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The astronomical data landscape

cosmic rays 
neutrinos

Ground-based telescopes and space-borne instruments dedicated to 
detection of electromagnetic radiation, cosmic rays and HE neutrinos
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Low-mass PBH

Mechanism: Emission of charged 
cosmic rays and photons at low 
energies via Hawking radiation*
Probes: Extragalactic gamma 
rays, electron/positron yields (sub-
GeV)
Exp: EGRET, Voyager, AMS02, 
Fermi-LAT

“High”(Stellar)-mass PBH

Mechanism: Gas accretion onto 
(P)BH*
Probes: Radio (GHz), X rays (keV) 
Exp: VLA, Chandra, NuSTAR

* Complementary to CMB and other cosmological bounds

10�19 � 10�16 M�
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Constraints from HE astrophysics
B. Carr talk
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Stellar-mass BH distribution 

• Stellar-mass BH in X-ray binaries [arXiv:0111540]
• GW detection of stellar mass BH with mass as high as 40 MSun [Abbott+ PRL’16]
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High-mass PBH constraints (end ’16)
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Ali-Haïmoud & Kamionkowski PRD’17 

Lensing constraints:

* MACHO project [Allsman+ ApJ’01]: micro-lensing 
events towards the Large Magellanic Cloud

* EROS project [Tisserand+ A&A'07]: 7-year 
monitoring millions of bright stars in the LMC and 
SMC 

Dynamical constraints:

* Disruption of wide binaries [Monroy-Rodriguez+ 
ApJ'14]

* Ultra-faint dwarfs [Brandt ApJ’16]: constraint from 
existence of star cluster at the center of Eridanus 
II

Early Universe constraints:

* Exploiting accretion of gas onto PBH at very early times [e.g. Ali-Haïmoud & Kamionkowski PRD’17]

* 21 cm line brightness temperature fluctuations: how PBH do alter the reionisation history 
[Gong+JCAP'18]

A. Green talk

Y. Ali-Haïmoud talk
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High-mass PBH constraints (end ’16)
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Ali-Haïmoud & Kamionkowski PRD’17 

Lensing constraints:

* MACHO project [Allsman+ ApJ’01]: micro-lensing 
events towards the Large Magellanic Cloud

* EROS project [Tisserand+ A&A'07]: 7-year 
monitoring millions of bright stars in the LMC and 
SMC 

Dynamical constraints:

* Disruption of wide binaries [Monroy-Rodriguez+ 
ApJ'14]

* Ultra-faint dwarfs [Brandt ApJ’16]: constraint from 
existence of star cluster at the center of Eridanus 
II

Early Universe constraints:

* Exploiting accretion of gas onto PBH at very early times [e.g. Ali-Haïmoud & Kamionkowski PRD’17]

* 21 cm line brightness temperature fluctuations: how PBH do alter the reionisation history 
[Gong+JCAP'18]

What about gas accretion 
today? 

A. Green talk

Y. Ali-Haïmoud talk
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Idea: can we look for (P)BH candidates accreting 
today in radio and X-ray point-source catalogues  

- Isolated black holes should all accrete at some level from the local interstellar 
medium (ISM)

- Because of BH gravitational potential the gas inspires towards the event horizon and 
heats up, emitting non-thermal X rays

- In the presence of a jet, radio emission from synchrotron emission is expected.

Gas accretion onto (P)BH

Emission mechanisms targeted by 
traditional searches for astrophysical 

stellar-mass BH 
Fender+ MNRAS’13

Gaggero, FC+ PRL’17
Hektor+A&A’18, Manshanden+ 1812.07967
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Astro BH & PBH in the MW bulge

Astro BH Primordial (DM) BH

• From the star formation history of the 
MW and the local mass density of stellar 
remnants, the total number of isolated, 
stellar-mass, black holes in our galaxy is 
estimated to be ~108 [e.g. Shapiro & 
Teukolsky 1983; van den Heuvel 1992]


• Isotropic distribution in MW of 5×105 BH 
per kpc3, with a mean separation of just 
over 10 pc. 

• Assuming that all DM is made of PBH, 
and adopting the mass model from 
Portail+2015, one can estimate ~108 
PBH in the Galactic bulge

MBulge = (1.84± 0.07)⇥ 1010 M�
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MDM ⇠ 40%MBulge
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RBulge ⇠ 2kpc, MPBH = 30M�, fDM = 1
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! NPBH ⇠ 108, nPBH ⇠ 107 kpc�3
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 At least fDM < 0.01 to be comparable in number in the 
Galactic bulge
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Some questions

• Given the large amount of gas in the inner Galaxy, how bright is this large 
population of DM PBH thanks to accretion? 


• Is this population compatible with current X-ray (Chandra, NuSTAR) and 
radio (VLA) point-source catalogues?


• Will future radio (ngVLA, SKA) and X-ray facilities be able to detect such 
PBH population? What is the level of “background" expected by the 
astrophysical BH population?
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The accretion rate
Bondi-Hoyle-Lyttleton accretion formalism

Ṁ ⌘ �ṀB = 4⇡�
G2M2

BH
ngas

(
p
v2
BH

+ c2
s
)3
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Hoyle & Lyttleton '39; Bondi & Hoyle ’44
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The accretion rate
Bondi-Hoyle-Lyttleton accretion formalism

Ṁ ⌘ �ṀB = 4⇡�
G2M2

BH
ngas

(
p
v2
BH

+ c2
s
)3
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Accretion efficiency relative to the Bondi accretion rate

• Numerical parameter quantifying non-gravitational forces, pressure, viscosity, 
radiation feedback, disk formation

• Benchmark value for     = 0.02, consistent with neutron star population estimates 
and studies of AGN [Perna+ ApJ’03; Pellegrini ApJ’05]

�
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The accretion rate
Bondi-Hoyle-Lyttleton accretion formalism
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Accretion efficiency relative to the Bondi accretion rate

• ngas: 3D distribution of molecular, atomic and ionised gas in the inner bulge, notably in 
the Central Molecular Zone (CMZ), within 300 pc from GC [Ferrière+ AAP’07]; ~0.1 g/
cm2

• Constraint on isothermal sound speed cs ~ 0.5-0.9 km/s, from mapping of CMZ 
temperature Ginsburg+’15

• Effect of radiative feedback and formation of ionisation bubble around PBH;  if gas fully 
ionised with cs = 10 km/s

• Numerical parameter quantifying non-gravitational forces, pressure, viscosity, 
radiation feedback, disk formation

• Benchmark value for     = 0.02, consistent with neutron star population estimates 
and studies of AGN [Perna+ ApJ’03; Pellegrini ApJ’05]
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Gas density and sound speed

Hoyle & Lyttleton '39; Bondi & Hoyle ’44
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The accretion rate
Bondi-Hoyle-Lyttleton accretion formalism

Ṁ ⌘ �ṀB = 4⇡�
G2M2

BH
ngas

(
p
v2
BH

+ c2
s
)3
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Accretion efficiency relative to the Bondi accretion rate

• ngas: 3D distribution of molecular, atomic and ionised gas in the inner bulge, notably in 
the Central Molecular Zone (CMZ), within 300 pc from GC [Ferrière+ AAP’07]; ~0.1 g/
cm2

• Constraint on isothermal sound speed cs ~ 0.5-0.9 km/s, from mapping of CMZ 
temperature Ginsburg+’15

• Effect of radiative feedback and formation of ionisation bubble around PBH;  if gas fully 
ionised with cs = 10 km/s

• Numerical parameter quantifying non-gravitational forces, pressure, viscosity, 
radiation feedback, disk formation

• Benchmark value for     = 0.02, consistent with neutron star population estimates 
and studies of AGN [Perna+ ApJ’03; Pellegrini ApJ’05]

�
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Gas density and sound speed

BH space velocity

Mass modelling of the MW and derivation of phase-space velocity distribution

Hoyle & Lyttleton '39; Bondi & Hoyle ’44
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Accretion rate and luminosity
The maximum luminosity of a source in hydrostatic equilibrium is the Eddington luminosity

If the luminosity exceeds the Eddington limit, then the radiation pressure drives an outflow.
For a 100 MSun BH:

Sub-Eddington accretion rate (if < 0.01 radiatively inefficient accretion)
e.g. Sgr A* in weak accretion regime

In the weak accretion limit, the luminosity scales non-linearly with the accretion rate:

                                               with

Some observational evidence in Koerding, Fender & Migliari 2006

ṀB ⇠ 10�4 ngas

cm�3
ṀEdd
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ṀB ⌧ ṀEdd
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LB = ⌘Ṁc2
<latexit sha1_base64="H35zBeo+byQScLuUWL0pnMMwW1g=">AAAB/3icbVC7SgNBFL3rM8ZXVLDRYjAIVmE3jTZCiI2FQgLmAUkMs5PZZMjsg5m7QlhT+Cs2FopY6m/Y2fkpTh6FJh4YOJxzD/fOcSMpNNr2l7WwuLS8sppaS69vbG5tZ3Z2qzqMFeMVFspQ1V2quRQBr6BAyeuR4tR3Ja+5/YuRX7vjSoswuMFBxFs+7QbCE4yikdqZ/at2kZyTJkdKmp0Qk+shYbf5diZr5+wxyDxxpiRbOHwvfwNAqZ35NGkW+zxAJqnWDceOsJVQhYJJPkw3Y80jyvq0yxuGBtTnupWM7x+SY6N0iBcq8wIkY/V3IqG+1gPfNZM+xZ6e9Ubif14jRu+slYggipEHbLLIiyXBkIzKIB2hOEM5MIQyJcythPWoogxNZWlTgjP75XlSzeccO+eUTRtFmCAFB3AEJ+DAKRTgEkpQAQb38AjP8GI9WE/Wq/U2GV2wppk9+APr4wfM55bj</latexit><latexit sha1_base64="4DlZbJzwvgMmxXdeJaM85FRndsY=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNIoNBsAq7abQRQmwsFBIwD0jWMDuZTYbMPpi5K4Q1hYU/YmOhiGX8DTu/wZ9w8ig08cDA4Zx7uHeOGwmuwLK+jNTC4tLySno1s7a+sbllbu9UVRhLyio0FKGsu0QxwQNWAQ6C1SPJiO8KVnN7FyO/dsek4mFwA/2IOT7pBNzjlICWWubeVauIz3GTAcHNdgjJ9QDT23zLzFo5aww8T+wpyRYOhuXvx8NhqWV+6jSNfRYAFUSphm1F4CREAqeCDTLNWLGI0B7psIamAfGZcpLx/QN8rJU29kKpXwB4rP5OJMRXqu+7etIn0FWz3kj8z2vE4J05CQ+iGFhAJ4u8WGAI8agM3OaSURB9TQiVXN+KaZdIQkFXltEl2LNfnifVfM62cnZZt1FEE6TRPjpCJ8hGp6iALlEJVRBF9+gJvaBX48F4Nt6M98loyphmdtEfGB8/qyyYSQ==</latexit><latexit sha1_base64="4DlZbJzwvgMmxXdeJaM85FRndsY=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNIoNBsAq7abQRQmwsFBIwD0jWMDuZTYbMPpi5K4Q1hYU/YmOhiGX8DTu/wZ9w8ig08cDA4Zx7uHeOGwmuwLK+jNTC4tLySno1s7a+sbllbu9UVRhLyio0FKGsu0QxwQNWAQ6C1SPJiO8KVnN7FyO/dsek4mFwA/2IOT7pBNzjlICWWubeVauIz3GTAcHNdgjJ9QDT23zLzFo5aww8T+wpyRYOhuXvx8NhqWV+6jSNfRYAFUSphm1F4CREAqeCDTLNWLGI0B7psIamAfGZcpLx/QN8rJU29kKpXwB4rP5OJMRXqu+7etIn0FWz3kj8z2vE4J05CQ+iGFhAJ4u8WGAI8agM3OaSURB9TQiVXN+KaZdIQkFXltEl2LNfnifVfM62cnZZt1FEE6TRPjpCJ8hGp6iALlEJVRBF9+gJvaBX48F4Nt6M98loyphmdtEfGB8/qyyYSQ==</latexit><latexit sha1_base64="Gmp1S3UPemM6z6052uMG9ovzQUE=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5J0oxuh1I0LhQr2AW0Mk+mkHTqZhJkbocQu/BU3LhRx62+482+ctllo64GBwzn3cO+cIBFcg+N8W0vLK6tr64WN4ubW9s6uvbff1HGqKGvQWMSqHRDNBJesARwEayeKkSgQrBUMLyd+64EpzWN5B6OEeRHpSx5ySsBIvn147dfwBe4yILjbiyG7GWN6X/HtklN2psCLxM1JCeWo+/aXSdM0YhKoIFp3XCcBLyMKOBVsXOymmiWEDkmfdQyVJGLay6b3j/GJUXo4jJV5EvBU/Z3ISKT1KArMZERgoOe9ifif10khPPcyLpMUmKSzRWEqMMR4UgbuccUoiJEhhCpubsV0QBShYCormhLc+S8vkmal7Dpl99YpVWt5HQV0hI7RKXLRGaqiK1RHDUTRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPvO2Ung==</latexit>

⌘ = 0.1
Ṁ

Ṁcrit

, Ṁcrit = 0.01ṀEdd
<latexit sha1_base64="35jMnMibR58gbqUYIT9dwJSh3mM="></latexit><latexit sha1_base64="nrY4IRz1VaCHdLkQIYJfXTJks1I="></latexit><latexit sha1_base64="nrY4IRz1VaCHdLkQIYJfXTJks1I="></latexit><latexit sha1_base64="5JOEHiQ4kcjG0HBR8GP5hNN3O+E="></latexit> Fender+ MNRAS’13
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X-ray and radio emission
Hard X-ray luminosity obtained from the bolometric L by assuming a photon index α = 1.6 
from 1013 Hz up to 100 keV in line with observations of X-ray binaries @ low accretion rates

X 
ra

ys
 

ra
di

o 

Hong+ ApJ'16LX ⇠ 0.3LB
<latexit sha1_base64="l8oDpJKjBa/CjdAOAtEoeBW2bno=">AAAB+XicbVDLSsNAFL3xWesrKrhxM1gEVyHRhS5L3bjoogX7gDbEyXTSDp1MwsykUEL/xI0LRdz6J+7c+C1OHwttPXDhcM693HtPmHKmtOt+WWvrG5tb24Wd4u7e/sGhfXTcVEkmCW2QhCeyHWJFORO0oZnmtJ1KiuOQ01Y4vJv6rRGViiXiQY9T6se4L1jECNZGCmy7GrRRV7EYuc41qgaVwC65jjsDWiXegpTKp/XvRwCoBfZnt5eQLKZCE46V6nhuqv0cS80Ip5NiN1M0xWSI+7RjqMAxVX4+u3yCLozSQ1EiTQmNZurviRzHSo3j0HTGWA/UsjcV//M6mY5u/ZyJNNNUkPmiKONIJ2gaA+oxSYnmY0MwkczcisgAS0y0CatoQvCWX14lzSvHcx2vbtKowBwFOINzuAQPbqAM91CDBhAYwRO8wKuVW8/Wm/U+b12zFjMn8AfWxw9fk5Oy</latexit><latexit sha1_base64="d6YYiC9bU/k1DHpa/wh3K9jM42c=">AAAB+XicbVC7SgNBFL0bXzG+VgUbm8EgWIVdLbQMsbFIkYB5QLIss5PZZMjM7jIzGwhL/sTGQhHByl/wC+xs/BYnj0ITD1w4nHMv994TJJwp7ThfVm5tfWNzK79d2Nnd2z+wD4+aKk4loQ0S81i2A6woZxFtaKY5bSeSYhFw2gqGt1O/NaJSsTi61+OEegL3IxYygrWRfNuu+m3UVUwgp3SFqn7Ft4tOyZkBrRJ3QYrlk/o3e6t81Hz7s9uLSSpopAnHSnVcJ9FehqVmhNNJoZsqmmAyxH3aMTTCgiovm10+QedG6aEwlqYijWbq74kMC6XGIjCdAuuBWvam4n9eJ9XhjZexKEk1jch8UZhypGM0jQH1mKRE87EhmEhmbkVkgCUm2oRVMCG4yy+vkuZlyXVKbt2kUYE58nAKZ3ABLlxDGe6gBg0gMIIHeIJnK7MerRfrdd6asxYzx/AH1vsPsNSVbg==</latexit><latexit sha1_base64="d6YYiC9bU/k1DHpa/wh3K9jM42c=">AAAB+XicbVC7SgNBFL0bXzG+VgUbm8EgWIVdLbQMsbFIkYB5QLIss5PZZMjM7jIzGwhL/sTGQhHByl/wC+xs/BYnj0ITD1w4nHMv994TJJwp7ThfVm5tfWNzK79d2Nnd2z+wD4+aKk4loQ0S81i2A6woZxFtaKY5bSeSYhFw2gqGt1O/NaJSsTi61+OEegL3IxYygrWRfNuu+m3UVUwgp3SFqn7Ft4tOyZkBrRJ3QYrlk/o3e6t81Hz7s9uLSSpopAnHSnVcJ9FehqVmhNNJoZsqmmAyxH3aMTTCgiovm10+QedG6aEwlqYijWbq74kMC6XGIjCdAuuBWvam4n9eJ9XhjZexKEk1jch8UZhypGM0jQH1mKRE87EhmEhmbkVkgCUm2oRVMCG4yy+vkuZlyXVKbt2kUYE58nAKZ3ABLlxDGe6gBg0gMIIHeIJnK7MerRfrdd6asxYzx/AH1vsPsNSVbg==</latexit><latexit sha1_base64="Em0xdWINMb7l+hVmFDch9HVaLzs=">AAAB+XicbVA9SwNBEJ3zM8avU0ubxSBYhT0ttAyxsUgRwXxAchx7m71kye7dsbsXCEf+iY2FIrb+Ezv/jZvkCk18MPB4b4aZeWEquDYYfzsbm1vbO7ulvfL+weHRsXty2tZJpihr0UQkqhsSzQSPWctwI1g3VYzIULBOOL6f+50JU5on8ZOZpsyXZBjziFNirBS4biPoor7mEuHqDWoE9cCt4CpeAK0TryAVKNAM3K/+IKGZZLGhgmjd83Bq/Jwow6lgs3I/0ywldEyGrGdpTCTTfr64fIYurTJAUaJsxQYt1N8TOZFaT2VoOyUxI73qzcX/vF5mojs/53GaGRbT5aIoE8gkaB4DGnDFqBFTSwhV3N6K6IgoQo0Nq2xD8FZfXift66qHq94jrtTqRRwlOIcLuAIPbqEGD9CEFlCYwDO8wpuTOy/Ou/OxbN1wipkz+APn8wfQ7JHN</latexit>

2-10 keV

Radio emission from jet electron population: main hp jet formation, with flat, optically thick, 
spectrum [Fender+ 2001]
Advantage of radio: More successful than X-ray in detecting isolated BH since jet kinetic power 
should dominate the total accretion with decreasing L [Maccarone MNRAS’05]

To convert from hard X rays to radio, we make use of the Fundamental Plane 
[Plotkin+MNRAS’13]: Universal scaling relation for low-accretion BH between hard X rays and 

radio @ 5GHz
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PBH population
(MBH , vBH)

<latexit sha1_base64="CShZ8gCVAu5usuLUgyVW+Ha3wz8=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CS1CRSkzbnRZ6qYboYJ9QDsMmTRtQzOZIckUytA/caELRdz6J+78G9NpF9p64HIP59xLbk4Qc6a043xbuY3Nre2d/G5hb//g8Mg+PmmpKJGENknEI9kJsKKcCdrUTHPaiSXFYcBpOxjfzf32hErFIvGopzH1QjwUbMAI1kbybbt876e1+uwKTbJ+4dslp+JkQOvEXZJStdi7fAaAhm9/9foRSUIqNOFYqa7rxNpLsdSMcDor9BJFY0zGeEi7hgocUuWl2eUzdG6UPhpE0pTQKFN/b6Q4VGoaBmYyxHqkVr25+J/XTfTg1kuZiBNNBVk8NEg40hGax4D6TFKi+dQQTCQztyIywhITbcIqmBDc1S+vk9Z1xXUq7oNJowYL5OEMilAGF26gCnVoQBMITOAJXuHNSq0X6936WIzmrOXOKfyB9fkD0YaT8g==</latexit><latexit sha1_base64="vGAKLUsevb1Gx2SgQB1gbRGS320=">AAAB+XicbVDLSsNAFL2pr1pfUZduhhahopTEjS5L3XQjVLAPaEOYTCft0MmDmUkhhP6FSzcuFHHrn7jr3zhNu9Dqgcs9nHMvc+d4MWdSWdbcKGxsbm3vFHdLe/sHh0fm8UlHRokgtE0iHomehyXlLKRtxRSnvVhQHHicdr3J3cLvTqmQLAofVRpTJ8CjkPmMYKUl1zSr927WaM6u0DTvF65ZsWpWDvSX2CtSqZcHl0/zetpyza/BMCJJQENFOJayb1uxcjIsFCOczkqDRNIYkwke0b6mIQ6odLL88hk618oQ+ZHQFSqUqz83MhxImQaengywGst1byH+5/UT5d86GQvjRNGQLB/yE45UhBYxoCETlCieaoKJYPpWRMZYYKJ0WCUdgr3+5b+kc12zrZr9oNNowBJFOIMyVMGGG6hDE1rQBgJTeIZXeDMy48V4Nz6WowVjtXMKv2B8fgPa8JV4</latexit><latexit sha1_base64="vGAKLUsevb1Gx2SgQB1gbRGS320=">AAAB+XicbVDLSsNAFL2pr1pfUZduhhahopTEjS5L3XQjVLAPaEOYTCft0MmDmUkhhP6FSzcuFHHrn7jr3zhNu9Dqgcs9nHMvc+d4MWdSWdbcKGxsbm3vFHdLe/sHh0fm8UlHRokgtE0iHomehyXlLKRtxRSnvVhQHHicdr3J3cLvTqmQLAofVRpTJ8CjkPmMYKUl1zSr927WaM6u0DTvF65ZsWpWDvSX2CtSqZcHl0/zetpyza/BMCJJQENFOJayb1uxcjIsFCOczkqDRNIYkwke0b6mIQ6odLL88hk618oQ+ZHQFSqUqz83MhxImQaengywGst1byH+5/UT5d86GQvjRNGQLB/yE45UhBYxoCETlCieaoKJYPpWRMZYYKJ0WCUdgr3+5b+kc12zrZr9oNNowBJFOIMyVMGGG6hDE1rQBgJTeIZXeDMy48V4Nz6WowVjtXMKv2B8fgPa8JV4</latexit><latexit sha1_base64="82QYaLIwbnjagGkGCief6Zfkj9c=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEqSEnc6LLUTTdCBfuANoTJdNIOnUzCzKRQQv/EjQtF3Pon7vwbp2kW2nrgcg/n3MvcOUHCmdKO821tbG5t7+yW9sr7B4dHx/bJaUfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weR+4XenVCoWiyc9S6gX4ZFgISNYG8m37eqDnzWa82s0zfuVb1ecmpMDrRO3IBUo0PLtr8EwJmlEhSYcK9V3nUR7GZaaEU7n5UGqaILJBI9o31CBI6q8LL98ji6NMkRhLE0JjXL190aGI6VmUWAmI6zHatVbiP95/VSHd17GRJJqKsjyoTDlSMdoEQMaMkmJ5jNDMJHM3IrIGEtMtAmrbEJwV7+8Tjo3NdepuY9Opd4o4ijBOVxAFVy4hTo0oQVtIDCFZ3iFNyuzXqx362M5umEVO2fwB9bnD78Hkmk=</latexit>

Monte Carlo simulation of PBH distribution in the Galactic bulge

* Mass distribution: Monochromatic mass distribution
* Spatial distribution: Follows the Navarro-Frenk-White DM space density distribution 

(benchmark)*
* Velocity distribution: Follows the Maxwell-Boltzmann distribution with position-dependent 

1D velocity dispersion, derived from the spherical average of  a MW mass model distribution 
[McMillan MNRAS’17]**

vMB =
p

GM(< r)/r
<latexit sha1_base64="g1goJMaq1gCdLrPE1DieyQbS+p4=">AAACA3icbVC7SgNBFL0bXzG+Vu20GRKE2MRdC7VQCLHQJhDBPCBZwuxkkgyZfTgzGwhLwMb/sLKxUMTWX7Cw82+cPApNPHDhcM693HuPG3ImlWV9G4mFxaXlleRqam19Y3PL3N6pyCAShJZJwANRc7GknPm0rJjitBYKij2X06rbuxz51T4VkgX+rRqE1PFwx2dtRrDSUtPc6zfjYmGILlBD3gkVX6Fi9lwcHokhapoZK2eNgeaJPSWZfPrz5BEASk3zq9EKSORRXxGOpazbVqicGAvFCKfDVCOSNMSkhzu0rqmPPSqdePzDEB1opYXagdDlKzRWf0/E2JNy4Lm608OqK2e9kfifV49U+8yJmR9GivpksqgdcaQCNAoEtZigRPGBJpgIpm9FpIsFJkrHltIh2LMvz5PKcc62cvaNTqMAEyRhH9KQBRtOIQ/XUIIyELiHJ3iBV+PBeDbejPdJa8KYzuzCHxgfPzI4mBw=</latexit><latexit sha1_base64="593xGqb76tiZxKMLhoKwlynf9kg=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAlCbOKu4KNQCLHQJhDBPCBZltnJbDJk9uHMbCAsCzb+gp9gY2EQW3/Bws6/cfIoNPHAhcM593LvPU7IqJCG8a2lFhaXllfSq5m19Y3NLX17pyaCiGNSxQELeMNBgjDqk6qkkpFGyAnyHEbqTu9q5Nf7hAsa+HdyEBLLQx2fuhQjqSRb3+vbcbmUwEvYEvdcxtewnL/gh0c8gbaeMwrGGHCemFOSK2Y/T4dPJ6hi61+tdoAjj/gSMyRE0zRCacWIS4oZSTKtSJAQ4R7qkKaiPvKIsOLxDwk8UEobugFX5Us4Vn9PxMgTYuA5qtNDsitmvZH4n9eMpHtuxdQPI0l8PFnkRgzKAI4CgW3KCZZsoAjCnKpbIe4ijrBUsWVUCObsy/OkdlwwjYJ5q9IogQnSYB9kQR6Y4AwUwQ2ogCrA4AE8g1cw1B61F+1Ne5+0prTpzC74A+3jB9jEmVg=</latexit><latexit sha1_base64="593xGqb76tiZxKMLhoKwlynf9kg=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAlCbOKu4KNQCLHQJhDBPCBZltnJbDJk9uHMbCAsCzb+gp9gY2EQW3/Bws6/cfIoNPHAhcM593LvPU7IqJCG8a2lFhaXllfSq5m19Y3NLX17pyaCiGNSxQELeMNBgjDqk6qkkpFGyAnyHEbqTu9q5Nf7hAsa+HdyEBLLQx2fuhQjqSRb3+vbcbmUwEvYEvdcxtewnL/gh0c8gbaeMwrGGHCemFOSK2Y/T4dPJ6hi61+tdoAjj/gSMyRE0zRCacWIS4oZSTKtSJAQ4R7qkKaiPvKIsOLxDwk8UEobugFX5Us4Vn9PxMgTYuA5qtNDsitmvZH4n9eMpHtuxdQPI0l8PFnkRgzKAI4CgW3KCZZsoAjCnKpbIe4ijrBUsWVUCObsy/OkdlwwjYJ5q9IogQnSYB9kQR6Y4AwUwQ2ogCrA4AE8g1cw1B61F+1Ne5+0prTpzC74A+3jB9jEmVg=</latexit><latexit sha1_base64="b/ONBUusDl9jH23m0As+TsYmsK4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbmriRhcKpS50U6hgH9CGMJlO2qGTSZyZFEoIuPFX3LhQxK0/4c6/cdpmoa0HLhzOuZd77/EiRqWyrG8jt7S8srqWXy9sbG5t75i7e00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpecPrid8aESFpyO/VOCJOgPqc+hQjpSXXPBi5Sa2awivYlQ9CJTewVroUJ6ciha5ZtMrWFHCR2Bkpggx11/zq9kIcB4QrzJCUHduKlJMgoShmJC10Y0kihIeoTzqachQQ6STTH1J4rJUe9EOhiys4VX9PJCiQchx4ujNAaiDnvYn4n9eJlX/hJJRHsSIczxb5MYMqhJNAYI8KghUba4KwoPpWiAdIIKx0bAUdgj3/8iJpnpVtq2zfWcVKNYsjDw7BESgBG5yDCrgFddAAGDyCZ/AK3own48V4Nz5mrTkjm9kHf2B8/gB2w5YW</latexit>

*   We tested shallower DM profiles with inner slope ~-0.6 [Calore+JCAP'15], and a Burkert with 1 kpc core

**  Maxwell-Boltzmann characteristic velocities are consistent with v distribution derived by applying the 
Eddington formalism (agreement in the low-velocity tails) 

~50 km/s   @ 60 pc
~74 km/s   @ 100 pc 
~138 km/s @ 500 pc

1. Introduction
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Figure 1.2 Di↵erent dark matter density profiles: NFW (blue), Einasto (orange) and
Burkert (green). Their functional forms are given by Eqs 1.4a–1.4c, respectively. The
scale radius for the NFW and Einasto profiles is set to rs = 20 kpc and for the Burkert
profile it is rs = 12 kpc. Furthermore, – = 0.17 and “ = 1. All profiles are normalized
to a local dark matter density of 0.4 GeV cm

≠3. The black dotted line indicates the
Solar Galactocentric radius.

ity. However, the GC is also a rich astrophysical environment producing lots of
background. This background introduces systematic uncertainties which have to be
adequately dealt with. Sharp spectral features are most readily distinguishable from
the astrophysical backgrounds and for such signals the GC o↵ers the best sensitiv-
ity [87, 63, 88, 89]. In chapter 3 and Part II we study the interplay between these
astrophysical backgrounds and a potential dark matter signal in a variety of ways.

Galactic Halo Away from the inner Galaxy (|b| & 20
¶), the flux from the halo

becomes much dimmer. Nevertheless, competitive constraints can be derived from
higher latitudes because the backgrounds are also much fainter. This was recently
done by Refs [90, 91]. However, it should be noted that the halo distribution of
RR-lyrae stars, which trace the old stellar population, looks very similar to dark
matter density squared [92]. Therefore, an interesting question is if a non-negligble
population of MSPs is expected in the halo as well.
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X-ray and Radio catalogues
X 

ra
ys

 
ra

di
o 

Chandra 0.5-8 keV [Muno+ApJ’09]

483 likely Galactic X-ray sources => 291 BH candidates
 

NuSTAR 10-40 keV [Harrison+ApJ’13]

70 sources => 42 BH candidates

�0.9� < l < 0.7� & |b| < 0.3�
<latexit sha1_base64="Dq3P8r7b2kV+yvGdyPCK9Uktm7s=">AAACIHicbVDLSgMxFM3UV62vUZdugkVxoUNGhSq4KLpxWcE+oDOWTJppQzMPkoxQ2n6KG3/FjQtFdKdfY2Y6C60euOTknHtJ7vFizqRC6NMozM0vLC4Vl0srq2vrG+bmVkNGiSC0TiIeiZaHJeUspHXFFKetWFAceJw2vcFV6jfvqZAsCm/VMKZugHsh8xnBSksds3KErPM7hzBB4AXkupBVye/OIYTOPkzPsTfOrJPcgh2zjCyUAf4ldk7KIEetY3443YgkAQ0V4VjKto1i5Y6wUIxwOik5iaQxJgPco21NQxxQ6Y6yBSdwTytd6EdCV6hgpv6cGOFAymHg6c4Aq76c9VLxP6+dKP/MHbEwThQNyfQhP+FQRTBNC3aZoETxoSaYCKb/CkkfC0yUzrSkQ7BnV/5LGseWjSz75rRcvczjKIIdsAsOgA0qoAquQQ3UAQEP4Am8gFfj0Xg23oz3aWvByGe2wS8YX991o52Y</latexit><latexit sha1_base64="Dq3P8r7b2kV+yvGdyPCK9Uktm7s=">AAACIHicbVDLSgMxFM3UV62vUZdugkVxoUNGhSq4KLpxWcE+oDOWTJppQzMPkoxQ2n6KG3/FjQtFdKdfY2Y6C60euOTknHtJ7vFizqRC6NMozM0vLC4Vl0srq2vrG+bmVkNGiSC0TiIeiZaHJeUspHXFFKetWFAceJw2vcFV6jfvqZAsCm/VMKZugHsh8xnBSksds3KErPM7hzBB4AXkupBVye/OIYTOPkzPsTfOrJPcgh2zjCyUAf4ldk7KIEetY3443YgkAQ0V4VjKto1i5Y6wUIxwOik5iaQxJgPco21NQxxQ6Y6yBSdwTytd6EdCV6hgpv6cGOFAymHg6c4Aq76c9VLxP6+dKP/MHbEwThQNyfQhP+FQRTBNC3aZoETxoSaYCKb/CkkfC0yUzrSkQ7BnV/5LGseWjSz75rRcvczjKIIdsAsOgA0qoAquQQ3UAQEP4Am8gFfj0Xg23oz3aWvByGe2wS8YX991o52Y</latexit><latexit sha1_base64="Dq3P8r7b2kV+yvGdyPCK9Uktm7s=">AAACIHicbVDLSgMxFM3UV62vUZdugkVxoUNGhSq4KLpxWcE+oDOWTJppQzMPkoxQ2n6KG3/FjQtFdKdfY2Y6C60euOTknHtJ7vFizqRC6NMozM0vLC4Vl0srq2vrG+bmVkNGiSC0TiIeiZaHJeUspHXFFKetWFAceJw2vcFV6jfvqZAsCm/VMKZugHsh8xnBSksds3KErPM7hzBB4AXkupBVye/OIYTOPkzPsTfOrJPcgh2zjCyUAf4ldk7KIEetY3443YgkAQ0V4VjKto1i5Y6wUIxwOik5iaQxJgPco21NQxxQ6Y6yBSdwTytd6EdCV6hgpv6cGOFAymHg6c4Aq76c9VLxP6+dKP/MHbEwThQNyfQhP+FQRTBNC3aZoETxoSaYCKb/CkkfC0yUzrSkQ7BnV/5LGseWjSz75rRcvczjKIIdsAsOgA0qoAquQQ3UAQEP4Am8gFfj0Xg23oz3aWvByGe2wS8YX991o52Y</latexit><latexit sha1_base64="Dq3P8r7b2kV+yvGdyPCK9Uktm7s=">AAACIHicbVDLSgMxFM3UV62vUZdugkVxoUNGhSq4KLpxWcE+oDOWTJppQzMPkoxQ2n6KG3/FjQtFdKdfY2Y6C60euOTknHtJ7vFizqRC6NMozM0vLC4Vl0srq2vrG+bmVkNGiSC0TiIeiZaHJeUspHXFFKetWFAceJw2vcFV6jfvqZAsCm/VMKZugHsh8xnBSksds3KErPM7hzBB4AXkupBVye/OIYTOPkzPsTfOrJPcgh2zjCyUAf4ldk7KIEetY3443YgkAQ0V4VjKto1i5Y6wUIxwOik5iaQxJgPco21NQxxQ6Y6yBSdwTytd6EdCV6hgpv6cGOFAymHg6c4Aq76c9VLxP6+dKP/MHbEwThQNyfQhP+FQRTBNC3aZoETxoSaYCKb/CkkfC0yUzrSkQ7BnV/5LGseWjSz75rRcvczjKIIdsAsOgA0qoAquQQ3UAQEP4Am8gFfj0Xg23oz3aWvByGe2wS8YX991o52Y</latexit>

2⇥ 10�6 ph/cm2/s
<latexit sha1_base64="yORlk3jaI8o5nr5dIbbkASD6OGA=">AAACCnicbVC7SgNBFL0bXzG+Vi1txgRBUJPdFGoZtLGMYB6QTcLsZJIMmdldZmaFsKS28SP8ARsLRWz9Ajv/xsmj0MQDFw7n3Mu99/gRZ0o7zreVWlpeWV1Lr2c2Nre2d+zdvaoKY0lohYQ8lHUfK8pZQCuaaU7rkaRY+JzW/MH12K/dU6lYGNzpYUSbAvcC1mUEayO17cMi8jQTVCHXaSVn5yPknSJPChT1C0S0igXVtnNO3pkALRJ3RnKlrHfyBADltv3ldUISCxpowrFSDdeJdDPBUjPC6SjjxYpGmAxwjzYMDbDZ3kwmr4zQkVE6qBtKU4FGE/X3RIKFUkPhm06BdV/Ne2PxP68R6+5lM2FBFGsakOmibsyRDtE4F9RhkhLNh4ZgIpm5FZE+lphok17GhODOv7xIqsW86+TdW5PGFUyRhgPIwjG4cAEluIEyVIDAAzzDK7xZj9aL9W59TFtT1mxmH/7A+vwBeIGZsA==</latexit><latexit sha1_base64="J7JzIsrGr9Wt3G45oPcCPsJ8GC8=">AAACCnicbVC7TsMwFHV4lvIKMLKYVkhIQJt0AMYKFsYi0YfUpJXjuq1V24lsBymKOrMw8hssDCDEyhew9W9wHwO0HOlKR+fcq3vvCSJGlXackbW0vLK6tp7ZyG5ube/s2nv7NRXGEpMqDlkoGwFShFFBqppqRhqRJIgHjNSDwc3Yrz8QqWgo7nUSEZ+jnqBdipE2Uts+KkFPU04UdJ1Wen4xhN4Z9CSHUb+IeatUVG077xScCeAicWckX855p8+jclJp299eJ8QxJ0JjhpRquk6k/RRJTTEjw6wXKxIhPEA90jRUILPdTyevDOGxUTqwG0pTQsOJ+nsiRVyphAemkyPdV/PeWPzPa8a6e+WnVESxJgJPF3VjBnUIx7nADpUEa5YYgrCk5laI+0girE16WROCO//yIqmVCq5TcO9MGtdgigw4BDlwAlxwCcrgFlRAFWDwCF7AG3i3nqxX68P6nLYuWbOZA/AH1tcPgeubNg==</latexit><latexit sha1_base64="J7JzIsrGr9Wt3G45oPcCPsJ8GC8=">AAACCnicbVC7TsMwFHV4lvIKMLKYVkhIQJt0AMYKFsYi0YfUpJXjuq1V24lsBymKOrMw8hssDCDEyhew9W9wHwO0HOlKR+fcq3vvCSJGlXackbW0vLK6tp7ZyG5ube/s2nv7NRXGEpMqDlkoGwFShFFBqppqRhqRJIgHjNSDwc3Yrz8QqWgo7nUSEZ+jnqBdipE2Uts+KkFPU04UdJ1Wen4xhN4Z9CSHUb+IeatUVG077xScCeAicWckX855p8+jclJp299eJ8QxJ0JjhpRquk6k/RRJTTEjw6wXKxIhPEA90jRUILPdTyevDOGxUTqwG0pTQsOJ+nsiRVyphAemkyPdV/PeWPzPa8a6e+WnVESxJgJPF3VjBnUIx7nADpUEa5YYgrCk5laI+0girE16WROCO//yIqmVCq5TcO9MGtdgigw4BDlwAlxwCcrgFlRAFWDwCF7AG3i3nqxX68P6nLYuWbOZA/AH1tcPgeubNg==</latexit><latexit sha1_base64="2e8FLznRPCRWn6+nPzZ9Rhga3go=">AAACCnicbVC7TgMxEPSFVwivA0oaQ4REAYkvBVBG0FAGiTyk3CXyOb7Eiu072T6k6JSahl+hoQAhWr6Ajr/BeRQQGGml0cyudnfChDNtEPpyckvLK6tr+fXCxubW9o67u9fQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxxeT/zmPVWaxfLOjBIaCNyXLGIEGyt13cMK9A0TVEMPdbKz8zH0T6GvBEwGZSI6lbLuukVUQlPAv8SbkyKYo9Z1P/1eTFJBpSEca932UGKCDCvDCKfjgp9qmmAyxH3atlRiuz3Ipq+M4bFVejCKlS1p4FT9OZFhofVIhLZTYDPQi95E/M9rpya6DDImk9RQSWaLopRDE8NJLrDHFCWGjyzBRDF7KyQDrDAxNr2CDcFbfPkvaVRKHip5t6hYvZrHkQcH4AicAA9cgCq4ATVQBwQ8gCfwAl6dR+fZeXPeZ605Zz6zD37B+fgGZgKYJw==</latexit>

�0.9� < l < 0.3� & � 0.1� < b < 0.4�
<latexit sha1_base64="5/E+iOe+tJ2/XbYQPuRCOd63orI=">AAACKXicbVBNS8NAEN3Ur1q/oh69LBbFg5ZECyp4KHrxWMF+QBPLZrtpl242YXcjlNC/48W/4kVBUa/+ETdpEG0dGPbNmzfMzvMiRqWyrA+jMDe/sLhUXC6trK6tb5ibW00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpecOrtN+6J0LSkN+qUUTcAPU59SlGSlNds3ZkVc7vHEwFhheQ6bQqJ3ntHELo7MP01Sr7R+Vlquqk7pplq2JlAWeBnYMyyKPeNV+cXojjgHCFGZKyY1uRchMkFMWMjEtOLEmE8BD1SUdDjgIi3SS7dAz3NNODfih0cgUz9vdEggIpR4GnlQFSAzndS8n/ep1Y+WduQnkUK8LxZJEfM6hCmNoGe1QQrNhIA4QF1X+FeIAEwkqbW9Im2NMnz4LmccXWPt5Uy7XL3I4i2AG74ADY4BTUwDWogwbA4AE8gVfwZjwaz8a78TmRFox8Zhv8CePrG9iKoEo=</latexit><latexit sha1_base64="5/E+iOe+tJ2/XbYQPuRCOd63orI=">AAACKXicbVBNS8NAEN3Ur1q/oh69LBbFg5ZECyp4KHrxWMF+QBPLZrtpl242YXcjlNC/48W/4kVBUa/+ETdpEG0dGPbNmzfMzvMiRqWyrA+jMDe/sLhUXC6trK6tb5ibW00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpecOrtN+6J0LSkN+qUUTcAPU59SlGSlNds3ZkVc7vHEwFhheQ6bQqJ3ntHELo7MP01Sr7R+Vlquqk7pplq2JlAWeBnYMyyKPeNV+cXojjgHCFGZKyY1uRchMkFMWMjEtOLEmE8BD1SUdDjgIi3SS7dAz3NNODfih0cgUz9vdEggIpR4GnlQFSAzndS8n/ep1Y+WduQnkUK8LxZJEfM6hCmNoGe1QQrNhIA4QF1X+FeIAEwkqbW9Im2NMnz4LmccXWPt5Uy7XL3I4i2AG74ADY4BTUwDWogwbA4AE8gVfwZjwaz8a78TmRFox8Zhv8CePrG9iKoEo=</latexit><latexit sha1_base64="5/E+iOe+tJ2/XbYQPuRCOd63orI=">AAACKXicbVBNS8NAEN3Ur1q/oh69LBbFg5ZECyp4KHrxWMF+QBPLZrtpl242YXcjlNC/48W/4kVBUa/+ETdpEG0dGPbNmzfMzvMiRqWyrA+jMDe/sLhUXC6trK6tb5ibW00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpecOrtN+6J0LSkN+qUUTcAPU59SlGSlNds3ZkVc7vHEwFhheQ6bQqJ3ntHELo7MP01Sr7R+Vlquqk7pplq2JlAWeBnYMyyKPeNV+cXojjgHCFGZKyY1uRchMkFMWMjEtOLEmE8BD1SUdDjgIi3SS7dAz3NNODfih0cgUz9vdEggIpR4GnlQFSAzndS8n/ep1Y+WduQnkUK8LxZJEfM6hCmNoGe1QQrNhIA4QF1X+FeIAEwkqbW9Im2NMnz4LmccXWPt5Uy7XL3I4i2AG74ADY4BTUwDWogwbA4AE8gVfwZjwaz8a78TmRFox8Zhv8CePrG9iKoEo=</latexit><latexit sha1_base64="5/E+iOe+tJ2/XbYQPuRCOd63orI=">AAACKXicbVBNS8NAEN3Ur1q/oh69LBbFg5ZECyp4KHrxWMF+QBPLZrtpl242YXcjlNC/48W/4kVBUa/+ETdpEG0dGPbNmzfMzvMiRqWyrA+jMDe/sLhUXC6trK6tb5ibW00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpecOrtN+6J0LSkN+qUUTcAPU59SlGSlNds3ZkVc7vHEwFhheQ6bQqJ3ntHELo7MP01Sr7R+Vlquqk7pplq2JlAWeBnYMyyKPeNV+cXojjgHCFGZKyY1uRchMkFMWMjEtOLEmE8BD1SUdDjgIi3SS7dAz3NNODfih0cgUz9vdEggIpR4GnlQFSAzndS8n/ep1Y+WduQnkUK8LxZJEfM6hCmNoGe1QQrNhIA4QF1X+FeIAEwkqbW9Im2NMnz4LmccXWPt5Uy7XL3I4i2AG74ADY4BTUwDWogwbA4AE8gVfwZjwaz8a78TmRFox8Zhv8CePrG9iKoEo=</latexit>

8⇥ 1032 erg/s
<latexit sha1_base64="XAYECIs9S24aiyer1mkTN5glaiI=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGBIEQYm7sTBl0MYygnlAdg2zk0kyZGZ3mZkVwpLKxs+wtbFQxNZvsPNvnDwKTTxw4XDOvdx7TxBzprTjfFuZpeWV1bXsem5jc2t7x97dq6sokYTWSMQj2QywopyFtKaZ5rQZS4pFwGkjGFyN/cY9lYpF4a0extQXuBeyLiNYG6ltH5aRp5mgCrnOXXpeGiHvFHlSICp7Z6ptF5yiMwFaJO6MFCp57+QJAKpt+8vrRCQRNNSEY6VarhNrP8VSM8LpKOclisaYDHCPtgwNsdnsp5M3RujIKB3UjaSpUKOJ+nsixUKpoQhMp8C6r+a9sfif10p0t+ynLIwTTUMyXdRNONIRGmeCOkxSovnQEEwkM7ci0scSE22Sy5kQ3PmXF0m9VHSdontj0riEKbJwAHk4BhcuoALXUIUaEHiAZ3iFN+vRerHerY9pa8aazezDH1ifPwiimGc=</latexit><latexit sha1_base64="1tAMe0NHq4JdY9BInMJRvw0TDRA=">AAACBnicbVDLSgMxFM34rPU16lKE0CIISp2pC7ssunFZwT6gM5ZMmmlDk8yQZIRh6MqNH+BPuHGhiFu/wV3/xvSx0NYDFw7n3Mu99wQxo0o7zshaWl5ZXVvPbeQ3t7Z3du29/YaKEolJHUcskq0AKcKoIHVNNSOtWBLEA0aaweB67DcfiFQ0Enc6jYnPUU/QkGKkjdSxjyrQ05QTBV3nPrsoD6F3Bj3JIZG9c9Wxi07JmQAuEndGitWCd/o8qqa1jv3tdSOccCI0ZkiptuvE2s+Q1BQzMsx7iSIxwgPUI21DBTKb/WzyxhAeG6ULw0iaEhpO1N8TGeJKpTwwnRzpvpr3xuJ/XjvRYcXPqIgTTQSeLgoTBnUEx5nALpUEa5YagrCk5laI+0girE1yeROCO//yImmUS65Tcm9NGldgihw4BAVwAlxwCargBtRAHWDwCF7AG3i3nqxX68P6nLYuWbOZA/AH1tcPEgyZ7Q==</latexit><latexit sha1_base64="1tAMe0NHq4JdY9BInMJRvw0TDRA=">AAACBnicbVDLSgMxFM34rPU16lKE0CIISp2pC7ssunFZwT6gM5ZMmmlDk8yQZIRh6MqNH+BPuHGhiFu/wV3/xvSx0NYDFw7n3Mu99wQxo0o7zshaWl5ZXVvPbeQ3t7Z3du29/YaKEolJHUcskq0AKcKoIHVNNSOtWBLEA0aaweB67DcfiFQ0Enc6jYnPUU/QkGKkjdSxjyrQ05QTBV3nPrsoD6F3Bj3JIZG9c9Wxi07JmQAuEndGitWCd/o8qqa1jv3tdSOccCI0ZkiptuvE2s+Q1BQzMsx7iSIxwgPUI21DBTKb/WzyxhAeG6ULw0iaEhpO1N8TGeJKpTwwnRzpvpr3xuJ/XjvRYcXPqIgTTQSeLgoTBnUEx5nALpUEa5YagrCk5laI+0girE1yeROCO//yImmUS65Tcm9NGldgihw4BAVwAlxwCargBtRAHWDwCF7AG3i3nqxX68P6nLYuWbOZA/AH1tcPEgyZ7Q==</latexit><latexit sha1_base64="xO1NkjVKgUT61yTvyRx47emYArw=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgQmqmLuyy6MZlBfuAzlgyaaYNTTJDkhHK0JUbf8WNC0Xc+g3u/BvTdhZaPXDhcM693HtPmHCmDUJfTmFpeWV1rbhe2tjc2t5xd/daOk4VoU0S81h1QqwpZ5I2DTOcdhJFsQg5bYejq6nfvqdKs1jemnFCA4EHkkWMYGOlnntYg75hgmroobvsvDqB/in0lYBUDc50zy2jCpoB/iVeTsogR6Pnfvr9mKSCSkM41rrrocQEGVaGEU4nJT/VNMFkhAe0a6nEdnOQzd6YwGOr9GEUK1vSwJn6cyLDQuuxCG2nwGaoF72p+J/XTU1UCzImk9RQSeaLopRDE8NpJrDPFCWGjy3BRDF7KyRDrDAxNrmSDcFbfPkvaVUrHqp4N6hcv8zjKIIDcAROgAcuQB1cgwZoAgIewBN4Aa/Oo/PsvDnv89aCk8/sg19wPr4B9hSW3g==</latexit>

Prediction: More than 3000 (160) bright X-ray sources 

VLA @ 1.4 GHz [Lazio & Cordes ApJ’08]
170 source in 1 deg2

1 mJy sensitivity threshold

We search for spatial coincidence (10”) with Chandra 
catalogue => 24 sources (9 likely foreground)

If accreting BH, they should lie on the FP (10–100 Msun): the 
FP X-ray flux is 3-7 o.d.m. lower than what measured => No 
BH candidate in radio survey 

Prediction: for 30 MSun and fDM = 1 we expect ~41 PBH detectable
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Constraints on PBH DM abundance
(30M�, fDM = 1, � = 0.02) ! 40± 6

<latexit sha1_base64="Q74ZQy9vvAxMJ6opFEDAosxBf0A="></latexit><latexit sha1_base64="suEAUNwxJgoKIQTeos3cKx6vxKQ="></latexit><latexit sha1_base64="suEAUNwxJgoKIQTeos3cKx6vxKQ="></latexit><latexit sha1_base64="IpX9BvUwh09M6Rb366FEaWby6gY="></latexit>

Example of the distribution of 30 M⊙ PBHs detectable by VLA in the ROI, for one Monte Carlo realisation. 
Detectable  PBH velocity in the range 0.3 − 3 km/s. 
The constraints arise from the very low-velocity tail of the distribution and high gas column densities (CMZ).

Gaggero, FC+ PRL’17
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Constraints on PBH DM abundance

� = 0.02
<latexit sha1_base64="tvyXIaLIGDafzn5mp2d7EtxW2vI=">AAAB9XicbVC7TsMwFL0prxJeBUYWiwqJqUq6wFJRwcJYJPqQ2lA5jtNadZzIdkBVVInPYGEAIVY+g52Nv8FpO0DLkSwfnXOufH38hDOlHefbKqysrq1vFDftre2d3b3S/kFLxakktEliHsuOjxXlTNCmZprTTiIpjnxO2/7oKvfb91QqFotbPU6oF+GBYCEjWBvprsdNNMCohpyKU+2XyuaaAi0Td07KF5927REAGv3SVy+ISRpRoQnHSnVdJ9FehqVmhNOJ3UsVTTAZ4QHtGipwRJWXTbeeoBOjBCiMpTlCo6n6eyLDkVLjyDfJCOuhWvRy8T+vm+rw3MuYSFJNBZk9FKYc6RjlFaCASUo0HxuCiWRmV0SGWGKiTVG2KcFd/PIyaVUrrlNxb5xy/RJmKMIRHMMpuHAGdbiGBjSBgIQneIFX68F6tt6s91m0YM1nDuEPrI8fpNCSyQ==</latexit><latexit sha1_base64="octzQiIPa4gu6wLZHO6LMgjM2nk=">AAAB9XicbVC7TsMwFL0prxJeBUYWiwqJqUq60KWigoWxSPQhtaFyHKe16jiR7YCqqP/BwsBDrHwGOwvib3AfA7QcyfLROefK18dPOFPacb6t3Mrq2vpGftPe2t7Z3SvsHzRVnEpCGyTmsWz7WFHOBG1opjltJ5LiyOe05Q8vJ37rjkrFYnGjRwn1ItwXLGQEayPddrmJBhhVkVNyyr1C0VxToGXizknx/MOuJi9fdr1X+OwGMUkjKjThWKmO6yTay7DUjHA6trupogkmQ9ynHUMFjqjysunWY3RilACFsTRHaDRVf09kOFJqFPkmGWE9UIveRPzP66Q6rHgZE0mqqSCzh8KUIx2jSQUoYJISzUeGYCKZ2RWRAZaYaFOUbUpwF7+8TJrlkuuU3GunWLuAGfJwBMdwCi6cQQ2uoA4NICDhAZ7g2bq3Hq1X620WzVnzmUP4A+v9B5ZflD0=</latexit><latexit sha1_base64="octzQiIPa4gu6wLZHO6LMgjM2nk=">AAAB9XicbVC7TsMwFL0prxJeBUYWiwqJqUq60KWigoWxSPQhtaFyHKe16jiR7YCqqP/BwsBDrHwGOwvib3AfA7QcyfLROefK18dPOFPacb6t3Mrq2vpGftPe2t7Z3SvsHzRVnEpCGyTmsWz7WFHOBG1opjltJ5LiyOe05Q8vJ37rjkrFYnGjRwn1ItwXLGQEayPddrmJBhhVkVNyyr1C0VxToGXizknx/MOuJi9fdr1X+OwGMUkjKjThWKmO6yTay7DUjHA6trupogkmQ9ynHUMFjqjysunWY3RilACFsTRHaDRVf09kOFJqFPkmGWE9UIveRPzP66Q6rHgZE0mqqSCzh8KUIx2jSQUoYJISzUeGYCKZ2RWRAZaYaFOUbUpwF7+8TJrlkuuU3GunWLuAGfJwBMdwCi6cQQ2uoA4NICDhAZ7g2bq3Hq1X620WzVnzmUP4A+v9B5ZflD0=</latexit><latexit sha1_base64="wF5BARnTQLO+UN7eCTWW7mIgu/U=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsx0oxuh6MZlBfuAdix3Mpk2NJMZkoxSSv/DjQtF3Pov7vwb03YW2nog5HDOueTmBKng2rjut1NYW9/Y3Cpul3Z29/YPyodHLZ1kirImTUSiOgFqJrhkTcONYJ1UMYwDwdrB6Gbmtx+Z0jyR92acMj/GgeQRp2is9NATNhoiuSJu1a31yxV7zUFWiZeTCuRo9MtfvTChWcykoQK17npuavwJKsOpYNNSL9MsRTrCAetaKjFm2p/Mt56SM6uEJEqUPdKQufp7YoKx1uM4sMkYzVAvezPxP6+bmejSn3CZZoZJungoygQxCZlVQEKuGDVibAlSxe2uhA5RITW2qJItwVv+8ipp1aqeW/Xu3Er9Oq+jCCdwCufgwQXU4RYa0AQKCp7hFd6cJ+fFeXc+FtGCk88cwx84nz81mJD8</latexit>

NFW

Limits from 100 MC realisations of the PBH population, 10—100 MSun, for fDM = 1
<NPBH> proportional to fDM

                      The limit vanish for � < 2⇥ 10�3
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Gaggero, FC+ PRL’17
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Outlook: SKA

Radio sources above the SKA1-Mid point source 
sensitivity, for 1000 hours of data taking, if PBHs 

are ∼ 1% of the DM

SKA could allow the discovery of PBHs, even if they 
represent a subdominant contribution to DM 

MeerKAT (data taking)
0.01 mJy sensitivity
Detectable PBH
(30M�, fDM = 1, � = 0.001) ! 88± 11
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(30M�, fDM = 0.1, � = 0.01) ! 99± 9
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SKA1-MID configuration
2.7 micro-Jy (1 hr, shallow survey)
~2000 detectable PBH
➡ no BH candidates => Very strong limit
➡ BH candidate => Great potential for 

detection*
Deep field continuum observation (1000h)
87nJy sensitivity => Strong constraints placed 
even if lambda ~0.001

* For fDM < 0.001, searches must include the modelling of the comparably abundant population of 
astrophysical BHs
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Caveats & Questions

• Effective accretion rate lambda parameter is highly uncertain. We rely on current 
UL for weak accretors. If < 0.01 bounds vanish

• Accretion spectrum is largely unknown: a) Rely on observed spectra (photon index 
~1.6-2); b) Spectrum from accretion models (e.g. ADAF)

• Significant impact of the DM profile: e.g. for a cored profile, the bound is non-
vanishing for lambda = 1

• The bound is very sensitive to the velocity distribution (which is probably also 
degenerate with lambda): Limits here come from low-velocity tail of the distribution. 
A careful treatment of gas turbulent motion is required 

• What is the impact of the gas fine structure in dense molecular clouds?

• Radio bounds rely on the assumption that a jet is triggered (spin, magnetic fields, 
etc.)

• What is the effect of an extended mass function? [Manshanden+1812.07967]

• Is the Fundamental Plane relation robust? [Inoue+ApJ'17]

*  Disk can form in the early Universe, strongest constraints from CMB anisotropy [Poulin,FC+PRD’17]



Molecular gas kinematics within the central 250 pc of the Milky Way 
[Henshaw+ MNRAS’16] 

Velocity dispersions range from 2.6 km/s < σ < 53.1 km/s 
A median dispersion of 9.8 km/s

Francesca Calore CNRS, LAPTh!18

Turbulent gas motion
The relative velocity between BH and gas can be affected by the turbulent motion of the gas*

How to estimate impact of turbulent gas motion in the CMZ?

• Evidence for non-thermal gas 
motions inherently supersonic 
(Mach number ~10-60)

• "This should be taken as an 
upper bound on the level of 
turbulent motion”

• Importance of turbulence in the 
suppression of star formation 
[Kruijssen+MNRAS’13] and in 
setting the initial distribution of 
masses for star formation 
[Rathborne+ApJ'14] in the 
environment of the CMZ

• Driving mechanism for the 
increased turbulence in CMZ 
clouds is not conclusively 
identified* Only relevant for UL, if those depend on low-velocity tails of v distribution
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Gas small-scale structure
On top of the mean gas density, the ISM is finely structured in molecular clouds

Impact on PBH abundance bounds: In case vturb=0 the number of detectable sources does not depend on the 
gas small-scale structure; vturb > 0 the small-scale gas density distribution function improves the limits

CMZ molecular clouds have unusually high mean H2 densities ~104/cm3

Clouds reside at a distance of 8.34 ± 0.16 kpc [Reid et al. 2014]
They seem to lie on a well-organized common orbit [Molinari et al. 2011,Kruijssen et al. 2015] along which 
clouds might also systematically evolve [Longmore et al. 2013]

Galactic Center Molecular Cloud Survey (GCMS)
First systematic study resolving all major CMZ molecular clouds at interferometer angular resolution

[Kauffmann+A&A’17]

Hektor+ A&A’18
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Accretion spectrum

Hektor+ A&A’18
Yuan+ ApJ’03

ADAF model [Yuan & Narayan A&A’14]
- Depends on several parameters (e.g. viscosity, magnetisation, etc)
- In the case of a non-thermal electron component (e.g. jet) the IC bumps are smoothed out. 

Required e.g. to explain Sgr A* data [Yuan+ ApJ’03]
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NuSTAR constraints revised
What’s new: 
* Include turbulent gas motion (probably overestimating vturb)
* Effect of small-scale gas distribution (power-law pdf with slope 2.8)
* Advection dominated accretion flow (ADAF) spectrum (w/o adjusting for Sgr A* observation)
* Limits from NuSTAR 70 PS (w/o considering contamination from Galactic sources, e.g CV)

➡ In the case of turbulent gas motion, PBH 
above NuSTAR threshold are rare

➡ Adopting an Einasto DM profile, less 
detectable PBH are predicted 

➡ Adopting a small-scale gas density, increasing 
in the # of detectable PBH but not enough to 
set a bound 

X-ray observation cannot rule out O(10) MSun 
PBH

Hektor+ A&A’18
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Improving on accretion modelling 

* Radio jet not included in the hydrodynamic simulation while can have dynamical and radiative implications

Weak accretion onto e.g. Sgr A* => Models for radiatively inefficient accretion flows (RIAFs)
Traditionally adopted factorised parametrisation: 
1) lambda: encodes our ignorance on gas energetics in the accretion flow
2) eta: efficiency of converting gravitational potential energy into radiation depending on cs (gas phase)

Going beyond: Self-consistent estimate of how the accretion rate depends on the BH velocity in the 
presence of radiative feedback => radiation-(non-rel)-hydrodynamic simulations 

[e.g. Park & Ricotti  ApJ'13] 
Manshanden+1812.07967 

• Factorised formalism: 
Simple, monotonic decrease of accretion rate 
with increasing BH velocity

• Full simulation: 
If BH velocity below Mcrit, a bow shock forms 
developing a dense ionisation front behind the 
shock with lower downstream density (and gas 
velocity) => accretion rate increases with v 
If BH above Mcrit, the ionisation front is rarefied 
=> the accretion rate decreases with v
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Latest X-ray and radio constraints

Manshanden+1812.07967 

• Accretion rate of low-v PBH is suppressed 
=> They no longer contribute to the 
constraints

• Accretion rate of high-v PBH is enhanced 
=> Those objects are more likely to radiate 
above threshold

• The bounds originate from PBH with v~20 
km/s (peak of accretion rate)

• Limit O(100) stronger than Gaggero,FC+ 
PRL’17 

* Bounds still present at 5 sigma even with a 2 kpc core of the DM distribution
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XRB luminosity function
Limits from observed number density of X-ray binaries (XRB)

X-ray emission from free-floating BHs interacting with ISM gas is similar to XRBs.
How to disentangle the two? Ionisation bubble around accreting (P)BHs, emission of iron K-alpha 

fluorescent light

Inoue & Kusenko JCAP’18

Bondi accretion
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Low-mass PBH
How to constrain PBH which are evaporating at the present epoch (1014 - 1017 g)?

Hawking radiation is emitted in all available (SM) particle species, the total emitted power and 
therefore the lifetime of a PBH depends on the number of available particle states

BHs lose mass radiating particles with the rate:

electron/positron spectrum

M. Boudaud, PNHE2018

Almost-black body (grey) emission

Spectrum of emitted particles is centered at MeV-a 
few GeV energies

Page & Hawking ApJ’76; 
Carr & MacGibbon  Phys. Rep.’98
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Low-mass PBH 
constraints

✓ Extragalactic diffuse background limits on 
the mean cosmological number density, 
by integrating the flux from PBHs over 
the lifetime of the Universe 

✓ Searching for diffuse emission from 
PBHs in the halo of the Milky Way galaxy 
=> Constraints from the Galactic diffuse 
background (EGRET)

✓ Strongest constraints from Voyager I 
electron/positron data 

Lehoucq+ A&A’09

Carr+ PRD’10

Boudaud&Cirelli PRL’18

[Femtolensing constraints: J. Kopp talk]
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Voyager I: The local ISM
Sub-GeV interstellar cosmic rays cannot reach detectors orbiting the Earth, because they are 
stopped by the heliopause (Solar wind) 
Voyager-1 crossed the heliopause in August 2012 and probes now the local interstellar medium

=> First sub-GeV interstellar CRs

 Cummings+ 2016
Cummings+ 2016
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Electrons/positrons from PBH radiation

M. Boudaud, PNHE2018



Francesca Calore CNRS, LAPTh!29

Constraints from Voyager I

Voyager I 

EGB 
EGRET+Fermi-LAT

Carr+ PRD’10

Boudaud&Cirelli PRL’18

✓ Competitive with EGB limits up to 1016 g

✓ Independent on DM density profile  — 
probe only local flux of CRs (< 1kpc)

✓ Largest uncertainty related to CRs 
propagation, e.g. magnetic halo size (red 
band)

✓ Very conservative limits (signal only) => 
Improve by more than a factor of 10 if the 
astrophysical bkg of electrons/positrons is 
considered
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Fermi-LAT PBH search

Search for evidence of gamma rays produced by the Hawking radiation of low-mass, high-
temperature PBHs in the Fermi-LAT data

PBHs with the remaining lifetime of months to years

Would appear as Fermi-LAT unassociated sources with proper motion

• Differential point-source sensitivity in 4 yr (3FGL) of observations is most sensitive to PBHs with 
temperature TBH ~16 GeV, i.e. with a remaining lifetime of ~4 yr. 

• Detectable up to 0.03 pc, very local sources
• Expected proper motion of 1 deg, vs localisation error of 0.1 deg
• Smoking-gun signature: A moving unassociated source with a hard spectrum of gamma rays

No PBH candidate found in the 3FGL
➡ Set limits on PBH evaporation rate 
➡ Constraint on local mass density
➡ Average PBH density

* Several orders of magnitude less constraining than the limits obtained from extragal. and Galactic gamma-ray backgrounds 

Fermi-LAT Clb ApJ’18
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Conclusions & Outlook
✓ Solar-mass PBHs can be bright in radio and X rays
✓ How much, it depends on the modelling of gas accretion onto BH. Latest 

results based on hydro simulations show that a sizeable number of 
detectable PBHs is predicted above current radio and X-ray survey 
thresholds 

✓ Radio and X-ray bounds nicely complements other constraints in the PBH 
solar-mass range

✓ Future radio facilities (SKA, ngVLA) have the potential to either set very 
strong constraints on PBH abundance or to detect a population of PBHs at 
the GC

✓ Low-mass PBHs can be probed by sub-GeV particles: photons and 
cosmic rays.Strong and robust constraints from Voyager I electron/positron 
data

✓ Future (proposed) gamma-ray missions @ sub-GeV can push further 
down the limits on PBH abundance from diffuse photon observations, e.g. 
Amego
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Thank you for your attention!



PBH velocity distribution

MB centered at 50 km/s at 60 pc, 74 km/s at 100 pc and 138 km/s at 500 pc in our computation
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PBH velocity distribution

Francesca Calore CNRS, LAPTh

~50 km/s   @ 60 pc
~74 km/s   @ 100 pc 
~138 km/s @ 500 pc
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The SKA
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The gas distribution in the MW
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Extended mass distribution

5sigma, Radio bounds, log-normal 

Power-law: can give bounds as strong as fDM = 0.05

Manshanden+1812.07967 
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Relevance of disk-like accretion

*  Disk not resolved in hydro simulation [Park&Ricotti ApJ’13]
** The disk formation can drive thermal instabilities leading to outbursts [Agol&Kamionkowski MNRAS’02]

CMB anisotropy constraint on PBH abundance
An accretion disk generally form in dark ages between recombination and reionisation

Poulin,FC+ PRD’17


