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E.g. Helium-4 mass fraction
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⇢(1H)
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4

Combining input from nuclear/particle physics and cosmology, 
we can predict the abundances quite precisely

Figure taken from Baumann Cosmology
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Combining input from nuclear/particle physics and cosmology, 
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PDG (2022)

Observations from primordial gas clouds



Photodisintegration
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Probe of BSM physics
Can use the observations of lightest elements to constrain BSM physics:

BSM physics during BBN:

• Existence of new light degrees of freedom 

• Changes to the fundamental coupling constants

Or after BBN: photodisintegration

<latexit sha1_base64="/nuo/ryxhbD/uhobcetR41EHuEQ="></latexit>

m� & 10MeV (thermal relic)

<latexit sha1_base64="vMlIGbTbPg605D1f/7ENaUmm3eA="></latexit>

GF ,↵EM , ...
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Probe of BSM physics

Exotic EM energy injection (from BSM Physics) can destroy the newly formed elements

e.g. DM annihilations
<latexit sha1_base64="sOx1vO8ue47yEIgxttzQekJKa3g="></latexit>

��̄ ! e�e+/��

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

Can use the observations of lightest elements to constrain BSM physics:

BSM physics during BBN:

• Existence of new light degrees of freedom 

• Changes to the fundamental coupling constants

Or after BBN: photodisintegration

<latexit sha1_base64="/nuo/ryxhbD/uhobcetR41EHuEQ="></latexit>

m� & 10MeV (thermal relic)

<latexit sha1_base64="vMlIGbTbPg605D1f/7ENaUmm3eA="></latexit>

GF ,↵EM , ...
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Photodisintegration window

Photodisintegration is sensitive to specific temperature range

At early times highly energetic photons are rapidly depleted 
from pair creation

<latexit sha1_base64="D4nJh0E3ePnalQBDrbcjexP2/rs="></latexit>

��th ! e+e�

Temperature threshold is 
<latexit sha1_base64="nrYtd2dDd9901TsAvD3BAvcErco="></latexit>

Eth
e+e� ' m2

e

22T

Light element abundances
<latexit sha1_base64="WgiWFE7NnhSzVC8Z7a6hjyEzOP0="></latexit>

N 2 {n, p,D,3 H,3 He,4 He,7 Li,7 Be}

from Kawasaki and Moroi (1995) [astro-ph/9412055]

~ # photons

Photon energy
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Photodisintegration window

<latexit sha1_base64="ea+QecYKYlGNxpzxuci08ZoNX3I="></latexit>

T 2 [10�7, 10�2] MeV

Photodisintegration is sensitive to specific temperature range

: well after standard BBN has ended

At early times highly energetic photons are rapidly depleted 
from pair creation

Light element abundances
<latexit sha1_base64="WgiWFE7NnhSzVC8Z7a6hjyEzOP0="></latexit>

N 2 {n, p,D,3 H,3 He,4 He,7 Li,7 Be}

At late times, the DM fluid is too diluted for effective annihilations

<latexit sha1_base64="D4nJh0E3ePnalQBDrbcjexP2/rs="></latexit>

��th ! e+e�

Temperature threshold is 
<latexit sha1_base64="nrYtd2dDd9901TsAvD3BAvcErco="></latexit>

Eth
e+e� ' m2

e

22T

from Kawasaki and Moroi (1995) [astro-ph/9412055]

~ # photons

Photon energy
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<latexit sha1_base64="ZigkFSPbrIfCM+vSo1YOSsQC+jM="></latexit>

fX(E) =
1

�X(E)

⇣
SX(E)| {z }

source term

+

Z 1

E
dE0

X

X0

KX0!X(E,E0)fX0(E0)| {z }
conversion/scattering

⌘

Solve the cascade equations for 
<latexit sha1_base64="rcK5sEN6uYjgySS7K23Ua/Z6Rjs="></latexit>

X 2 {�, e�, e+}

Cascade equations
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<latexit sha1_base64="ZigkFSPbrIfCM+vSo1YOSsQC+jM="></latexit>

fX(E) =
1

�X(E)

⇣
SX(E)| {z }

source term

+

Z 1

E
dE0

X

X0

KX0!X(E,E0)fX0(E0)| {z }
conversion/scattering

⌘

Solve the cascade equations for 
<latexit sha1_base64="rcK5sEN6uYjgySS7K23Ua/Z6Rjs="></latexit>

X 2 {�, e�, e+}

Cascade equations

<latexit sha1_base64="w4xlU3v2IpbZK0PBL5TPcuZnCY0="></latexit>

SX(E) = S(0)
X �(E �m�) + SFSR

X (E)

Source term contains monochromatic energy injections and final state 
radiation (FSR) contribution

<latexit sha1_base64="C+S7C4/EZPUbkFecl1Iy4xULsIk="></latexit>

S(0)
X / n2

�h�vi��!XX

<latexit sha1_base64="vI89SKLxXgKTyaHM8K94TlgkyU0="></latexit>

SFSR
� / n2

�h�vi��!e+e�

Monochromatic injection depends on the coupling to photons/electrons

Final state radiation source accounts for                            interactions
<latexit sha1_base64="KwigrQesMtlA3UGcH2Lo3/3xumo="></latexit>

�� ! e+e��
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<latexit sha1_base64="ZigkFSPbrIfCM+vSo1YOSsQC+jM="></latexit>

fX(E) =
1

�X(E)

⇣
SX(E)| {z }

source term

+

Z 1

E
dE0

X

X0

KX0!X(E,E0)fX0(E0)| {z }
conversion/scattering

⌘

Solve the cascade equations for 
<latexit sha1_base64="rcK5sEN6uYjgySS7K23Ua/Z6Rjs="></latexit>

X 2 {�, e�, e+}

Cascade equations

The injected particles scatter via interactions:

• .
• .
• .

• .
•

<latexit sha1_base64="D4nJh0E3ePnalQBDrbcjexP2/rs="></latexit>

��th ! e+e�
<latexit sha1_base64="zrLmmTV0dqqu/DxRQlLlGK22bds="></latexit>

��th ! ��
<latexit sha1_base64="F+omTBRsCkBztsFiVUq+X5U2JGw="></latexit>

�N ! Ne+e�

<latexit sha1_base64="gNmGXbur8IXWzqnq8bD6TgpYyrE="></latexit>

�e�th ! �e�
<latexit sha1_base64="OcKUheRBjZWZzK7oKYERpEF9ZJk="></latexit>

e±�th ! e±�
<latexit sha1_base64="w4xlU3v2IpbZK0PBL5TPcuZnCY0="></latexit>

SX(E) = S(0)
X �(E �m�) + SFSR

X (E)

Source term contains monochromatic energy injections and fi


<latexit sha1_base64="C+S7C4/EZPUbkFecl1Iy4xULsIk="></latexit>

S(0)
X / n2

�h�vi��!XX

<latexit sha1_base64="vI89SKLxXgKTyaHM8K94TlgkyU0="></latexit>

SFSR
� / n2

�h�vi��!e+e�

Monochromatic injection depends on the coupling to photons/electrons

Final state radiation source accounts for                            interactions
<latexit sha1_base64="KwigrQesMtlA3UGcH2Lo3/3xumo="></latexit>

�� ! e+e��
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In principle complicated system —> ACROPOLIS

<latexit sha1_base64="Gbwp/S3i0IC4DsZ2mbDIulddBVE="></latexit>

dT

dt

dYN

dT
=
X

Ni

YNi

Z 1

0
dEf�(E)��+Ni!N (E)

| {z }
creation

� YN

X

Nf

Z 1

0
dEf�(E)��+N!Nf (E)

| {z }
destruction

Light element abundances
 are tracked via

<latexit sha1_base64="WgiWFE7NnhSzVC8Z7a6hjyEzOP0="></latexit>

N 2 {n, p,D,3 H,3 He,4 He,7 Li,7 Be}

Depta, Hufnagel, Schmidt-Hoberg (2021) 

Tracking the abundances



Why resonant annihilations?
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Why resonant annihilations?
Consider dark sector with resonance

<latexit sha1_base64="9KV0thXSp6E2TG1aNQysO/pDJpQ="></latexit>

mR ⌘ m�(2 + �R), �R ⌧ 1
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Intermezzo: core vs cusp

21

DM density profiles: how the DM is distributed in a (galaxy/cluster) halo

Self-interactions alter the DM halo shape

Collisionless dark matter (CDM) predicts cuspy Navarro-Frenk-White profile

<latexit sha1_base64="o78JMI1GwM7gLdBd5OlzFdH5C6I="></latexit>

⇢(r)NFW / (r/rs)
�1(1 + r/rs)

�2

CDM

Del Popolo et al. [2209.14151]
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Intermezzo: core vs cusp

22

DM density profiles: how the DM is distributed in a (galaxy/cluster) halo

Self-interactions alter the DM halo shape

Collisionless dark matter (CDM) predicts cuspy Navarro-Frenk-White profile

<latexit sha1_base64="o78JMI1GwM7gLdBd5OlzFdH5C6I="></latexit>

⇢(r)NFW / (r/rs)
�1(1 + r/rs)

�2

Self-interacting DM (SIDM) predicts core-like profile: NFW at large , in center 
efficient heat transfer (isothermal)

r

<latexit sha1_base64="aLA+32dCUsSN5OsV3/ejyS2TTGI="></latexit>

⇢(r)SIDM /
(
const. r ⌧ r1
⇢(r)NFW r � r1

CDM

SIDM

Del Popolo et al. [2209.14151]
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Observations hint* at SIDM density profiles with self-interaction 
strengths

23

Intermezzo: resonant self-scattering

●

●

●

●

●

● ●

●

●

●

●

● ●

●

●

●●

●

0.1cm
2 /g

1cm
2 /g

10cm
2 /g

P1

P1: m̃= 400 MeV

vR=108 km/s

(mR /m-2=10-7.5)

γ=10-3

σ0/m=0.1cm2/g

101 102 103 104

100

101

102

103

<v> (km/s)

<
σ

v
>
/m

(c
m

2
/g

×
km

/s
)

Adapted from Chu et al. [1810.04709]

<latexit sha1_base64="SzheGkQXMKk3HWpIJnaPgSXphyo="></latexit> �

m
⇠ 0.1� 1 cm2/g

and velocity dependence to accommodate observations at different 
scales

*jury’s still out on this one
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Intermezzo: resonant self-scattering

●

●

●

●

●

● ●
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●

●

●

● ●
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●

●●

●

0.1cm
2 /g

1cm
2 /g

10cm
2 /g

P1

P1: m̃= 400 MeV

vR=108 km/s

(mR /m-2=10-7.5)

γ=10-3

σ0/m=0.1cm2/g

101 102 103 104

100

101

102

103

<v> (km/s)

<
σ

v
>
/m

(c
m

2
/g

×
km

/s
)

Adapted from Chu et al. [1810.04709]

and velocity dependence to accommodate observations at different 
scales

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄ <latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

For any electrophilic model, we also expect (sizeable) self-interactions

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R <latexit sha1_base64="aVBZYjUh4IgrApry9O/Q9nNyVQw="></latexit>)

Observations hint* at SIDM density profiles with self-interaction 
strengths

<latexit sha1_base64="SzheGkQXMKk3HWpIJnaPgSXphyo="></latexit> �

m
⇠ 0.1� 1 cm2/g

*jury’s still out on this one
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Intermezzo: resonant self-scattering
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Adapted from Chu et al. [1810.04709]

and velocity dependence to accommodate observations at different 
scales

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄ <latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

For any electrophilic model, we also expect (sizeable) self-interactions

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R <latexit sha1_base64="aVBZYjUh4IgrApry9O/Q9nNyVQw="></latexit>)
Typical velocity peaks at galaxy halo sizes, which dictates 
resonance mass

<latexit sha1_base64="tn4IusC4UZcYXQZailHTL274h30="></latexit>

vR ⌘ 2
p

�R ⇠ 102 km/s ) �R ⇠ 10�8

Observations hint* at SIDM density profiles with self-interaction 
strengths

<latexit sha1_base64="SzheGkQXMKk3HWpIJnaPgSXphyo="></latexit> �

m
⇠ 0.1� 1 cm2/g

*jury’s still out on this one
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Why resonant annihilations?
Consider dark sector with resonance

For MeV scale DM, annihilations peak in photodisintegration window! 

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="9KV0thXSp6E2TG1aNQysO/pDJpQ="></latexit>

mR ⌘ m�(2 + �R), �R ⌧ 1

Injected power

Time

101 102 103 104 105 106 107

m¬/T

10°14

10°12

10°10

10°8

10°6

10°4

10°2

hæ
an

n
vi

[M
eV

°
2
] s-wave

p-wave

energy injection
irrelevant

Tkd = 0

Tkd = 0.1 MeV
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BBN constraints on resonant DM annihilationsPieter Braat 21-08-24 27

Why resonant annihilations?
Consider dark sector with resonance

For MeV scale DM, annihilations peak in photodisintegration window! 

We can write the annihilation cross section as
<latexit sha1_base64="wGApL/sfLcM5Dwi+xElAy3sgXd8="></latexit>

�res
ann =

4⇡S

m�E(v)

�d(v)�v(vf )/4

(E(v)� E(vR))2 + �(v)2/4
,

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="9KV0thXSp6E2TG1aNQysO/pDJpQ="></latexit>

mR ⌘ m�(2 + �R), �R ⌧ 1
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<latexit sha1_base64="oJtV5GJFBQ8p8rkpuG8cDIK45wo="></latexit>

m� = 10MeV

�R = 10�4

<latexit sha1_base64="ybhK4E/dp1tQkzozor6Yeh1Xldc="></latexit>

vR ⌘ 2
p
�R
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Why resonant annihilations?
Consider dark sector with resonance

For MeV scale DM, annihilations peak in photodisintegration window! 

We can write the annihilation cross section as
<latexit sha1_base64="wGApL/sfLcM5Dwi+xElAy3sgXd8="></latexit>

�res
ann =

4⇡S

m�E(v)

�d(v)�v(vf )/4

(E(v)� E(vR))2 + �(v)2/4
,

<latexit sha1_base64="ybhK4E/dp1tQkzozor6Yeh1Xldc="></latexit>

vR ⌘ 2
p
�R

Model independent setup!

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="7ZT1w8OyDnltPjUmtP4XCE5gI3g=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4cZiRPndFNy4r2Ie0pWTSTBuaZIYkI4xDv8ClW/0Id+LWr/Ab/AkzbQUreuDC4Zx7ufceL2RUacf5sDIrq2vrG9nN3Nb2zu5efv+gpYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUz99h2RigbiRsch6XM0EtSnGGkj3fY8JGEPj+kgX3Bsp1wtVcvQsd1SpVKrpaTouoa4tjNDASzQGOQ/e8MAR5wIjRlSqus6oe4nSGqKGZnmepEiIcITNCJdQwXiRPWT2cFTeGKUIfQDaUpoOFN/TiSIKxVzz3RypMfqt5eKf3ndSPvVfkJFGGki8HyRHzGoA5h+D4dUEqxZbAjCkppbIR4jibA2GS1t0XRyf+aTWHAkpiad7wjg/6R1brtlu3RdLNQvFjllwRE4BqfABRVQB1egAZoAAw4ewRN4th6sF+vVepu3ZqzFzCFYgvX+BRZIm18=</latexit>

�̄ <latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="3jbtt8EnXO6Z/Ffq+OHrnceQjeU=">AAACCnicdVDLSgNBEJz1/Tbq0ctgEARx3RXz8CZ68ahgVEyi9E56kyEzs8vMrBBD/sCjV/0Ib+LVn/Ab/AknMYKKFjQUVd10d0Wp4MYGwZs3Mjo2PjE5NT0zOze/sJhbWj4zSaYZVlgiEn0RgUHBFVYstwIvUo0gI4HnUfuw75/foDY8Uae2k2JdQlPxmDOwTrrEq83tWhOkhOtcPvCDYrlQLtLADwul0t5en+yGoSOhHwyQJ0McX+fea42EZRKVZQKMqYZBautd0JYzgb2ZWmYwBdaGJlYdVSDR1LuDi3t03SkNGifalbJ0oH6f6II0piMj1ynBtsxvry/+5VUzG5frXa7SzKJin4viTFCb0P77tME1Mis6jgDT3N1KWQs0MOtC+rHF8vbtVowdJUH1XDpfEdD/ydmOHxb9wslufv9gmNMUWSVrZIOEpET2yRE5JhXCiCL35IE8enfek/fsvXy2jnjDmRXyA97rB5xKm6Q=</latexit>

e+/�
<latexit sha1_base64="AHE1BJr73W4GvQYLiMkIrDGxDDA="></latexit>

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

<latexit sha1_base64="XscTJQ2LChi4M3l8SnMELPQSRwc="></latexit>⇠

<latexit sha1_base64="DYIJP1/k3qNaHBXyXeQ/560+jL0="></latexit>⇥

<latexit sha1_base64="6dgT0YQ30B2LckqgyYLJbelr4JA="></latexit>

�dmR
p2nd+1

m2nd+1
�

<latexit sha1_base64="XklxWOqch9ROHgAPsr99k2xAD3o="></latexit>

�vmR
p3

m3
�

<latexit sha1_base64="XscTJQ2LChi4M3l8SnMELPQSRwc="></latexit>⇠

<latexit sha1_base64="XscTJQ2LChi4M3l8SnMELPQSRwc="></latexit>⇠
<latexit sha1_base64="6v1BHbsLRTBGGhVXDPc6XXiAZ40="></latexit>

nd = 0 s�wave
<latexit sha1_base64="lG/+HVHkIWBD1D50ggTQhMituHk="></latexit>

nd = 1 p�wave

<latexit sha1_base64="WaHokTU+XSKhse8BXY2ztJLVAds="></latexit>

�d : dark coupling

�v : visible coupling

<latexit sha1_base64="9KV0thXSp6E2TG1aNQysO/pDJpQ="></latexit>
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<latexit sha1_base64="oJtV5GJFBQ8p8rkpuG8cDIK45wo="></latexit>

m� = 10MeV

�R = 10�4
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<latexit sha1_base64="auqpvKro1UTQwmaVG3qF0J13fm0="></latexit>

T�(T ) =

(
T for T � Tkd

TkdR(Tkd)2/R(T )2 for T < Tkd
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Temperature dependence
Injected energy depends on the thermally averaged cross section

with DM temperature

<latexit sha1_base64="pbVev95wFVtSaNeyYM/xPuyu5XE="></latexit>
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=
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Adapted from Depta et al. (2019) [arXiv.1901.06944] 

<latexit sha1_base64="D5u8cljMk2/Nm0321U3s3bCMatE="></latexit>

T�(T )

m�
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Temperature dependence
Injected energy depends on the thermally averaged cross section

with DM temperature

Kinetic decoupling when scattering becomes inefficient, i.e. when

Scattering is related to annihilation via crossing symmetry
<latexit sha1_base64="fJPGPXFpWEspMekfq7LgMZbhloM="></latexit>

��e�!�e� = C�v�d
p2

m4
�

, C = O(1)

<latexit sha1_base64="YVJZUq84jly38OMyzDkA1MOxmpQ="></latexit>

� = neh�vi�e!�e

��
T=Tkd

. H(Tkd)

<latexit sha1_base64="pbVev95wFVtSaNeyYM/xPuyu5XE="></latexit>

h�viann
T�⌧m�

=
4T 3/2

�
p
⇡m11/2

�

Z 1

0
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3
�p2�

<latexit sha1_base64="TXTVK5k+PCH+n9vzXBufhGB3+nY="></latexit>

T & me

<latexit sha1_base64="auqpvKro1UTQwmaVG3qF0J13fm0="></latexit>

T�(T ) =

(
T for T � Tkd

TkdR(Tkd)2/R(T )2 for T < Tkd
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<latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit> <latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit>

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R

Adapted from Depta et al. (2019) [arXiv.1901.06944] 

<latexit sha1_base64="D5u8cljMk2/Nm0321U3s3bCMatE="></latexit>

T�(T )

m�
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Temperature dependence
Injected energy depends on the thermally averaged cross section

with DM temperature

Kinetic decoupling when scattering becomes inefficient, i.e. when

Scattering is related to annihilation via crossing symmetry
<latexit sha1_base64="TXTVK5k+PCH+n9vzXBufhGB3+nY="></latexit>

T & me

The resonance and off-resonance contributions are

<latexit sha1_base64="fJPGPXFpWEspMekfq7LgMZbhloM="></latexit>
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, C = O(1)

<latexit sha1_base64="YVJZUq84jly38OMyzDkA1MOxmpQ="></latexit>

� = neh�vi�e!�e

��
T=Tkd

. H(Tkd)

<latexit sha1_base64="pbVev95wFVtSaNeyYM/xPuyu5XE="></latexit>

h�viann
T�⌧m�

=
4T 3/2

�
p
⇡m11/2

�

Z 1

0
dp2e�p2T�/m

3
�p2�

<latexit sha1_base64="auqpvKro1UTQwmaVG3qF0J13fm0="></latexit>
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<latexit sha1_base64="+cLCK1XV7RvWWpZvBYMUKbfHYTg="></latexit>
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R
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<latexit sha1_base64="+2yKQEm4xT40s0VASiaJiFMW9Vk="></latexit>
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Implementation in ACROPOLIS
<latexit sha1_base64="pdQmiXXbBVf1ae92MjJ2N0GutGk="></latexit>

ACROPOLIS
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Updated version of 
As of v.1.2.3, ACROPOLIS can handle two physical models;

• DecayMode: for decaying DM models

• AnnihilationModel.     : for DM annihilations

<latexit sha1_base64="ekj7jmL9sBfidK7apsK7ljwWsYc="></latexit>

ACROPOLIS

The updated v.1.3.0 introduces the new ResonanceModel : 
annihilations via resonant state

<latexit sha1_base64="WwkwxqpUOi16t0crKDeI4vJ+pxE="></latexit>

� ! e+e�/��

<latexit sha1_base64="j1oTde6ndRjZNXVvVjY1nmQhVXY="></latexit>

��̄ ! e+e�/��

<latexit sha1_base64="FddDZ4ASPcOnESwMWIXEO/OumNA="></latexit>

DecayModel

<latexit sha1_base64="vyE9Rs/QJsbNEErAWD0jg3UWilw="></latexit>

AnnihilationModel

<latexit sha1_base64="4IVeNivksZfYX0kI+W0dLqW2Tp4="></latexit>

ResonanceModel

<latexit sha1_base64="Hxx9bA8awaVOT658VBuwXT8coXk="></latexit>

��̄ ! R ! e+e�

<latexit sha1_base64="lRgqSZyxnbSajyMIW6AWswgBIcM="></latexit>

ACROPOLIS
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Updated version of 
As of v.1.2.3, ACROPOLIS can handle two physical models;

• DecayMode: for decaying DM models

• AnnihilationModel.     : for DM annihilations

<latexit sha1_base64="ekj7jmL9sBfidK7apsK7ljwWsYc="></latexit>

ACROPOLIS

The updated v.1.3.0 introduces the new ResonanceModel : 
annihilations via resonant state

Initialize the model:
<latexit sha1_base64="FaPiOuUX/llnNwl6iRKxf2yTt2k="></latexit>

# ext . models
from a c r o p o l i s . ext . models import ResonanceModel

# I n i t a l i z e the model
model = ResonanceModel (

mchi = 10 . ,
d e l t a = 1e −2,
gammad = 1e −5,
gammav = 1e −3,
nd = 0 ,
tempkd = 1e−2

)

<latexit sha1_base64="WwkwxqpUOi16t0crKDeI4vJ+pxE="></latexit>

� ! e+e�/��

<latexit sha1_base64="j1oTde6ndRjZNXVvVjY1nmQhVXY="></latexit>

��̄ ! e+e�/��

<latexit sha1_base64="FddDZ4ASPcOnESwMWIXEO/OumNA="></latexit>

DecayModel

<latexit sha1_base64="vyE9Rs/QJsbNEErAWD0jg3UWilw="></latexit>

AnnihilationModel

<latexit sha1_base64="4IVeNivksZfYX0kI+W0dLqW2Tp4="></latexit>

ResonanceModel

<latexit sha1_base64="Hxx9bA8awaVOT658VBuwXT8coXk="></latexit>

��̄ ! R ! e+e�

<latexit sha1_base64="lRgqSZyxnbSajyMIW6AWswgBIcM="></latexit>

ACROPOLIS

<latexit sha1_base64="UgyBo7VdQUCErtVDlBUtbEhb3ZM="></latexit>

m�
<latexit sha1_base64="+ZB3eEuAol2cVjr8mCetlCPW96A="></latexit>

�R
<latexit sha1_base64="/LOwSQVBgvDBzKP0WVFAvts8VVY="></latexit>

�d
<latexit sha1_base64="stThH5jWMJe826oZXcX4pJHjXR0="></latexit>

�v
<latexit sha1_base64="06boqDXI9pxntBlaiF3HSgHn/8w="></latexit>nd

<latexit sha1_base64="tQpc6RrjYX+jX/rTVHXyej3rPqA="></latexit>

Tkd
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Updated version of 
<latexit sha1_base64="ekj7jmL9sBfidK7apsK7ljwWsYc="></latexit>

ACROPOLIS

And run the code
<latexit sha1_base64="BV5Q6aoaR6KLKViYeFVFC3yFKz8="></latexit>

# Run p h o t o d i s i n t e g r a t i o n
Yf = model . run_d i s in t eg ra t i on ( )

Output will be the altered light element abundances with 
theoretical uncertainties

…………………………………
…………………………………
…………………………………
…………………………………
…………………………………
…………………………………

As of v.1.2.3, ACROPOLIS can handle two physical models;

• DecayMode: for decaying DM models

• AnnihilationModel.     : for DM annihilations

The updated v.1.3.0 introduces the new ResonanceModel : 
annihilations via resonant state

Initialize the model:
<latexit sha1_base64="FaPiOuUX/llnNwl6iRKxf2yTt2k="></latexit>

# ext . models
from a c r o p o l i s . ext . models import ResonanceModel

# I n i t a l i z e the model
model = ResonanceModel (

mchi = 10 . ,
d e l t a = 1e −2,
gammad = 1e −5,
gammav = 1e −3,
nd = 0 ,
tempkd = 1e−2

)

<latexit sha1_base64="WwkwxqpUOi16t0crKDeI4vJ+pxE="></latexit>

� ! e+e�/��

<latexit sha1_base64="j1oTde6ndRjZNXVvVjY1nmQhVXY="></latexit>

��̄ ! e+e�/��

<latexit sha1_base64="vyE9Rs/QJsbNEErAWD0jg3UWilw="></latexit>

AnnihilationModel

<latexit sha1_base64="4IVeNivksZfYX0kI+W0dLqW2Tp4="></latexit>

ResonanceModel

<latexit sha1_base64="Hxx9bA8awaVOT658VBuwXT8coXk="></latexit>

��̄ ! R ! e+e�

<latexit sha1_base64="lRgqSZyxnbSajyMIW6AWswgBIcM="></latexit>

ACROPOLIS

<latexit sha1_base64="UgyBo7VdQUCErtVDlBUtbEhb3ZM="></latexit>

m�
<latexit sha1_base64="+ZB3eEuAol2cVjr8mCetlCPW96A="></latexit>

�R
<latexit sha1_base64="/LOwSQVBgvDBzKP0WVFAvts8VVY="></latexit>

�d
<latexit sha1_base64="stThH5jWMJe826oZXcX4pJHjXR0="></latexit>

�v
<latexit sha1_base64="06boqDXI9pxntBlaiF3HSgHn/8w="></latexit>nd

<latexit sha1_base64="tQpc6RrjYX+jX/rTVHXyej3rPqA="></latexit>

Tkd

<latexit sha1_base64="FddDZ4ASPcOnESwMWIXEO/OumNA="></latexit>

DecayModel
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 Benchmark models and parameter space scans

<latexit sha1_base64="2yTXMyCAabM4if3rtMFiYYXGgsU="></latexit>
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Code works for any model that features a resonant state, but we provide 
three benchmark models

Allows dynamical determination of the decoupling temperature

<latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit> <latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit>
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 Benchmark models and parameter space scans
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Code works for any model that features a resonant state, but we provide 
three benchmark models

Running a parameter space scan for BM model 3 
for  points in the  planeN × N mχ − γv

Allows dynamical determination of the decoupling temperature

<latexit sha1_base64="1ITwXmaASIFiMbF9tzcDW2XeiEo="></latexit>

# scans
from a c r o p o l i s . scans import BufferedScanner , ScanParameter
# ext . benchmarks
from a c r o p o l i s . ext . benchmarks import BenchmarkModel3

scan_resu l t = Buf feredScanner ( BenchmarkModel3 ,
mchi = ScanParameter (0 , 3 , N) ,
d e l t a = 1e −2,
gammad = 1e −3,
gammav = ScanParameter (−14 , −2, N) ,

) . perform_scan ( co r e s=−1)

<latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit> <latexit sha1_base64="TdRZdnCKBARyXqifFLQ3w/ZkfiM="></latexit>

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="ruFhzPoq8w0d1tr025PYbvAXWlk=">AAACBHicdVDLSgMxFM34rPVVdekmWAQ3DjPS567oxmUF+4B2KJk004YmmSHJCOPQrUu3+hHuxK3/4Tf4E2baClb0wIXDOfdy7z1+xKjSjvNhrayurW9s5rby2zu7e/uFg8O2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv7kKvM7d0QqGopbnUTE42gkaEAx0pnUx2M6KBQd26nUyrUKdGy3XK3W6xkpua4hru3MUAQLNAeFz/4wxDEnQmOGlOq5TqS9FElNMSPTfD9WJEJ4gkakZ6hAnCgvnd06hadGGcIglKaEhjP150SKuFIJ900nR3qsfnuZ+JfXi3VQ81IqolgTgeeLgphBHcLscTikkmDNEkMQltTcCvEYSYS1iWdpi6aT+/OAJIIjMTXpfEcA/yftC9ut2OWbUrFxucgpB47BCTgDLqiCBrgGTdACGIzBI3gCz9aD9WK9Wm/z1hVrMXMElmC9fwGXzpl8</latexit>

�

<latexit sha1_base64="zivgaZ/dohaRiZAOQBAb1KPTovg=">AAACCnicdVDLSgNBEJz1Gd9Rj14Gg+DFdVfMw1vQi0cFo2ISpXfSG4fMzC4zs0IM+QOPXvUjvIlXf8Jv8CecxAgqWtBQVHXT3RWlghsbBG/e2PjE5NR0bmZ2bn5hcSm/vHJqkkwzrLFEJPo8AoOCK6xZbgWepxpBRgLPos7BwD+7QW14ok5sN8WmhLbiMWdgnXSBl1vbjTZICVf5QuAHpUqxUqKBHxbL5b29AdkNQ0dCPxiiQEY4usq/N1oJyyQqywQYUw+D1DZ7oC1nAvuzjcxgCqwDbaw7qkCiafaGF/fphlNaNE60K2XpUP0+0QNpTFdGrlOCvTa/vYH4l1fPbFxp9rhKM4uKfS6KM0FtQgfv0xbXyKzoOgJMc3crZdeggVkX0o8tlndut2LsKgmq79L5ioD+T053/LDkF493C9X9UU45skbWySYJSZlUySE5IjXCiCL35IE8enfek/fsvXy2jnmjmVXyA97rB5+Sm6Y=</latexit>

e�/�

<latexit sha1_base64="qW69PgxBX8VvhFSidCNBEoqpSkg=">AAACCHicdVDLSgMxFM34rPVVdekmWARXw4zY10YKblyqtFbolJLJ3GpokhmSjFKG/oBu9T/ciVv/wt/wC8y0FVT0QODcc+7l3pww4Uwbz3t35uYXFpeWCyvF1bX1jc3S1valjlNFoU1jHqurkGjgTELbMMPhKlFARMihEw5Pcr9zC0qzWLbMKIGeINeSDRglxkrnF/1S2XO9ar1Sr2LP9Su1WqORkyPft8R3vQnKaIazfukjiGKaCpCGcqJ11/cS08uIMoxyGBeDVENC6JBcQ9dSSQToXjY5dIz3rRLhQazskwZP1O8TGRFaj0RoOwUxN/q3l4t/ed3UDOq9jMkkNSDpdNEg5djEOP81jpgCavjIEkIVs7diekMUocZmUwwk3NFYCCKjLGgNo3HW6gf5EiUyW41tSF9J4P/J5aHrV93K+VG5eTyLq4B20R46QD6qoSY6RWeojSgC9IAe0ZNz7zw7L87rtHXOmc3soB9w3j4BaxKbTw==</latexit>

R



Results



BBN constraints on resonant DM annihilationsPieter Braat 28-08-24 39

What happens to the abundances?

Non-resonant annihilations

Away from the resonance, the annihilation strength is
<latexit sha1_base64="wDOfTVcvMVVejUY3dXJQxo8uzno="></latexit>
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What happens to the abundances?
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Use BBN observations
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3He/D high
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Yp = 0.245± 0.003,

D/1H = (25.47± 0.25)⇥ 10
�6

3
He/D = (8.3± 1.5)⇥ 10

�1

PDG (2022)

Geiss and Gloecker (2003)

Deuterium abundance is most sensitive to the photodisintegration

Non-resonant annihilations

Away from the resonance, the annihilation strength is
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Can identify three regions; 

• Large : resonance peaks too early

• Intermediate : strong resonance peak

• Small : the resonance bounds are weaker than the non-resonant case

Overall; 

• the -wave resonances are stronger

• strong  dependence
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 dependenceTkd
Low masses: early decoupling suppresses resonance effect

If decoupling happens significantly late, resonance model suffers from stronger bounds



BBN constraints on resonant DM annihilationsPieter Braat 21-08-24

10°4 10°3 10°2 10°1 100 101

Tkd [MeV]

10°32

10°30

10°28

10°26

10°24

10°22

10°20

10°18

10°16

10°14

b
[c

m
3 /s

]

mc = 100 MeV

BBN excluded "

no res
dR = 10°2

dR = 10°3

dR = 10°4

dR = 10°6

dR = 10°8

43

 dependenceTkd
Low masses: early decoupling suppresses resonance effect

If decoupling happens significantly late, resonance model suffers from stronger bounds

Larger masses: -wave resonance barely noticeables

For -wave, the narrow resonances are strongly constrainedp

Across the board: larger masses are typically less constrained
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Results ( -wave), fixed s Tkd
Fixed : resonance effect is observable if the decoupling temperature is low enoughTkd
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Results ( -wave), dynamical s Tkd

Dynamically determined : the resonance is not effective as Tkd Tkd ≳ 1 MeV
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Results ( -wave), fixed p Tkd
For -wave, the resonance effect is typically stronger p
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Results ( -wave), dynamical p Tkd
For -wave, the resonance effect is typically stronger p

Dynamical : resonance models are more strongly constrained 
compared to vanilla annihilations

Tkd

Bounds are weaker than -wave, so later decouplings
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Conclusions
• BBN can place stringent bounds on exotic energy injection in the early universe, such as (resonant) - or -wave DM annihilations

• Resonant DM models offer an intriguing solution to the cusp-core problem

• Decoupling temperature greatly impacts the constraints; if in thermal equilibrium long enough, resonance model suffers from 
stronger bounds* 

• *If the resonance is too narrow (i.e. small mass splitting), the bounds can actually get weaker

• Determining the decoupling dynamically for the benchmark models, -wave resonance does not suffer from increased bounds, 
whereas -wave does

• Want to use the code yourself? Will be included in an upcoming version of ACROPOLIS: check the GitHub!

s p

s
p

https://github.com/hep-mh/acropolis
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Why is the difference between - and -wave so pronounced?s p
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