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What is a good DM candidate?

Dark Matter is only observed through its gravitational fingerprints from galactic scales to the CMB 

Gravitational observations do not select a preferred DM mass scale: huge landscape of candidates



What is a good DM candidate ?

Gravitational observations do not select a preferred DM mass scale: huge landscape of candidates

Dark Matter is only observed through its gravitational fingerprints from galactic scale to the CMB 

1



What is a good DM candidate ?

Huge landscape of DM candidates
This talk: Hidden Sector DM

Yet, a simple cosmological behavior during structure formation:

๏ Cold

๏ Very weakly coupled to visible matter

๏ Mostly collisionless

1

Dark Matter is only observed through its gravitational fingerprints from galactic scales to the CMB 



Self-Interacting Dark Matter (SIDM)
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At large scales, is highly successful, while on galactic and sub-galactic scales, several persistent tensions remain     
ΛCDM

Possible small-scale deviations from collisionless DM

Review: Rev. Mod. Phys. 97, 045004



Self-Interacting Dark Matter (SIDM)
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At large scales, is highly successful, while on galactic and sub-galactic scales, several persistent tensions remain     
ΛCDM

Possible small-scale deviations from collisionless DM

Example diversity in rotation curves[2] 

L.Jaramillo and O Macias, Virginia Tech 

Review: Rev. Mod. Phys. 97, 045004    [2] arXiv:1504.01437



Self-Interacting Dark Matter (SIDM)

Heat transfer through DM collisions SIDM[3]

χ

χ χ

χ

At large scales, is highly successful, while on galactic and sub-galactic scales, several persistent tensions remain     
ΛCDM

Possible small-scale deviations from collisionless DM

Hidden sector:

2

Thermalization of the halo’s inner region

Example diversity in rotation curves[2] 

Review: Rev. Mod. Phys. 97, 045004  [2] arXiv:1504.01437   [3] original paper:  Phys.Rev.Lett. 84 (2000) 3760-3763 



Self-Interacting-Dark-Matter (SIDM)
Heat transport

Initial NFW halo Thermalized inner halo

Flow inward

Time
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For example[2], in dwarf galaxies:

Core expansion phase
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Once thermalized[1]:
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[1]. Review: Rev. Mod. Phys. 97, 045004, [2] arXiv:1705.02358



Self-Interacting-Dark-Matter (SIDM)

Time
Depending on the history, 

concentration, cross-section…
For example:

Core expansion Core collapse
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Flow inward

Gravothermal 
collapse

Flow outward

Initial NFW halo Thermalized inner halo

Self-gravitating 

system 

Heat transport

ArXiv:2407.15005
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Heat transport

Cuspy profile Cored profile

Flow inward

Gravothermal 
collapse

Self-gravitating 

system 

Flow outward

TimeCore expansion phase Core collapse phase

Self-Interacting-Dark-Matter (SIDM)

3
ArXiv:2407.15005



Self-Interacting-Dark-Matter (SIDM)

Dwarf galaxy scales vi ∼ 10 km/s Galaxy scales vi ∼ 100 km/s Galaxy cluster scales vi ∼ 1000 km/s

χ

χ χ

χ

Light mediator[1]

velocity-dependent cross section
<latexit sha1_base64="PiW9DXV50L9lAyDhEiG5TTGSmNY="></latexit>

�, V

The constraints are scale dependent, each with their own phenomenology[2]:
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Flow inward

Gravothermal 
collapse

Flow outward

Initial NFW halo Thermalized inner halo

Self-gravitating 

system 

Heat transport

[1] arXiv:1302.3898 [2] Rev. Mod. Phys. 97, 045004 (2025)



Self-Interacting-Dark-Matter (SIDM)

Gravothermal 
collapse

Flow outward

4

Initial NFW halo Thermalized inner halo

Self-gravitating 

system 

χ

χ χ

χ

ϕ⃗k Light particles

dSIDM[1] 

Cooling effectHeat transport

χ

χ χ

χ

ϕ⃗k

ϕ

Flow inward

[1] Examples of simple dissipative dark sectors: arXiv: 0810.5126 arXiv:1807.04750



Dissipative SIDM (dSIDM)

SIDM

dSIDM
Cooling

Flow inward Flow outward

Heat transport

5
[1] ArXiv:1912.06757




Dissipative SIDM (dSIDM)

SIDM

dSIDM
Cooling

Flow outward

Heat transport

Accelerating gravothermal collapse time

Collapse happens within 
cosmological time[1]


5
[1] ArXiv:1912.06757


Flow inward



Dissipative SIDM (dSIDM)

SIDM

dSIDM
Cooling

Flow outward

Heat transport

Accelerating gravothermal collapse timeFlow inward

Large phenomenologic spectrum

Evolution of 
supermassive 
black holes[2]

Formation of 
compact 

substructure[3] 

Formation of 

dark disks[4]

5
[1] ArXiv:1912.06757 [2] arXiv:2410.06252 [3] arXiv:1412.1839 [4] arXiv:1303.3271 
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dSIDM: microphysics

This talk: how the microscopic properties of the DM candidates shape the resulting cooling 

in minimal dissipative scenarios 
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dSIDM Models
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๏ Fermion

๏ Scalar

Emission/Mediation: 

๏ Gauge vector

๏ Scalar

Including massive emission

<latexit sha1_base64="v51jRsQyhADgLs013qHjFbZ3dmo="></latexit>

V
<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�

Long-range Short-range
Two mediation regimes:

χ

χ χ

χ

ϕ′￼, V′￼ ϕ, V

ϕ, V

JCAP03(2026)034

arXiv26XX.XXXXX



dSIDM Models

+ primed couplings for 
heavy mediators
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dSIDM ModelsBremsstrahlung

Non-relativistic scattering:
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Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg

In DM halos: 
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dSIDM Models

Non-relativistic scattering:
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Model-dependent:

• nature of the emitted particle

• DM candidates

<latexit sha1_base64="ZdGrUNJ7vT6Acgv6IdgGqLg6X/A="></latexit>

V (r) =
a01a

0
2e

�m�,V r

4⇡r

<latexit sha1_base64="2d1pZQzLowkd3V5j9M9GG4TryGE="></latexit>

H0

��'i(f)

↵
= Ei,f

��'i(f)

↵
Initial and final states:

Textbook discussion: Lectures on Quantum Mechanics, Steven Weinberg

V-emission:  arXiv:2007.06592v3,  -emission: arXiv:2303.00778v2 
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Bremsstrahlung: Multipole expansion 
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dSIDM Models

Non-relativistic scattering:
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arXiv26XX.XXXXX

Initial and final states:



dSIDM Models

Non-relativistic scattering:
<latexit sha1_base64="kJRGUYI1Ts7vZRLpaeXbrYf4y3k="></latexit>

V (r) =
a1a2
4⇡r

<latexit sha1_base64="nZLZ5sf1RWDzH2eWtuepHzH3VEg="></latexit>

Tf(V,�),i = �2⇡i�(Ei � Ef � !)h f |a(~q,�)Vint| ii

Bremsstrahlung: Kinematic regimes

Textbook discussion: Quantum Mechanics: Non-Relativistic Theory, Landau

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="edEhTx9WJtrv5+rQ3Bdkx3ejpwo="></latexit>e

<latexit sha1_base64="edEhTx9WJtrv5+rQ3Bdkx3ejpwo="></latexit>e

<latexit sha1_base64="edEhTx9WJtrv5+rQ3Bdkx3ejpwo="></latexit>e

<latexit sha1_base64="edEhTx9WJtrv5+rQ3Bdkx3ejpwo="></latexit>e

<latexit sha1_base64="2v+DI8SqXFcfd4t1tF5N8y0+X+I="></latexit>�
<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

Long range: mϕ,V ≪ | ⃗k |

10

Initial and final states: Analytical solution

all orders in the Coulomb potential



dSIDM Models

Non-relativistic scattering:
<latexit sha1_base64="kJRGUYI1Ts7vZRLpaeXbrYf4y3k="></latexit>

V (r) =
a1a2
4⇡r

Analytical solution

all orders in the Coulomb potential

The different scattering regimes are characterized by the Sommerfeld parameters: 

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

<latexit sha1_base64="nZLZ5sf1RWDzH2eWtuepHzH3VEg="></latexit>

Tf(V,�),i = �2⇡i�(Ei � Ef � !)h f |a(~q,�)Vint| ii

Long range: mϕ,V ≪ | ⃗k |

10

Bremsstrahlung: Kinematic regimes
<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

Initial and final states:

Textbook discussion: Quantum Mechanics: Non-Relativistic Theory, Landau
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dSIDM Models
<latexit sha1_base64="nZLZ5sf1RWDzH2eWtuepHzH3VEg="></latexit>

Tf(V,�),i = �2⇡i�(Ei � Ef � !)h f |a(~q,�)Vint| ii

<latexit sha1_base64="BiECw62tzqg9j3QolhHTxwmD+eY="></latexit>

|⌫i,f | ⌧ 1 :

Born
<latexit sha1_base64="sbLjKnMzNFZlLwszgpgISesTlFE="></latexit>

 i,f = ei~pi,f ·~r

Quantum Field Theory,

Tree level 

<latexit sha1_base64="wewDx7a8t8HNtPqbBFJF/zoIjd4="></latexit>

|g1g2|µ
m�0,V 0

⌧ 1Heavy mediator

<latexit sha1_base64="9Lvu3CBSxZ/cAOgfLu7e2qywiUo="></latexit>

M2!3

<latexit sha1_base64="5je/y7Dqt4/KpnmlB+8GZH/kOUk="></latexit>

V (0)
µ ,�(0)

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

Multipole expansion: 
<latexit sha1_base64="WrdW47NkYpInsJU8DLjU1c1BrFc="></latexit>

vi ⌧ 1

Color shading: qualitative guide to the kinematic regimes

V-emission and Coulomb potential:  arXiv:2007.06592
11

Bremsstrahlung: Kinematic regimes arXiv:26XX.XXXX 



dSIDM Models

<latexit sha1_base64="FaQ0Uk0JdRx4LgFkZwQyxrt5O8w="></latexit>

|⌫i,f | ⇠ 1 : Intermediate regime, 

need the full Coulomb state

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

<latexit sha1_base64="5je/y7Dqt4/KpnmlB+8GZH/kOUk="></latexit>

V (0)
µ ,�(0)

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

V-emission and Coulomb potential:  arXiv:2007.06592
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<latexit sha1_base64="nZLZ5sf1RWDzH2eWtuepHzH3VEg="></latexit>

Tf(V,�),i = �2⇡i�(Ei � Ef � !)h f |a(~q,�)Vint| ii

Color shading: qualitative guide to the kinematic regimes

11

Bremsstrahlung: Kinematic regimes arXiv:26XX.XXXX 



dSIDM Models

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

Multipole expansion: long wavelength 
approx. 

Quasi-Classical

<latexit sha1_base64="WnNGqNd6V11Mx5b9zR/96Wwq1cI="></latexit>

|⌫i,f | � 1 :

Particles moving along a 
classical path

<latexit sha1_base64="PVP1l7PL3YR3nHa9yL0B+2XPtOc="></latexit>

I Retarded potential:
<latexit sha1_base64="OJVpX16eDEyiTud3L7SE1G8G898=">AAACz3icjVHLTsJAFD3UF+ILdemmkZi4MKQYgy5RNy4hkUcCxLTDABNK27RTDCEYt/6AW/0r4x/oX3hnLIlKjE7T9sy595yZe68TuCKSlvWaMhYWl5ZX0quZtfWNza3s9k4t8uOQ8SrzXT9sOHbEXeHxqhTS5Y0g5PbQcXndGVyqeH3Ew0j43rUcB7w9tHue6ApmS6JarRFnk/PpUSvoi5tszspbepnzoJCAHJJV9rMvaKEDHwwxhuDwIAm7sBHR00QBFgLi2pgQFxISOs4xRYa0MWVxyrCJHdC3R7tmwnq0V56RVjM6xaU3JKWJA9L4lBcSVqeZOh5rZ8X+5j3RnupuY/o7ideQWIk+sX/pZpn/1alaJLo40zUIqinQjKqOJS6x7oq6ufmlKkkOAXEKdygeEmZaOeuzqTWRrl311tbxN52pWLVnSW6Md3VLGnDh5zjnQe04 Xyjmi5WTXOkiGXUae9jHIc3zFCVcoYwqeQd4xBOejYpxa9wZ95+pRirR7OLbMh4+AP4WlBo=</latexit>

~A,�

V-emission and Coulomb potential:  arXiv:2007.06592
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<latexit sha1_base64="nZLZ5sf1RWDzH2eWtuepHzH3VEg="></latexit>

Tf(V,�),i = �2⇡i�(Ei � Ef � !)h f |a(~q,�)Vint| ii

Color shading: qualitative guide to the kinematic regimes

11

Bremsstrahlung: Kinematic regimes arXiv:26XX.XXXX 



12

Classical radiation
For particles moving along a classical path, observables are obtained from:

arXiv:26XX.XXXX 

Landau & Lifshitz: the classical theory of fields

Far from the source: 

radiated field acts as an 


outgoing plane wave 

Multipole expansion 

Long wavelength 

approximation



 Quantum Field Theory 

<latexit sha1_base64="wewDx7a8t8HNtPqbBFJF/zoIjd4="></latexit>

|g1g2|µ
m�0,V 0

⌧ 1

<latexit sha1_base64="yGKQidF4yc1t4y6W/TBtiHrgMAc="></latexit>

|g1g2|
vi,f

⌧ 1

Heavy mediator Light mediator
<latexit sha1_base64="sbLjKnMzNFZlLwszgpgISesTlFE="></latexit>

 i,f = ei~pi,f ·~r
Tree level

arXiv:2509.12317 Born
<latexit sha1_base64="rTBGnh3vmi5aSYw0j3s5+5z4eP8="></latexit>

�1�2 ! �1�2�
<latexit sha1_base64="qMC83MIftHfu2+FihmM6regEZxE="></latexit>

�̃1�̃2 ! �̃1�̃2�
<latexit sha1_base64="SBsXqFTR8gjVoft21l2Dc1I5U8Y="></latexit>

S̃1S̃2 ! S̃1S̃2�
<latexit sha1_base64="WRIhVcNUHWlK7IUfespu2leckOk="></latexit>

S1S2 ! S1S2�
<latexit sha1_base64="lSPFk2q2t5RYG9+VJ4Bb4Yi+Cz4="></latexit>

S1S2 ! S1S2V

<latexit sha1_base64="WaT1PD2y0FNwigKMUPjYeEINmOY="></latexit>

�1�2 ! �1�2VDM candidates

๏ Fermion

๏Scalar

Emission/Mediation: 

๏ Gauge vector

๏ Scalar

Including massive emission

<latexit sha1_base64="v51jRsQyhADgLs013qHjFbZ3dmo="></latexit>

V
<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�

13



<latexit sha1_base64="5je/y7Dqt4/KpnmlB+8GZH/kOUk="></latexit>

V (0)
µ ,�(0)

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="5je/y7Dqt4/KpnmlB+8GZH/kOUk="></latexit>

V (0)
µ ,�(0) <latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2 <latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�

Finite but large set of dissipative 
channels to evaluate

<latexit sha1_base64="uxrdoi2wwKwfperCy518wkZSslA="></latexit>

M = + + +

<latexit sha1_base64="rTBGnh3vmi5aSYw0j3s5+5z4eP8="></latexit>

�1�2 ! �1�2�
<latexit sha1_base64="qMC83MIftHfu2+FihmM6regEZxE="></latexit>

�̃1�̃2 ! �̃1�̃2�
<latexit sha1_base64="SBsXqFTR8gjVoft21l2Dc1I5U8Y="></latexit>

S̃1S̃2 ! S̃1S̃2�
<latexit sha1_base64="WRIhVcNUHWlK7IUfespu2leckOk="></latexit>

S1S2 ! S1S2�
<latexit sha1_base64="lSPFk2q2t5RYG9+VJ4Bb4Yi+Cz4="></latexit>

S1S2 ! S1S2V

<latexit sha1_base64="WaT1PD2y0FNwigKMUPjYeEINmOY="></latexit>

�1�2 ! �1�2VDM candidates

๏ Fermion

๏Scalar

Emission/Mediation: 

๏ Gauge vector

๏ Scalar

Including massive emission

<latexit sha1_base64="v51jRsQyhADgLs013qHjFbZ3dmo="></latexit>

V
<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�

Born arXiv:2509.12317 
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Non-relativistic regime

<latexit sha1_base64="5ta5oy1ncbQJbivFT1EqGdKK7IQ="></latexit>

pi ⇠ µ
vi
c
, ! ⇠ µ

⇣vi
c

⌘2

Light mediator: Heavy mediator:

<latexit sha1_base64="5je/y7Dqt4/KpnmlB+8GZH/kOUk="></latexit>

V (0)
µ ,�(0)

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="5je/y7Dqt4/KpnmlB+8GZH/kOUk="></latexit>

V (0)
µ ,�(0) <latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2 <latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�

<latexit sha1_base64="4mA2ohmTiAsaHOUTZ0lcuyMyWgc="></latexit> µvi
m�0,V 0c

⌧ 1

<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

mϕ′￼
≫ | ⃗k |mϕ ≪ | ⃗k |

⃗k

Separation of scales in 
the CM

In DM halos: 
<latexit sha1_base64="jkK5MXBr3DwuWBMnBOuLscjs2k0="></latexit>

vi . 100� 1000 km.s�1

arXiv:2509.12317 
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Non-relativistic regime

<latexit sha1_base64="zG1NPVcbCFx6JGwiSZ/haCTMLXY="></latexit>

M2!3 = M
O

⇣
c
vi

⌘3 +M
O

⇣
c
vi

⌘2 + ...

Compact analytical expression

<latexit sha1_base64="5ta5oy1ncbQJbivFT1EqGdKK7IQ="></latexit>

pi ⇠ µ
vi
c
, ! ⇠ µ

⇣vi
c

⌘2

Light mediator:

<latexit sha1_base64="5je/y7Dqt4/KpnmlB+8GZH/kOUk="></latexit>

V (0)
µ ,�(0)

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="5je/y7Dqt4/KpnmlB+8GZH/kOUk="></latexit>

V (0)
µ ,�(0) <latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2 <latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�

Separation of scales in 
the CM

<latexit sha1_base64="4mA2ohmTiAsaHOUTZ0lcuyMyWgc="></latexit> µvi
m�0,V 0c

⌧ 1

mϕ ≪ | ⃗k | mϕ′￼
≫ | ⃗k |

⃗k

<latexit sha1_base64="HcfslYe+4CAriqh+wOQ1bbeuk+4="></latexit>

qµ = (!, ~q)

Heavy mediator:
Separation of scales in 

the CM

In DM halos: 
<latexit sha1_base64="jkK5MXBr3DwuWBMnBOuLscjs2k0="></latexit>

vi . 100� 1000 km.s�1
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Amplitudes: long-range mediation
<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2 <latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�
<latexit sha1_base64="woHS9VjNnWqn13qzHTU6gziCP7k="></latexit>

Vµ,�
<latexit sha1_base64="woHS9VjNnWqn13qzHTU6gziCP7k="></latexit>

Vµ,�

<latexit sha1_base64="zG1NPVcbCFx6JGwiSZ/haCTMLXY="></latexit>

M2!3 = M
O

⇣
c
vi

⌘3 +M
O

⇣
c
vi

⌘2 + ...
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Amplitudes: long-range mediation
<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2 <latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

Dipole emission

<latexit sha1_base64="zG1NPVcbCFx6JGwiSZ/haCTMLXY="></latexit>

M2!3 = M
O

⇣
c
vi

⌘3 +M
O

⇣
c
vi

⌘2 + ...

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�
<latexit sha1_base64="woHS9VjNnWqn13qzHTU6gziCP7k="></latexit>

Vµ,�
<latexit sha1_base64="woHS9VjNnWqn13qzHTU6gziCP7k="></latexit>

Vµ,�

<latexit sha1_base64="npi9joA5XdrCEFh5aBOdH0hyGxs="></latexit>

aj ⌘ gj , yj or
Aj

2mj

Details about the nature of the emission/DM candidate are velocity suppressed at dipole orderAaaa

<latexit sha1_base64="aEvE33r4JzxcHtklsa1TeEv+gVA="></latexit>

1

d1d2
h|MD|2iq̂ = a21a

2
2

✓
a1
m1

� a2
m2

◆2 m2
1m

2
2

µ2

16f�,V
3!2|~vi � ~vf |2
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<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2 <latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�
<latexit sha1_base64="woHS9VjNnWqn13qzHTU6gziCP7k="></latexit>

Vµ,�
<latexit sha1_base64="woHS9VjNnWqn13qzHTU6gziCP7k="></latexit>

Vµ,�

Amplitudes: long-range mediation arXiv:2509.12317 
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<latexit sha1_base64="zG1NPVcbCFx6JGwiSZ/haCTMLXY="></latexit>

M2!3 = M
O

⇣
c
vi

⌘3 +M
O

⇣
c
vi

⌘2 + ...

Quadrupole emission

<latexit sha1_base64="D2U0ZK+TuL35Xpr6dlEHbFGInbg="></latexit>

1

d1d2
h|MQ|2iq̂ = a21a

2
2

✓
a1
m2

1

+
a2
m2

2

◆2

G(↵,�, vi,f ,!) Model dependence arisesAaaa



Amplitudes: long-range mediation
<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2 <latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�
<latexit sha1_base64="woHS9VjNnWqn13qzHTU6gziCP7k="></latexit>

Vµ,�
<latexit sha1_base64="woHS9VjNnWqn13qzHTU6gziCP7k="></latexit>

Vµ,�

<latexit sha1_base64="zG1NPVcbCFx6JGwiSZ/haCTMLXY="></latexit>

M2!3 = M
O

⇣
c
vi

⌘3 +M
O

⇣
c
vi

⌘2 + ...

Quadrupole emission

<latexit sha1_base64="D2U0ZK+TuL35Xpr6dlEHbFGInbg="></latexit>

1

d1d2
h|MQ|2iq̂ = a21a

2
2

✓
a1
m2

1

+
a2
m2

2

◆2

G(↵,�, vi,f ,!) Model dependence arises

<latexit sha1_base64="rTBGnh3vmi5aSYw0j3s5+5z4eP8="></latexit>

�1�2 ! �1�2�

<latexit sha1_base64="qMC83MIftHfu2+FihmM6regEZxE="></latexit>

�̃1�̃2 ! �̃1�̃2�

<latexit sha1_base64="SBsXqFTR8gjVoft21l2Dc1I5U8Y="></latexit>

S̃1S̃2 ! S̃1S̃2�
<latexit sha1_base64="WRIhVcNUHWlK7IUfespu2leckOk="></latexit>

S1S2 ! S1S2�
<latexit sha1_base64="lSPFk2q2t5RYG9+VJ4Bb4Yi+Cz4="></latexit>

S1S2 ! S1S2V

<latexit sha1_base64="WaT1PD2y0FNwigKMUPjYeEINmOY="></latexit>

�1�2 ! �1�2V

Spin effects suppressed Annihilation channels 

suppressed

Aaaa

arXiv:2509.12317 

15



Dipole emission

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�

<latexit sha1_base64="33WXz39c+wHQ8zqV06R0Qzr/QTQ="></latexit>

Vµ,�
<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2 <latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

 = Model independent 

Quadrupole emission

= Model dependent

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="V+Fdht91iSTcxqnFqMUs5Y1cHJs="></latexit>

�
<latexit sha1_base64="EurIfWCNKSvcxtci564SlQ+Xe7Q="></latexit>

�0
<latexit sha1_base64="EurIfWCNKSvcxtci564SlQ+Xe7Q="></latexit>

�0<latexit sha1_base64="w/buIvbCarpFT/8McjAyDJUXvog="></latexit>

V 0
µ,�

0 <latexit sha1_base64="w/buIvbCarpFT/8McjAyDJUXvog="></latexit>

V 0
µ,�

0

<latexit sha1_base64="wSuVXBRzjXu0VWJ09woIJ66/9aA="></latexit>

1

d1d2
h|MQ|2iq̂ =

 
a01a

0
2 ± C�S

m2
�0,V 0

m1m2

!2✓
a1
m2

1

+
a2
m2

2

◆2

G0(↵0,�0, vi,f ,!,m�0,V 0)

<latexit sha1_base64="0O7rKsDI7A4/DhWJwozqFMWVpBE="></latexit>

1

d1d2
h|MD|2iq̂ =

 
a01a

0
2 ± C�S

m2
�0,V 0

m1m2

!2✓
a1
m1

� a2
m2

◆2

F 0(vi,f ,!,m�0,V 0)
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Soft emission

<latexit sha1_base64="mkgLPtDbzjIrVPV77RM+ZDTi+YM="></latexit>

M2!3 = M2!2 ⇥ Esoft

<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1
<latexit sha1_base64="Oh4ah2QFkRKsNV6CHXoxTCWSc0E="></latexit>�1

<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2
<latexit sha1_base64="e5owu8S1R/Swqh1P2y1JkNf6rLw="></latexit>�2

<latexit sha1_base64="NAUEJ9RWgmmFwLsGpIPEQval/qY="></latexit>

! ⇠ O(µv2i )NR = separation of scales

Soft factorization of the amplitudes             and massless emission :
<latexit sha1_base64="7s3+FCDVy4tNbs1fR4P0oUWUbww="></latexit>

! ! 0

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="Vuwxxzz9XfIec/V/deMAIVTOfMU="></latexit>

S1, S̃1

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2

<latexit sha1_base64="8qZSY85lvBZxN6ZNUbEVd5N2w1A="></latexit>

S2, S̃2
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Soft emission arXiv:2509.12317 

<latexit sha1_base64="mkgLPtDbzjIrVPV77RM+ZDTi+YM="></latexit>

M2!3 = M2!2 ⇥ Esoft

<latexit sha1_base64="8dNdj1mKI8TdYWSyJnO7WeiLQoc="></latexit>X

n

⌘ngn
pn · ✏⇤(q)
pn · q

<latexit sha1_base64="fFLPXcJkM5hfno+WmL9KVi7PEQA="></latexit>X

n

✓
⌘nyn

mn

pn · q +
yn
2mn

◆ <latexit sha1_base64="/I5/aA2U8tGxElOBQg4VjuE2OSg="></latexit>X

n

⌘n
An

2pn · q

<latexit sha1_base64="NAUEJ9RWgmmFwLsGpIPEQval/qY="></latexit>

! ⇠ O(µv2i )NR = separation of scales

Soft factorization of the amplitudes             and massless emission :
<latexit sha1_base64="7s3+FCDVy4tNbs1fR4P0oUWUbww="></latexit>

! ! 0

<latexit sha1_base64="rbSI83p91Kjox6YABq33Ekd93j8="></latexit>

V -
em

iss
ion
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Relativistic corrections take a different 
form in each treatment:


๏ Born: momentum-dependent terms


๏ Exact QM: subleading emission 
operators


๏ Classical: corrected charge density:
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Relativistic corrections take a different 
form in each treatment:


๏ Born: momentum-dependent terms


๏ Exact QM: subleading emission 
operators


๏ Classical: corrected charge density

Yet the full quantum result smoothly connects 
to both independently derived limits
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At each multipole order and for each mediation regime, the differences between dSIDM scenarios remain mild:

typically within one to two orders of magnitude for comparable couplings and masses.
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Light mediator

Structure formation impact
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Heavy mediator

Massive emissions naturally modulate the dissipative effects. 

arXiv:2509.12317 

  

Dwarf galaxy Galaxy Cluster
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Conclusion
Beyond elastic SIDM: 

dissipation

Application: Constrain the parameter space of the SIDM model and the formation of small-scale structures

In this talk, a set of dSIDM models was investigated:

๏ Using a perturbative QFT and an exact QM treatment relevant in all the kinematic regimes, including classical emission


The different kinematic regimes highlight different aspects of the scattering dynamics: 

๏ Born: identical vs distinguishable particle scattering

๏ Classical: attractive vs repulsive interaction

๏ Intermediate regime: non-trivial dependence on the Sommerfeld parameters


Reconstructed the dipole and quadrupole pieces of the emission amplitude: 

๏ Dipole radiation is universal, while quadrupole emission probes model-dependent relativistic corrections


DM could be self-interacting 

on small cosmic scales
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The emission amplitudes are obtained from:
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Distinguishable particle scattering
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Energy differential cross-section: repulsive
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Not the case for the transverse modes of V-emission
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