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Collider  Searches

[0806.2911]

https://arxiv.org/abs/0806.2911


What are indirect probes?
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Broad definition - searches for DM in 
which the interactions (gravitational or 

otherwise) happen whether we like it or not  
(‘passive probes?’)

Cynical definition - searches for DM in 
which we have very little experimental 

control (e.g. over backgrounds, 
systematics, etc.)

INDIRECT DETECTION

(DM annihilation and decay)

INDIRECT PROBES

Cosmic rays

Gamma rays

X-rays

Neutrinos
Gravitational wave


probes

Scattering in stars 


and planets

Lensing

Stellar streams

Gas cloud heating

CMB

Neutron star conversion

Radio waves

Dynamical constraints
(e.g. PBHs)

Practical definition - searches for the 
effects of DM in astrophysical and 

cosmological systems.
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redit: N

ASA/T. Linden, U
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hicago]

Gamma-rays in the Milky Way

[E.g. Macias et al., 1611.06644, 1901.03822 ; Bartels et al., 1711.04778;

But see also Leane & Slatyer, 2002.12370]

Note: increasing evidence of consistency with point sources. Millisecond pulsars?

https://arxiv.org/abs/1611.06644
https://arxiv.org/abs/1901.03822
https://arxiv.org/abs/1711.04778
https://arxiv.org/abs/2002.12370


Gamma-ray constraints
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Galactic Centre Excess (GCE)

[Aquarius - Springel et al., 0809.0898]

[Fermi, 1611.03184]

Dwarf g
alaxy constraints

https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/1611.03184


Gamma-ray constraints

6
How can we extend the reach of these indirect searches?

Galactic Centre Excess (GCE)

[Aquarius - Springel et al., 0809.0898]

[Fermi, 1611.03184]

Dwarf g
alaxy constraints

https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/1611.03184


Strengthening the constraints
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[Ando, BJK, Macias et al., 1905.07128]

[e.g. Alvarez et al., 2002.01229; Ando et al., 2002.11956]

[Fermi-LAT Collaboration, 1605.02016]
Observe for longer…? 

GCE

Discover more dSphs…?

Especially with plenty of modelling uncertainties (e.g. J-factors)…
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bb̄

But hard to reach much further down in cross section…

GCE

https://arxiv.org/abs/1905.07128
https://arxiv.org/abs/2002.01229
https://arxiv.org/abs/2002.11956
https://arxiv.org/abs/1605.02016


The MeV ‘Gap’
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New telescopes and theoretical developments

[See also Boddy & Kumar, 1509.03333; Coogan et al., 1907.11846, 2101.10370]
Careful modelling required for MeV-scale DM…

[Coogan et al., 2104.06168]
[Bartels et al., 1703.02546]

https://arxiv.org/abs/1509.03333
https://arxiv.org/abs/1907.11846
https://arxiv.org/abs/2101.10370
https://arxiv.org/abs/2104.06168
https://arxiv.org/abs/1703.02546
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The MeV ‘Gap’
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[Cirelli, Fornengo, BJK & Pinetti, 2007.11493]

[See also Essig et al., 1309.4091; Boudaud et al., 1612.07698]

Old telescopes and new approaches

Inverse Compton scattering (ICS)

CMB

Infrared (IR)

Background

Starlight
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e�

High-energy ICS

photon

+ final state radiation (“FSR”)

+ radiative decay (“Rad”), for muons

https://arxiv.org/abs/2007.11493
https://arxiv.org/abs/1309.4091
https://arxiv.org/abs/1612.07698


The MeV ‘Gap’
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[Cirelli, Fornengo, BJK & Pinetti, 2007.11493]

Constraints from the INTEGRAL X-ray telescope: 

Old telescopes and new approaches

https://arxiv.org/abs/2007.11493


What are indirect probes?
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DM Capture in the Earth and Sun
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[Acevedo et al., 2012.09176] 
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Complementary to direct searches for Strongly 
interacting DM [e.g. BJK, 1712.04901; EDELWEISS, 1901.03588]

https://arxiv.org/abs/2012.09176
https://arxiv.org/abs/1712.04901
https://arxiv.org/abs/1901.03588


DM Capture in the Earth and Sun
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[Bramante et al., 1909.11683]
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Complementary to direct searches for Strongly 
interacting DM [e.g. BJK, 1712.04901; EDELWEISS, 1901.03588]

https://arxiv.org/abs/1909.11683
https://arxiv.org/abs/1712.04901
https://arxiv.org/abs/1901.03588


DM Capture in exoplanets

14[See also Leane et al., 2101.12213; Leane & Linden, 2104.02068]

[Leane & Smirnov, 2010.00015]
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[See also Payel Mukhopadhyay’s

talk this morning]

https://arxiv.org/abs/2101.12213
https://arxiv.org/abs/2104.02068
https://arxiv.org/abs/2010.00015


Neutron Star Heating

15

[Acevedo et al., 1911.06334; Bell et al., 2004.14888, 2104.14367; Dasgupta et al., 2006.10773]

[Bell et al., 1904.09803]

[Cermeño et al., 1710.06866]Captured DM may also affect NS equation of state:

[Baryakhtar et al., 1704.01577]

NS and WD capture rate becoming more and more refined, but what are the observational prospects?

<latexit sha1_base64="1ihqirajmpBz110ls0JEbrUxk6c=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXQbda9Zbzxc1Vq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACBI45</latexit>�

https://arxiv.org/abs/1911.06334
https://arxiv.org/abs/2004.14888
https://arxiv.org/abs/2104.14367
https://arxiv.org/abs/2006.10773
https://arxiv.org/abs/1904.09803
https://arxiv.org/abs/1710.06866
https://arxiv.org/abs/1704.01577
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Axions and Neutron Stars
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[O’Hare, cajohare.github.io/AxionLimits/]

https://cajohare.github.io/AxionLimits/


Axions and Neutron Stars

[Huang et al., 1803.08230; Hook et al., 1804.03145; Safdi et al., 1811.01020; Foster et al., 2004.00011] 17
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⇢c > O(100) ⇢1

Radio up to X-ray signals, depending on axion mass…

B0 = 1012 � 1015 G
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Dense plasma around NS allows ‘resonant’ conversion when axion mass matches plasma mass:

�p (B0, P ) = ma/2�
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https://arxiv.org/abs/1803.08230
https://arxiv.org/abs/1804.03145
https://arxiv.org/abs/1811.01020
https://arxiv.org/abs/2004.00011


Axions and Neutron Stars

18[See also Battye et al., 1910.11907, 2104.08290; Leroy et al., 1912.08815]

[Witte et al., 2104.07670]

Recent refinements in modeling axions and photons in the NS magnetosphere:

Red - Northern hemisphere

Blue - Southern hemisphere

https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/2104.08290
https://arxiv.org/abs/1912.08815
https://arxiv.org/abs/2104.07670
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Axion-miniclusters + NSs
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[BJK, Edwards, Visinelli & Weniger, 2011.05377; Edwards, BJK, Visinelli & Visinelli, 2011.05378]

Clumps of axion DM (‘miniclusters’) crossing NSs could lead to bright radio transients towards the GC:
[Hogan & Rees (1988)]

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
https://doi.org/10.1016/0370-2693(88)91655-3


GW Probes of DM

20[Bertone, Croon, Amin, Boddy, BJK, Mack, Natarajan, Opferkuch, Schutz, Takhistov, Weniger, Yu,

 SciPost Phys. Core 3, 007 (2020), 1907.10610]
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[See also Katy Clough’s

 talk this afternoon]

https://arxiv.org/abs/1907.10610


Gravitational Atoms
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[Baumann et al., 1804.03208, 1908.10370, 1912.04932]

Compton wavelength of a light scalar field:

Super-radiance (and growth of a 

‘gravitational atom’) when:
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[Chia, 2012.09167]
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GW Dephasing from DM
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[Eda et al., 1301.5971, 1408.3534] 
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Dense DM spike may form around IMBHs

[Gondolo & Silk, astro-ph/9906391]

�DM(r) = �sp

�rsp

r

��sp

<latexit sha1_base64="JzDoBpUpSXK2ZRb11vHl5Gdy540="></latexit>

<latexit sha1_base64="Naj2lbRbk3tP16sRgDFC6keUFbw="></latexit>

⇢DM(risco) ⇠ 1024 M� pc�3

Target with LISA

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://arxiv.org/abs/astro-ph/9906391


Dark Matter feedback

23

Need to worry about dynamic response of the DM spike…

[BJK, Nichols, Gaggero, Bertone, 2002.12811] [Coogan, Bertone, Gaggero, BJK & Nichols, in progress]

 w.r.t. vacuum systemΔNcycles

https://arxiv.org/abs/2002.12811
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Multimessenger: GWs + Radio

24[Edwards, Chianese, BJK, Nissanke, Weniger, 1905.04686]
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Radio observations with SKA would be able to probe QCD axion DM in the range 10-7 - 10-5 eV. 

Consider an NS, embedded in an axion-DM spike, around an IMBH!

https://arxiv.org/abs/1905.04686


Things I couldn’t talk about
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Some other ‘indirect probes’: 

Cosmic rays [Cuoco et al., 1903.01472; Boudaud et al., 1906.07119; Génolini et al., 2103.04108] 

Gas cloud heating [Bhoonah et al., 1806.06857, 1812.10919, 2010.07240; Wadekar & Farrar, 1903.12190]


Strong-lensing of substructure [Diaz Rivero & Dvorkin, 1910.00015; Coogan et al., 2010.07032]

Micro-lensing of substructure [Croon et al., 2002.08962, 2007.12697]


Stellar streams [Bonaca et al., 1811.03631; Banik et al., 1911.02662, 1911.02663]

CMB [Slatyer, 1506.03811; Gluscevic & Boddy, 1712.07133; Boddy et al., 1808.00001]


Cosmic birefringence [Fujita et al., 2008.02473 ]

Stellar structure and evolution [Vincent, 2009.00663; Croon et al., 2009.01213]


Some Reviews:  

Indirect detection [1604.00014, 2006.00513, 2008.11561]

Galactic Centre Excess [10.1146/annurev-nucl-101916-123029]


Indirect detection with neutrinos [1912.09486]

Indirect detection with cosmic rays [1802.00636] 


GW Probes of DM [1907.10610]

Primordial Black Holes as DM [2007.10722]


https://arxiv.org/abs/1903.01472
https://arxiv.org/abs/1906.07119
https://arxiv.org/abs/2103.04108
https://arxiv.org/abs/1806.06857
https://arxiv.org/abs/1812.10919
https://arxiv.org/abs/2010.07240
https://arxiv.org/abs/1903.12190
https://arxiv.org/abs/1910.00015
https://arxiv.org/abs/2010.07032
https://arxiv.org/abs/2002.08962
https://arxiv.org/abs/2007.12697
https://arxiv.org/abs/1811.03631
https://arxiv.org/abs/1911.02662
https://arxiv.org/abs/1911.02663
https://arxiv.org/abs/1506.03811
https://arxiv.org/abs/1712.07133
https://arxiv.org/abs/1808.00001
https://arxiv.org/abs/2008.02473
https://arxiv.org/abs/2009.00663
https://arxiv.org/abs/2009.01213
https://arxiv.org/abs/1604.00014
https://arxiv.org/abs/2006.00513
https://arxiv.org/abs/2008.11561
https://doi.org/10.1146/annurev-nucl-101916-123029
https://arxiv.org/abs/1912.09486
https://arxiv.org/abs/1802.00636
https://arxiv.org/abs/1907.10610
https://arxiv.org/abs/2007.10722


What are indirect probes?
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INDIRECT DETECTION

(DM annihilation and decay)

INDIRECT PROBES

Cosmic rays

Gamma rays

X-rays

Neutrinos
Gravitational wave


probes

Scattering in stars 


and planets

Lensing

Stellar streams

Gas cloud heating

CMB

Neutron star conversion

Radio waves

Dynamical constraints
(e.g. PBHs)

Broad definition - searches for DM in 
which the interactions (gravitational or 

otherwise) happen whether we like it or not  
(‘passive probes?’)

Cynical definition - searches for DM in 
which we have very little experimental 

control (e.g. over backgrounds, 
systematics, etc.)

Practical definition - searches for the 
effects of DM in astrophysical and 

cosmological systems.
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and planets

Lensing

Stellar streams

Gas cloud heating

CMB

Neutron star conversion

Radio waves

Dynamical constraints
(e.g. PBHs)

Thank you!

Broad definition - searches for DM in 
which the interactions (gravitational or 

otherwise) happen whether we like it or not  
(‘passive probes?’)

Cynical definition - searches for DM in 
which we have very little experimental 

control (e.g. over backgrounds, 
systematics, etc.)

Practical definition - searches for the 
effects of DM in astrophysical and 

cosmological systems.
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DM Capture in the Earth and Sun
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[IceCube, 1609.01492]
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29[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 1709.06576]

Assuming monochromatic mass function

[Other reviews: 1801.05235, 2002.12778, 2006.02838]

http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1801.05235
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2006.02838


Axion miniclusters
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� = (⇢� ⇢̄)/⇢

Overdensities act as ‘seeds' for 
bound “axion miniclusters” (AMCs)

For an overdensity of size   
the final density is:

δ = (ρ − ρ̄)/ρ

[Kolb & Tkachev, astro-ph/9403011]
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⇢AMC(�) = 140(1 + �)�3⇢eq

Not to be confused with Axion Stars
[Schive et al., 1407.7762, Visinelli et al., 1710.08910]

https://arxiv.org/abs/1906.00967
https://arxiv.org/abs/astro-ph/9403011
https://arxiv.org/abs/1407.7762
https://arxiv.org/abs/1710.08910


GW+Radio - DM density
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<latexit sha1_base64="tRU53qRXkYXAGyuPpXGOBHUKrQU=">AAACCHicbVDLSgMxFM34rPVVdenCYBFcSJmpBUUQim7qolDBPqBTSyaTaUOTyZBkhDJ06cZfceNCEbd+gjv/xrSdhbYeuHA4517uvceLGFXatr+thcWl5ZXVzFp2fWNzazu3s9tQIpaY1LFgQrY8pAijIalrqhlpRZIg7jHS9AbXY7/5QKSiIrzTw4h0OOqFNKAYaSN1cwfVrsuR7kue3FSvKiN4CR37vuSeGF34QndzebtgTwDniZOSPEhR6+a+XF/gmJNQY4aUajt2pDsJkppiRkZZN1YkQniAeqRtaIg4UZ1k8sgIHhnFh4GQpkINJ+rviQRxpYbcM53jo9WsNxb/89qxDs47CQ2jWJMQTxcFMYNawHEq0KeSYM2GhiAsqbkV4j6SCGuTXdaE4My+PE8axYJzWijelvLlizSODNgHh+AYOOAMlEEF1EAdYPAInsEreLOerBfr3fqYti5Y6cwe+APr8wdXPJg8</latexit>

MNS = 1 M�
<latexit sha1_base64="pmyS8E4BNb08ziAbCU+ePG9ORzA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJUQRGEghs3SkX7gCaEyWTSDp1kwsxEKKHgxl9x40IRt/6EO//GSZuFth64cDjnXu69x08Ylcqyvo25+YXFpeXSSnl1bX1j09zabkmeCkyamDMuOj6ShNGYNBVVjHQSQVDkM9L2B5e5334gQlIe36thQtwI9WIaUoyUljxz99pzIqT6Ispu7kbwAtrOkZZ4wJVnVqyqNQacJXZBKqBAwzO/nIDjNCKxwgxJ2bWtRLkZEopiRkZlJ5UkQXiAeqSraYwiIt1s/MMIHmglgCEXumIFx+rviQxFUg4jX3fm98ppLxf/87qpCs/cjMZJqkiMJ4vClEHFYR4IDKggWLGhJggLqm+FuI8EwkrHVtYh2NMvz5JWrWofV2u3J5X6eRFHCeyBfXAIbHAK6uAKNEATYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8weLZpbJ</latexit>

�sp = 7/3
<latexit sha1_base64="FTWv7c6qMTHJ9AH01aLGnaOXWf8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkFSqCUHDjsoJ9QBPCZDpth85MwsxEKKFu/BU3LhRx61+482+ctFlo64ELh3Pu5d57wphRpR3n2yqsrK6tbxQ3S1vbO7t79v5BW0WJxKSFIxbJbogUYVSQlqaakW4sCeIhI51wfJP5nQciFY3EvZ7ExOdoKOiAYqSNFNhH3hBxjgKPIz2SPFXxFF7D+nktsMtOxZkBLhM3J2WQoxnYX14/wgknQmOGlOq5Tqz9FElNMSPTkpcoEiM8RkPSM1QgTpSfzj6YwlOj9OEgkqaEhjP190SKuFITHprO7FC16GXif14v0YNLP6UiTjQReL5okDCoI5jFAftUEqzZxBCEJTW3QjxCEmFtQiuZENzFl5dJu1pxa5Xq3UW5cZXHUQTH4AScARfUQQPcgiZoAQwewTN4BW/Wk/VivVsf89aClc8cgj+wPn8AaHaWKw==</latexit>
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<latexit sha1_base64="8WRlxoWmXp52S5QaEJ1g6LwiOOA="></latexit>
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<latexit sha1_base64="6ZYBPrHofchLp5vYGriqUWsOOuI="></latexit>

[Edwards, Chianese, BJK, Nissanke, Weniger, 1905.04686]

https://arxiv.org/abs/1905.04686
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<latexit sha1_base64="TaCebaV4K6nIzu25+m8EgcX03EI=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiuSqKl6kYKblxJBfuApi2T6bQdOpOEeRRC6I+48VfcuFDEhRvxb5ykVdR6YODMufdy7j1+xKhUjvNhLSwuLa+s5tby6xubW9v2zm5dhlpgUsMhC0XTR5IwGpCaooqRZiQI4j4jDX90mdYbYyIkDYNbFUekzdEgoH2KkTJS1y5ddz2O1FDwBMeYETnpfP3HCGvNJ9CTlMMy9BTlRELX6ZS7dsEpOhngPHFnpABmqHbtN68XYs1JoDBDUrZcJ1LtBAlFjeck72lJIoRHaEBahgbIOLWT7LoJPDRKD/ZDYV6gYKb+nEgQlzLmvulMN5d/a6n4X62lVf+sndAg0ooEeGrU1wyqEKZRwR4VBCsWG4KwoGZXiIdIIKxMoPkshPMU5e+T50n9uOieFEs3pULlYhZHDuyDA3AEXHAKKuAKVEENYHAHHsATeLburUfrxXqdti5Ys5k98AvW+ycIOKKO</latexit>

MIMBH = 103 M�
<latexit sha1_base64="rIWEiV4eKLeIf24LKcyhLu8vyKs=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwISWxpepCKLqpi0IF+4Amhsl02g6dZMLMRCihWzf+ihsXirj1D9z5N07aIGo9cOFwzr3ce48XMiqVaX4amYXFpeWV7GpubX1jcyu/vdOSPBKYNDFnXHQ8JAmjAWkqqhjphIIg32Ok7Y0uE799R4SkPLhR45A4PhoEtE8xUlpy87Du2j5SQ+HHV/WL2gSeQ8u8LUH7SBu8x5WbL5hFcwo4T6yUFECKhpv/sHscRz4JFGZIyq5lhsqJkVAUMzLJ2ZEkIcIjNCBdTQPkE+nE008m8EArPdjnQleg4FT9OREjX8qx7+nO5Gr510vE/7xupPqnTkyDMFIkwLNF/YhBxWESC+xRQbBiY00QFlTfCvEQCYSVDi83DeEsQeX75XnSOi5apWL5ulyoVtI4smAP7INDYIETUAU10ABNgME9eATP4MV4MJ6MV+Nt1pox0pld8AvG+xfKPpiV</latexit>

�Ncycles(static) � 106 � �Ncycles(dynamic) � 104
<latexit sha1_base64="BxUN2dIbSsGuMI9tUVqozDT/8oc="></latexit>

5 years to merger

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

https://arxiv.org/abs/2002.12811
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[Hannuksela et al., 1906.11845]

[See also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238] 

Red regions would be ruled out by observation of a DM spike!

https://arxiv.org/abs/1906.11845
https://arxiv.org/abs/1905.01238

