9ko0wBvWqWNI6nsEwaP1K8bGcRa9+PQTsZguvqnNxT/8pqpiaqtjIkkNVSQj0NRyrFNPiwIt5mixPC+JUAUs3/FpAu2EmNrzNsSPpPi/8nFXsmz/Gy/WDsa15FD62gDbSEPVVANnaBTVEcE3aA79IAenVvn3nlynj9GJ5zxzhr6BuflHZNsnfc=</latexit><latexit sha1_base64="vozr2GcMl7syDPi0yPDXls+9hIc=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF3XGio9d0Y1LBWsLnTrcSTM2NJMMSUYoQ//Bjb/ixoUibt24829MH4KvA4HDOfdyc06YcKaN6344uanpmdm5/HxhYXFpeaW4unalZaoIrRPJpWqGoClngtYNM5w2E0UhDjlthL3Tod+4pUozKS5NP6HtGG4EixgBY6WguOOrrgx80mXYT5RMjMR+pIBk3iCD6yr2uSjDLgTR9iAoltzK8dFBtXqI/xKv4o5QQhOcB8V3vyNJGlNhCAetW56bmHYGyjDC6aDgp5omQHpwQ1uWCoipbmejTAO8ZZUOjqSyTxg8Ur9vZBBr3Y9DOxmD6erf3lD8z2ulJjpqZ0wkqaGCjA9FKcc2+bAg3GGKEsP7lgBRzP4Vky7YSoytsTAqYZwU/yVfJVztVTzLL/ZLtZNJHXm0gTZRGXnoENXQGTpHdUTQHXpAT+jZuXcenRfndTyacyY76+gHnLdPkhad9A==</latexit><latexit sha1_base64="vozr2GcMl7syDPi0yPDXls+9hIc=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF3XGio9d0Y1LBWsLnTrcSTM2NJMMSUYoQ//Bjb/ixoUibt24829MH4KvA4HDOfdyc06YcKaN6344uanpmdm5/HxhYXFpeaW4unalZaoIrRPJpWqGoClngtYNM5w2E0UhDjlthL3Tod+4pUozKS5NP6HtGG4EixgBY6WguOOrrgx80mXYT5RMjMR+pIBk3iCD6yr2uSjDLgTR9iAoltzK8dFBtXqI/xKv4o5QQhOcB8V3vyNJGlNhCAetW56bmHYGyjDC6aDgp5omQHpwQ1uWCoipbmejTAO8ZZUOjqSyTxg8Ur9vZBBr3Y9DOxmD6erf3lD8z2ulJjpqZ0wkqaGCjA9FKcc2+bAg3GGKEsP7lgBRzP4Vky7YSoytsTAqYZwU/yVfJVztVTzLL/ZLtZNJHXm0gTZRGXnoENXQGTpHdUTQHXpAT+jZuXcenRfndTyacyY76+gHnLdPkhad9A==</latexit><latexit sha1_base64="vozr2GcMl7syDPi0yPDXls+9hIc=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF3XGio9d0Y1LBWsLnTrcSTM2NJMMSUYoQ//Bjb/ixoUibt24829MH4KvA4HDOfdyc06YcKaN6344uanpmdm5/HxhYXFpeaW4unalZaoIrRPJpWqGoClngtYNM5w2E0UhDjlthL3Tod+4pUozKS5NP6HtGG4EixgBY6WguOOrrgx80mXYT5RMjMR+pIBk3iCD6yr2uSjDLgTR9iAoltzK8dFBtXqI/xKv4o5QQhOcB8V3vyNJGlNhCAetW56bmHYGyjDC6aDgp5omQHpwQ1uWCoipbmejTAO8ZZUOjqSyTxg8Ur9vZBBr3Y9DOxmD6erf3lD8z2ulJjpqZ0wkqaGCjA9FKcc2+bAg3GGKEsP7lgBRzP4Vky7YSoytsTAqYZwU/yVfJVztVTzLL/ZLtZNJHXm0gTZRGXnoENXQGTpHdUTQHXpAT+jZuXcenRfndTyacyY76+gHnLdPkhad9A==</latexit><latexit sha1_base64="vozr2GcMl7syDPi0yPDXls+9hIc=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF3XGio9d0Y1LBWsLnTrcSTM2NJMMSUYoQ//Bjb/ixoUibt24829MH4KvA4HDOfdyc06YcKaN6344uanpmdm5/HxhYXFpeaW4unalZaoIrRPJpWqGoClngtYNM5w2E0UhDjlthL3Tod+4pUozKS5NP6HtGG4EixgBY6WguOOrrgx80mXYT5RMjMR+pIBk3iCD6yr2uSjDLgTR9iAoltzK8dFBtXqI/xKv4o5QQhOcB8V3vyNJGlNhCAetW56bmHYGyjDC6aDgp5omQHpwQ1uWCoipbmejTAO8ZZUOjqSyTxg8Ur9vZBBr3Y9DOxmD6erf3lD8z2ulJjpqZ0wkqaGCjA9FKcc2+bAg3GGKEsP7lgBRzP4Vky7YSoytsTAqYZwU/yVfJVztVTzLL/ZLtZNJHXm0gTZRGXnoENXQGTpHdUTQHXpAT+jZuXcenRfndTyacyY76+gHnLdPkhad9A==</latexit>

•faster expansion rate H(T) during kination implies earlier freeze-out

•larger annihilation cross section needed to match observed abundance

TRH
<latexit sha1_base64="eX9YYmb9q4LzMPcN4wMXbepvhQo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy6r9AXtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7CxubW9U9wt7e0fHB6Vj0/aOkoUoS0S8Uh1A6wpZ5K2DDOcdmNFsQg47QST+8zvTKnSLJJNM4upL/BIspARbKzkNwd9gc1YifSxPh+UK27VXQCtEy8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepRILqv10EXqOLqwyRGGk7JMGLdTfGykWWs9EYCeziHrVy8T/vF5iwls/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfUsf7iu1O7yOopwBudwCR7cQA3q0IAWEHiCZ3iFN2fqvDjvzsdytODkO6fwB87nD94fkiY=</latexit><latexit sha1_base64="eX9YYmb9q4LzMPcN4wMXbepvhQo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy6r9AXtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7CxubW9U9wt7e0fHB6Vj0/aOkoUoS0S8Uh1A6wpZ5K2DDOcdmNFsQg47QST+8zvTKnSLJJNM4upL/BIspARbKzkNwd9gc1YifSxPh+UK27VXQCtEy8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepRILqv10EXqOLqwyRGGk7JMGLdTfGykWWs9EYCeziHrVy8T/vF5iwls/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfUsf7iu1O7yOopwBudwCR7cQA3q0IAWEHiCZ3iFN2fqvDjvzsdytODkO6fwB87nD94fkiY=</latexit><latexit sha1_base64="eX9YYmb9q4LzMPcN4wMXbepvhQo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy6r9AXtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7CxubW9U9wt7e0fHB6Vj0/aOkoUoS0S8Uh1A6wpZ5K2DDOcdmNFsQg47QST+8zvTKnSLJJNM4upL/BIspARbKzkNwd9gc1YifSxPh+UK27VXQCtEy8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepRILqv10EXqOLqwyRGGk7JMGLdTfGykWWs9EYCeziHrVy8T/vF5iwls/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfUsf7iu1O7yOopwBudwCR7cQA3q0IAWEHiCZ3iFN2fqvDjvzsdytODkO6fwB87nD94fkiY=</latexit><latexit sha1_base64="eX9YYmb9q4LzMPcN4wMXbepvhQo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy6r9AXtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7CxubW9U9wt7e0fHB6Vj0/aOkoUoS0S8Uh1A6wpZ5K2DDOcdmNFsQg47QST+8zvTKnSLJJNM4upL/BIspARbKzkNwd9gc1YifSxPh+UK27VXQCtEy8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepRILqv10EXqOLqwyRGGk7JMGLdTfGykWWs9EYCeziHrVy8T/vF5iwls/ZTJODJVkeShMODIRyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfUsf7iu1O7yOopwBudwCR7cQA3q0IAWEHiCZ3iFN2fqvDjvzsdytODkO6fwB87nD94fkiY=</latexit><latexit sha1_base64="9orDkym4igykaRAlPaYiXFD7i1E=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLopssqfUEbymQ6aYfOTOLMpFBCv8ONC0Xc+jHu/BsnaQStHhg4nHMv98zxI0aVdpxPq7C2vrG5Vdwu7ezu7R+UD486KowlJm0cslD2fKQIo4K0NdWM9CJJEPcZ6frT29TvzohUNBQtPY+Ix9FY0IBipI3ktYYDjvRE8uS+sRiWK07VyWD/JW5OKpCjOSx/DEYhjjkRGjOkVN91Iu0lSGqKGVmUBrEiEcJTNCZ9QwXiRHlJFnphnxllZAehNE9oO1N/biSIKzXnvplMI6pVLxX/8/qxDq69hIoo1kTg5aEgZrYO7bQBe0QlwZrNDUFYUpPVxhMkEdamp1JWQs2tXdbSv6+S7xI6F1XX8LtapX6T11GEEziFc3DhCurQgCa0AcMDPMIzvFgz68l6td6WowUr3zmGX7DevwDz8ZJZ</latexit><latexit sha1_base64="9orDkym4igykaRAlPaYiXFD7i1E=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLopssqfUEbymQ6aYfOTOLMpFBCv8ONC0Xc+jHu/BsnaQStHhg4nHMv98zxI0aVdpxPq7C2vrG5Vdwu7ezu7R+UD486KowlJm0cslD2fKQIo4K0NdWM9CJJEPcZ6frT29TvzohUNBQtPY+Ix9FY0IBipI3ktYYDjvRE8uS+sRiWK07VyWD/JW5OKpCjOSx/DEYhjjkRGjOkVN91Iu0lSGqKGVmUBrEiEcJTNCZ9QwXiRHlJFnphnxllZAehNE9oO1N/biSIKzXnvplMI6pVLxX/8/qxDq69hIoo1kTg5aEgZrYO7bQBe0QlwZrNDUFYUpPVxhMkEdamp1JWQs2tXdbSv6+S7xI6F1XX8LtapX6T11GEEziFc3DhCurQgCa0AcMDPMIzvFgz68l6td6WowUr3zmGX7DevwDz8ZJZ</latexit>

Kayla Redmond, ALE 2017
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Dark matter 
density fluctuations 
grow linearly 
during kination, just 
like during matter 
domination!

But the growth 
isn’t gravitational…

Kayla Redmond, 
Anthony Trezza, ALE 2018
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Dark matter 
density fluctuations 
grow linearly 
during kination, just 
like during matter 
domination!

But the growth 
isn’t gravitational…

Comoving drift: s =

Z
v
dt

a
/

Z
da

a3H
/

<latexit sha1_base64="KD/bnotHOwycR4ptoN3G+JLXYuM=">AAACKHicdZDLSsNAFIYn9VbrLerSzWARXJXUiq0Lseimywr2Ak0sk8mkDp1MwsykUEIex42v4kZEkW59EqdtxPuBgZ//O4c553cjRqWyrImRW1hcWl7JrxbW1jc2t8ztnbYMY4FJC4csFF0XScIoJy1FFSPdSBAUuIx03OHllHdGREga8ms1jogToAGnPsVIaatvnkt4Bm3KFUxGqe0LhBNPpQlKoR2JMFLhHGYEaXJTgY1P2jeLVum0dlKpVOFvUS5ZsyqCrJp988n2QhwHhCvMkJS9shUpJ0FCUcxIWrBjSSKEh2hAelpyFBDpJLNDU3igHQ/6odBPbzVzv04kKJByHLi6M0DqVv5kU/Mv1ouVX3MSyqNYEY7nH/kxg/rCaWrQo4JgxcZaICyo3hXiW6QzUTrbgg7h41L4v2gflcpaXx0X6xdZHHmwB/bBISiDKqiDBmiCFsDgDjyAZ/Bi3BuPxqsxmbfmjGxmF3wr4+0d43CnIQ==</latexit><latexit sha1_base64="KD/bnotHOwycR4ptoN3G+JLXYuM=">AAACKHicdZDLSsNAFIYn9VbrLerSzWARXJXUiq0Lseimywr2Ak0sk8mkDp1MwsykUEIex42v4kZEkW59EqdtxPuBgZ//O4c553cjRqWyrImRW1hcWl7JrxbW1jc2t8ztnbYMY4FJC4csFF0XScIoJy1FFSPdSBAUuIx03OHllHdGREga8ms1jogToAGnPsVIaatvnkt4Bm3KFUxGqe0LhBNPpQlKoR2JMFLhHGYEaXJTgY1P2jeLVum0dlKpVOFvUS5ZsyqCrJp988n2QhwHhCvMkJS9shUpJ0FCUcxIWrBjSSKEh2hAelpyFBDpJLNDU3igHQ/6odBPbzVzv04kKJByHLi6M0DqVv5kU/Mv1ouVX3MSyqNYEY7nH/kxg/rCaWrQo4JgxcZaICyo3hXiW6QzUTrbgg7h41L4v2gflcpaXx0X6xdZHHmwB/bBISiDKqiDBmiCFsDgDjyAZ/Bi3BuPxqsxmbfmjGxmF3wr4+0d43CnIQ==</latexit><latexit sha1_base64="xNt4rpD5Pm9njZVO2JgVPIxOcOw="></latexit><latexit sha1_base64="xNt4rpD5Pm9njZVO2JgVPIxOcOw="></latexit><latexit sha1_base64="xNt4rpD5Pm9njZVO2JgVPIxOcOw="></latexit><latexit sha1_base64="xNt4rpD5Pm9njZVO2JgVPIxOcOw="></latexit>

{
<latexit sha1_base64="FW8VH+hQufvaEtVn74ZU6pNIIIw=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5Co2LorunFZwT6gCWUynbRDJ5MwcyPU0C9x40IRt36KO//G6UPweeDC4Zx7ufeeMBVcg+u+W4Wl5ZXVteJ6aWNza7ts7+y2dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4ejy6nfvmVK80TewDhlQUwGkkecEjBSzy77gkXg59hXfDAEp2dXXOe8dnZyUsW/iee4M1TQAo2e/eb3E5rFTAIVROuu56YQ5EQBp4JNSn6mWUroiAxY11BJYqaDfHb4BB8apY+jRJmSgGfq14mcxFqP49B0xgSG+qc3Ff/yuhlEtSDnMs2ASTpfFGUCQ4KnKeA+V4yCGBtCqOLmVkyHRBEKJquSCeHzU/w/aR07nuHXp5X6xSKOItpHB+gIeaiK6ugKNVATUZShe/SInqw768F6tl7mrQVrMbOHvsF6/QACn5NT</latexit><latexit sha1_base64="FW8VH+hQufvaEtVn74ZU6pNIIIw=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5Co2LorunFZwT6gCWUynbRDJ5MwcyPU0C9x40IRt36KO//G6UPweeDC4Zx7ufeeMBVcg+u+W4Wl5ZXVteJ6aWNza7ts7+y2dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4ejy6nfvmVK80TewDhlQUwGkkecEjBSzy77gkXg59hXfDAEp2dXXOe8dnZyUsW/iee4M1TQAo2e/eb3E5rFTAIVROuu56YQ5EQBp4JNSn6mWUroiAxY11BJYqaDfHb4BB8apY+jRJmSgGfq14mcxFqP49B0xgSG+qc3Ff/yuhlEtSDnMs2ASTpfFGUCQ4KnKeA+V4yCGBtCqOLmVkyHRBEKJquSCeHzU/w/aR07nuHXp5X6xSKOItpHB+gIeaiK6ugKNVATUZShe/SInqw768F6tl7mrQVrMbOHvsF6/QACn5NT</latexit><latexit sha1_base64="mvvfVAdhWMSWgXyq56t12sxG4ZE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkqiYuut6MVjBfsBTSib7aZdutmE3YlQQ3+JFw+KePWnePPfuE0rqPXBwOO9GWbmBYngGhzn0yqsrK6tbxQ3S1vbO7tle2+/reNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcYX8/8zj1TmsfyDiYJ8yMylDzklICR+nbZEywEL8Oe4sMRVPt2xale1i/Ozmp4mbhVJ0cFLdDs2x/eIKZpxCRQQbTuuU4CfkYUcCrYtOSlmiWEjsmQ9QyVJGLaz/LDp/jYKAMcxsqUBJyrPycyEmk9iQLTGREY6b/eTPzP66UQ1v2MyyQFJul8UZgKDDGepYAHXDEKYmIIoYqbWzEdEUUomKxKeQjzT/Ey+Q6hfVp1Db89rzSuFnEU0SE6QifIRTXUQDeoiVqIohQ9omf0Yj1YT9ar9TZvLViLmQP0C9b7FwFJk1A=</latexit><latexit sha1_base64="mvvfVAdhWMSWgXyq56t12sxG4ZE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkqiYuut6MVjBfsBTSib7aZdutmE3YlQQ3+JFw+KePWnePPfuE0rqPXBwOO9GWbmBYngGhzn0yqsrK6tbxQ3S1vbO7tle2+/reNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcYX8/8zj1TmsfyDiYJ8yMylDzklICR+nbZEywEL8Oe4sMRVPt2xale1i/Ozmp4mbhVJ0cFLdDs2x/eIKZpxCRQQbTuuU4CfkYUcCrYtOSlmiWEjsmQ9QyVJGLaz/LDp/jYKAMcxsqUBJyrPycyEmk9iQLTGREY6b/eTPzP66UQ1v2MyyQFJul8UZgKDDGepYAHXDEKYmIIoYqbWzEdEUUomKxKeQjzT/Ey+Q6hfVp1Db89rzSuFnEU0SE6QifIRTXUQDeoiVqIohQ9omf0Yj1YT9ar9TZvLViLmQP0C9b7FwFJk1A=</latexit><latexit sha1_base64="mvvfVAdhWMSWgXyq56t12sxG4ZE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkqiYuut6MVjBfsBTSib7aZdutmE3YlQQ3+JFw+KePWnePPfuE0rqPXBwOO9GWbmBYngGhzn0yqsrK6tbxQ3S1vbO7tle2+/reNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcYX8/8zj1TmsfyDiYJ8yMylDzklICR+nbZEywEL8Oe4sMRVPt2xale1i/Ozmp4mbhVJ0cFLdDs2x/eIKZpxCRQQbTuuU4CfkYUcCrYtOSlmiWEjsmQ9QyVJGLaz/LDp/jYKAMcxsqUBJyrPycyEmk9iQLTGREY6b/eTPzP66UQ1v2MyyQFJul8UZgKDDGepYAHXDEKYmIIoYqbWzEdEUUomKxKeQjzT/Ey+Q6hfVp1Db89rzSuFnEU0SE6QifIRTXUQDeoiVqIohQ9omf0Yj1YT9ar9TZvLViLmQP0C9b7FwFJk1A=</latexit><latexit sha1_base64="mvvfVAdhWMSWgXyq56t12sxG4ZE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkqiYuut6MVjBfsBTSib7aZdutmE3YlQQ3+JFw+KePWnePPfuE0rqPXBwOO9GWbmBYngGhzn0yqsrK6tbxQ3S1vbO7tle2+/reNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcYX8/8zj1TmsfyDiYJ8yMylDzklICR+nbZEywEL8Oe4sMRVPt2xale1i/Ozmp4mbhVJ0cFLdDs2x/eIKZpxCRQQbTuuU4CfkYUcCrYtOSlmiWEjsmQ9QyVJGLaz/LDp/jYKAMcxsqUBJyrPycyEmk9iQLTGREY6b/eTPzP66UQ1v2MyyQFJul8UZgKDDGepYAHXDEKYmIIoYqbWzEdEUUomKxKeQjzT/Ey+Q6hfVp1Db89rzSuFnEU0SE6QifIRTXUQDeoiVqIohQ9omf0Yj1YT9ar9TZvLViLmQP0C9b7FwFJk1A=</latexit>

a
<latexit sha1_base64="PIkKPUt1eKAVA05uzfo5tlhsy0c=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CjNGTLwFvXiMYhZIhlDT6Uma9PQM3T1CCPkDLx4U8eofefNv7CyC64OCx3tVVNULEsG1cd13J7O0vLK6ll3PbWxube/kd/caOk4VZXUai1i1AtRMcMnqhhvBWoliGAWCNYPh5dRv3jGleSxvzShhfoR9yUNO0VjpBkk3X3CL55WzUqlMfhOv6M5QgAVq3fxbpxfTNGLSUIFatz03Mf4YleFUsEmuk2qWIB1in7UtlRgx7Y9nl07IkVV6JIyVLWnITP06McZI61EU2M4IzUD/9KbiX147NWHFH3OZpIZJOl8UpoKYmEzfJj2uGDViZAlSxe2thA5QITU2nJwN4fNT8j9pnBQ9y69PC9WLRRxZOIBDOAYPylCFK6hBHSiEcA+P8OQMnQfn2XmZt2acxcw+fIPz+gG1q417</latexit><latexit sha1_base64="PIkKPUt1eKAVA05uzfo5tlhsy0c=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CjNGTLwFvXiMYhZIhlDT6Uma9PQM3T1CCPkDLx4U8eofefNv7CyC64OCx3tVVNULEsG1cd13J7O0vLK6ll3PbWxube/kd/caOk4VZXUai1i1AtRMcMnqhhvBWoliGAWCNYPh5dRv3jGleSxvzShhfoR9yUNO0VjpBkk3X3CL55WzUqlMfhOv6M5QgAVq3fxbpxfTNGLSUIFatz03Mf4YleFUsEmuk2qWIB1in7UtlRgx7Y9nl07IkVV6JIyVLWnITP06McZI61EU2M4IzUD/9KbiX147NWHFH3OZpIZJOl8UpoKYmEzfJj2uGDViZAlSxe2thA5QITU2nJwN4fNT8j9pnBQ9y69PC9WLRRxZOIBDOAYPylCFK6hBHSiEcA+P8OQMnQfn2XmZt2acxcw+fIPz+gG1q417</latexit><latexit sha1_base64="eSXaP9yejm30sgWRsi8mfjW9ZAA=">AAAB6XicbVBNSwMxEJ3Ur1q/qh69BIvgqexasfVW9OKxiv2AdinZNNuGZrNLkhXK0n/gxYMiXv1H3vw3ptsKan0w8Hhvhpl5fiy4No7ziXIrq2vrG/nNwtb2zu5ecf+gpaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fD3z2w9MaR7JezOJmReSoeQBp8RY6Y7gfrHklC9rF5VKFS8Tt+xkKMECjX7xozeIaBIyaaggWnddJzZeSpThVLBpoZdoFhM6JkPWtVSSkGkvzS6d4hOrDHAQKVvS4Ez9OZGSUOtJ6NvOkJiR/uvNxP+8bmKCmpdyGSeGSTpfFCQCmwjP3sYDrhg1YmIJoYrbWzEdEUWoseEUshDmn+Jl8h1C66zsWn57XqpfLeLIwxEcwym4UIU63EADmkAhgEd4hhc0Rk/oFb3NW3NoMXMIv4DevwC0VY14</latexit><latexit sha1_base64="eSXaP9yejm30sgWRsi8mfjW9ZAA=">AAAB6XicbVBNSwMxEJ3Ur1q/qh69BIvgqexasfVW9OKxiv2AdinZNNuGZrNLkhXK0n/gxYMiXv1H3vw3ptsKan0w8Hhvhpl5fiy4No7ziXIrq2vrG/nNwtb2zu5ecf+gpaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fD3z2w9MaR7JezOJmReSoeQBp8RY6Y7gfrHklC9rF5VKFS8Tt+xkKMECjX7xozeIaBIyaaggWnddJzZeSpThVLBpoZdoFhM6JkPWtVSSkGkvzS6d4hOrDHAQKVvS4Ez9OZGSUOtJ6NvOkJiR/uvNxP+8bmKCmpdyGSeGSTpfFCQCmwjP3sYDrhg1YmIJoYrbWzEdEUWoseEUshDmn+Jl8h1C66zsWn57XqpfLeLIwxEcwym4UIU63EADmkAhgEd4hhc0Rk/oFb3NW3NoMXMIv4DevwC0VY14</latexit><latexit sha1_base64="eSXaP9yejm30sgWRsi8mfjW9ZAA=">AAAB6XicbVBNSwMxEJ3Ur1q/qh69BIvgqexasfVW9OKxiv2AdinZNNuGZrNLkhXK0n/gxYMiXv1H3vw3ptsKan0w8Hhvhpl5fiy4No7ziXIrq2vrG/nNwtb2zu5ecf+gpaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fD3z2w9MaR7JezOJmReSoeQBp8RY6Y7gfrHklC9rF5VKFS8Tt+xkKMECjX7xozeIaBIyaaggWnddJzZeSpThVLBpoZdoFhM6JkPWtVSSkGkvzS6d4hOrDHAQKVvS4Ez9OZGSUOtJ6NvOkJiR/uvNxP+8bmKCmpdyGSeGSTpfFCQCmwjP3sYDrhg1YmIJoYrbWzEdEUWoseEUshDmn+Jl8h1C66zsWn57XqpfLeLIwxEcwym4UIU63EADmkAhgEd4hhc0Rk/oFb3NW3NoMXMIv4DevwC0VY14</latexit><latexit sha1_base64="eSXaP9yejm30sgWRsi8mfjW9ZAA=">AAAB6XicbVBNSwMxEJ3Ur1q/qh69BIvgqexasfVW9OKxiv2AdinZNNuGZrNLkhXK0n/gxYMiXv1H3vw3ptsKan0w8Hhvhpl5fiy4No7ziXIrq2vrG/nNwtb2zu5ecf+gpaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fD3z2w9MaR7JezOJmReSoeQBp8RY6Y7gfrHklC9rF5VKFS8Tt+xkKMECjX7xozeIaBIyaaggWnddJzZeSpThVLBpoZdoFhM6JkPWtVSSkGkvzS6d4hOrDHAQKVvS4Ez9OZGSUOtJ6NvOkJiR/uvNxP+8bmKCmpdyGSeGSTpfFCQCmwjP3sYDrhg1YmIJoYrbWzEdEUWoseEUshDmn+Jl8h1C66zsWn57XqpfLeLIwxEcwym4UIU63EADmkAhgEd4hhc0Rk/oFb3NW3NoMXMIv4DevwC0VY14</latexit>

ln a
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Kination enhances small-
scale density perturbations,
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Kination enhances small-
scale density perturbations,

which leads to increased 
small-scale inhomogeneity 

and more microhalos.   
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•P2H method gives boost due to 
kination. 

•Significant boosts require 

•If DM decouples from SM, these 
scenarios have the largest 
annihilation cross sections. 
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Big Bang Nucleosynthesis (BBN) Today

 25

1015 GeV & T & 10�3 GeV
•There is a gap in the cosmological record between inflation and neutrino 

decoupling: 

•Dark matter is likely produced in this gap!  

•An early matter-dominated era (EMDE) and a period of kination both 
enhance the abundance of dark matter microhalos.

•We can use CMB, 21cm, and gamma-ray observations to probe the 
evolution of the early Universe and narrow the field of thermal relics.

•Signal depends strongly on cut-off scale, which is another window into the 
dark sector.
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Reheat Temperature = Temperature at Radiation Domination

C. Light element abundances

We now investigate how the big bang nucleosynthesis is
affected by the nonthermal neutrino distributions and/or
the neutrino oscillations. We calculate the light element (D,
4He, and 7Li) abundances as functions of TR, again with
and without the neutrino oscillations. The cosmological
effects of incomplete neutrino thermalization are most
strikingly seen in 4He abundance since electron-type neu-
trinos play a special role in determining the rate of neutron-
proton conversion during BBN. This has been already
known from the previous papers, Refs. [21,22], in which
the oscillations are neglected, but we find that the neutrino
oscillations prominently matter in regard to the TR depen-
dence of 4He abundance.

We show how Yp varies with respect to TR in Fig. 4. This
is calculated by plugging the solutions of the evolution
equations derived in Sec. II into the Kawano BBN code
[45] (with updated reaction rates compiled by Angulo et al.
[46]). Required modifications are the temperature depen-
dence of the neutron-proton conversion rates, !n!p and
!p!n, and the evolution equation for the photon tempera-
ture. The calculation of !n$p (see e.g. Ref. [47]) involves
the integration of the electron neutrino distribution func-
tion f!e

which does not necessarily take the Fermi distri-
bution form in our case. For the photon temperature
evolution, the contributions from " and neutrinos are
supplemented in the same way as Eq. (23).

There are two effects caused by incomplete thermaliza-
tion of neutrinos competing to make up the dependence of
Yp on TR as shown in Fig. 4: slowing down of the expan-
sion rate and decreasing in !n$p. The former is just a result
of the decrease in the neutrino energy density (of all

species). The latter is due to the deficit in f!e
. They com-

pete in a sense that they work in opposite ways to deter-
mine the epoch of neutron-to-proton ratio freeze-out: the
former makes it later and the latter makes it earlier. Then,
the competition fixes the n-p ratio at the beginning of
nucleosynthesis and eventually determines Yp. Roughly
speaking, for larger TR, the former dominates to decrease
Yp but, for smaller TR, the latter dominates and increases
Yp. This is clearly seen in the case without the oscillations
but not for the case including the oscillations because the
incompleteness in the !e thermalization is made severer by
the mixing [see panels (c) and (d) in Fig. 1] and this effect
dominates already at high TR.

Before going forward, it may be worthwhile to look
slightly more into the explanation of the TR dependence
of Yp. First, let us forget about modifying !n$p or tem-
perature evolution and just calculate 4He abundance using
thermally distributed neutrinos with N!’s indicated in
Fig. 3 for each value of TR. This corresponds to including
the effect of slowing down the expansion rate due to the
incomplete thermalization but neglecting the electron neu-
trino deficiency. Accordingly, lowering TR only acts to
delay the n-p ratio freeze-out and decrease Yp (shown by
the thinner curves in Fig. 4). In an actual low reheating
temperature scenario, a lack of !e reduces !n$p. This
counterbalances the effect of slowing down expansion
and boosts Yp in total at lower TR. To see this is really
the case, we plot !n!p for some values of TR in Fig. 5. We
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FIG. 4 (color online). The 4He abundance (mass fraction) Yp
as a function of the reheating temperature TR (shown on the
bottom abscissa) or the decay width ! (shown on the top
abscissa). The cases with and without the oscillations are drawn,
respectively, by the solid and dashed curves. Thinner curves are
calculated with Fermi distributed neutrinos with N! of Fig. 3
(namely, only the change in the expansion rate due to the
incomplete thermalization is taken into account). The horizontal
line represents ‘‘standard’’ Yp calculated by BBN with neutrinos
obeying the Fermi distribution and N! ! 3:04. The baryon-to-
photon ratio is fixed at # ! 5" 10#10.
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the effect of slowing down the expansion rate due to the
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Lowering the reheat temperature results in fewer neutrinos.
•slower expansion rate during BBN

•neutrino shortage gives earlier neutron 
freeze-out; more helium

•earlier matter-radiation equality affects CMB

TRH �> 3 MeV
Ichikawa, Kawasaki, Takahashi 2005; 2007

de Bernardis, Pagano, Melchiorri 2008
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Dark matter annihilation rate: � =
h�vi
2m2

�

Z
⇢2(r)d3r ⌘ h�vi

2m2
�

J

Boost Factor assuming that microhalos forming at      survive:
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Observational Constraints

 29

The isotropic gamma-ray background significantly restricts the field 
of viable thermal relics.

Sten Delos, Tim Linden, ALE 2019 �
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Dark matter annihilation within early-forming microhalos dominates 
all other emission, mimicking the signal of decaying dark matter. 

•Annihilation rate per DM mass 
is set by the density within the 
first halos and is constant in 
time and space. 

•Can translate into an effective 
decay rate:

•For hidden sector dark matter, 
the isotropic gamma-ray 
background provides powerful 
constraints.

Blanco, Delos, ALE, Hooper 2019
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Cannibalism’s Lingering Impact

 31

ALE, Pranjal Ralegankar, 
Jessie Shelton 2022  

If cannibal interactions freeze-out before the cannibal field becomes 
dominant, cannibalism still sets the minimum halo mass!



Mitchell Conference:  May 16, 2023Adrienne Erickcek

Kinetic Decoupling during an EMDE

 32

First potential source of a small-scale cut-off: 
interactions between dark matter and relativistic particles
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Interactions do not significantly suppress the perturbations,
even if the dark matter remains coupled to the relativistic particles 
well into the EMDE... 

Isaac Waldstein, ALE, Charlie Mace, Cosmin Ilie, coming soon 



Mitchell Conference:  May 16, 2023Adrienne Erickcek

Kinetic Decoupling during an EMDE

 32

First potential source of a small-scale cut-off: 
interactions between dark matter and relativistic particles

10-1

100

101

102

103

104

105

106

100 102 104 106 108 1010 1012

|δ
| /

 Φ
0

scale factor (a)

Horizon Entry

γ = H

Reheating

|δφ| ∝ a

mχ = 4000 GeV

TRH = 5 GeV

k = 158.1 kRH = 9.96 kdec

|δχ|
|δr|
|δφ|

|δχ
γ = 0|

100

102

104

106

108

1010

100 102 104 106 108 1010 1012
|δ

| /
 Φ

0
scale factor (a)

Horizon Entry
γ = H Reheating

|δφ| ∝ a

mχ = 4000 GeV
TRH = 5 GeV
k = 15811 kRH = 996 kdec

|δχ|
|δr|
|δφ|

|δχ
γ = 0|

Interactions do not significantly suppress the perturbations,
even if the dark matter remains coupled to the relativistic particles 
well into the EMDE... 

Isaac Waldstein, ALE, Charlie Mace, Cosmin Ilie, coming soon 



Mitchell Conference:  May 16, 2023Adrienne Erickcek

Kinetic Decoupling during an EMDE

 32

First potential source of a small-scale cut-off: 
interactions between dark matter and relativistic particles

10-1

100

101

102

103

104

105

106

100 102 104 106 108 1010 1012

|δ
| /

 Φ
0

scale factor (a)

Horizon Entry

γ = H

Reheating

|δφ| ∝ a

mχ = 4000 GeV

TRH = 5 GeV

k = 158.1 kRH = 9.96 kdec

|δχ|
|δr|
|δφ|

|δχ
γ = 0|

100

102

104

106

108

1010

100 102 104 106 108 1010 1012
|δ

| /
 Φ

0
scale factor (a)

Horizon Entry
γ = H Reheating

|δφ| ∝ a

mχ = 4000 GeV
TRH = 5 GeV
k = 15811 kRH = 996 kdec

|δχ|
|δr|
|δφ|

|δχ
γ = 0|

Interactions do not significantly suppress the perturbations,
even if the dark matter remains coupled to the relativistic particles 
well into the EMDE... 

Isaac Waldstein, ALE, Charlie Mace, Cosmin Ilie, coming soon 

100

102

104

106

108

1010

100 102 104 106 108 1010 1012

|δ
| /

 Φ
0

scale factor (a)

Horizon Entry

γ = H

Reheating
|δφ| ∝ a

mχ = 4000 GeV
TRH = 5 GeV
k = 15811 kRH = 17390 kdec

|δχ|
|δr|
|δφ|

|δχ
γ = 0|

see also Choi, Gong, Shin 2015  
and even through reheating!
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The DM temperature

 33

momentum transfer rate  

expansion rate 
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Quasidecoupling can’t last forever 
— what’s really going on?
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Quasi-Decoupling Reconsidered

 34
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This is true for cold DM prior to kinetic decoupling, but it is 
violated after that as the DM cools faster than the radiation.

The temperature evolution eqn.
assumes that each collision imparts a small change to the DM 
particles’ momentum.

a
dT�

da
+ 2T� = �2

�

H
(T� � T )

Isaac Waldstein, ALE, Charlie Mace, Cosmin Ilie, coming soon 
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This is true for cold DM prior to kinetic decoupling, but it is 
violated after that as the DM cools faster than the radiation.

•Radiation domination: violation after it’s no longer relevant.

•EMDE: violation shortly before collision rate equals Hubble rate.

•EMDE: dark matter particles experience collisions with hot leptons that greatly 
increase their momenta.

•Let’s simulate this!

The temperature evolution eqn.
assumes that each collision imparts a small change to the DM 
particles’ momentum.

a
dT�

da
+ 2T� = �2

�

H
(T� � T )

Isaac Waldstein, ALE, Charlie Mace, Cosmin Ilie, coming soon 
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Charlie Mace, ALE, coming soon 

Temperature 
based on median 
momentum

Temperature 
based on mean 
momentum

Quasi-decoupling 
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We’re left with a broad velocity 
distribution that is much colder 
than quasi-decoupling would 

predict, but still hotter than std.


