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Primordial black holes (PBHs)
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Zeldovich 67, Hawking MNRAS 152 (1971), Carr and Hawking MNRAS 168 (1974)

‣ BHs can form in early universe from collapse of overdense regions 
‣ Mass related to horizon size at time of formation
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(1) Detecting black holes in the Milky Way  
‣ Gas accretion 

(2) Detecting black holes at cosmological distances 
‣ Gravitational waves

Outline

3

Based on: ‣ F.Scarcella, D.Gaggero et al. 2012.10421 (MNRAS), 
‣ F.Scarcella, D.Gaggero, J. Garcia-Bellido PoS ICRC2021 (2021) 565

Based on: ‣ Master thesis, Cristina Fernandez 
‣ Master thesis, Tania Franco 
‣ F.Scarcella, D.Gaggero et al. 2205.02639
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Gas accretion in the Milky Way
Based on: ‣ 2012.10421 (MNRAS) with D. Gaggero, M. Ricotti, G. Bertone et al.  

‣ PoS ICRC2021 (2021) 565, 22xx.xxx with D. Gaggero, J. Garcia-Bellido
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BH expected to accrete gas from dense clouds 

‣ Non-thermal radiation (X-ray/radio) 

‣ Large population of PBHs + clouds at GC 

‣ Channel used to set bound on PBH 
abundance 

‣ No accreting isolated BH identified so far

Detecting BHs in the Milky Way

5

Manshanden et al. 1812.07967

➡ Robustness of bound wrt astrophysical uncertainties 

➡ Dependence bound on the PBH model (mass function)

Goals
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Modelling the accretion rate
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6 K. Sugimura and M. Ricotti
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Figure 3. The snapshots of the steady-state flow in the run with
n1 = 10

5
cm

�3, MBH = 10
2 M�, T1 = 10

4
K, and v1/c1 = 2. The

bottom panel is a zoom-in view of the top panel where the entire
HII bubble is displayed. In each panel, we show the xy-slice of
the density (upper) and the temperature (lower), together with
the velocity streamlines. The outer and inner white contours cor-
respond to the surfaces of the neutral fraction xHI = 0.9 and 0.1,
respectively. The gas is moving from the right side to the left, with
the BH located at the center of the sink region (white circle).

we see that a stable, dense shell forms between the D-type
I-front and the preceding shock, alike a bow shock around
a blunt body (see, e.g., Yalinewich & Sari 2016; Keshet &
Naor 2016, for recent studies).

Let us investigate the structure of the flow in detail. In
the HII region, the gas is heated to the equilibrium tem-
perature TII ⇡ 4 – 5 ⇥ 10

4
K, determined by the balance of

the photo-ionization heating and the Ly↵ and free-free cool-
ing. The shock is isothermal due to the e�cient Ly↵ cool-
ing in the neutral gas, and the density jump in the shell
is (v1/c1)2 ⇡ 4 of the ambient value. As considered in the
analytical model in Sec. 2, the gas motion is approximately
plane-parallel except for inside the shell, where the tangen-
tially diverging motion has a significant e↵ect on the stream-
lines. The shell is rather thick (�Rshell/RIF ⇠ 0.1) and stable.
The size of the I-front, RIF ⇠ 2 ⇥ 10

4
au, agrees with the

analytic Strömgren radius in Eq. (13). In general, the flow
structure is consistent with previous 2D simulations in PR13
and agrees with the analytical model.

To understand the properties of the shell and its stabil-
ity, we investigate the dependence of the shell thickness on
the BH velocity, by performing runs with various BH veloc-
ities v1/c1 = 1.5 – 3 for n1 = 10

5
cm

�3 and MBH = 10
2

M�.
We observe stable D-type flows for the velocity range men-
tioned above, but the shell becomes unstable or disappears
(the I-front becomes R-type) for velocities v1/c1 > 3, as we
will see in the next section.

Figure 4 summarizes the main results found in this pa-
per with regard to the stability of the I-front. The points in
the figure show the ratio of the shell thickness to the size
of the I-front, �Rshell/RIF, as a function of v1/c1 for a large
set of simulations, as shown in the legend. We see that the
ratio becomes smaller, i.e., the shell becomes thinner, with
increasing v1/c1. The filled symbols refer to simulations in
which the shell is stable, while open symbols refer to simu-
lations with unstable shells.

The solid lines in the figure show �Rshell/RIF from the
analytical model described by Eq. (24) in Sec. 2.2, for sev-
eral values of TII, together with the arrows indicating the
values of vR, at which the thickness becomes zero accord-
ing to the model. For the moment, we focus on the curve
for TII = 6 ⇥ 10

4
K because the temperature inside the

HII region has approximately this value in the runs with
n1 = 10

5
cm

�3 and MBH = 10
2

M� (see Figure 3). With
the numerical factor set to ↵ = 0.5, the analytical curve
for TII = 4⇥10

4
K shows good agreement with the simulation

results for n1 = 10
5

cm
�3 and MBH = 10

2
M�. The agree-

ment is good also for all the other simulations in the figure,
justifying the validity of our analytical model, as well as the
choice of ↵ = 0.5. The analytical model predicts that the
thickness approaches zero as v1 approaches vR. In the runs
with n1 = 10

5
cm

�3 and MBH = 10
2

M�, however, the shell
becomes unstable before the velocity reaches vR, as indicated
by the open symbols.

We also investigate the dependence of shell thick-
ness on n1 and MBH, in addition to the dependence
on v1. We performed runs with various v1, assuming
(n1, MBH) = (10

4
cm

�3, 10
2

M�), (10
3

cm
�3, 10

2
M�), and

(10
3

cm
�3, 10

3
M�), and plot �Rshell/RIF of the stable D-type

flows in Figure 4. We see that �Rshell/RIF becomes smaller
when decreasing n1 or MBH. It appears that �Rshell/RIF is
proportional to the parameter combination MBH n1.

According to our model, the shell thickness depends on
parameters other than v1 only because of changes of the
sound speed inside the HII region, cII. We will show below
that cII depends on MBH n1, and that this dependence can
be attributed to changes in the temperature profile inside
the ionized region. In Fig. 5, we plot the upstream tem-
perature profiles along the axis of BH motion in the runs
with v1/c1 = 2 and di↵erent n1 and MBH. We normal-
ize the radius by the size of the I-front to directly compare
the temperature profiles. We see in Fig. 5 that the steep-
ness of the temperature rise inside the HII region has signif-
icant di↵erences among the runs. For the run with BH mass
MBH = 10

2
M� and n1 = 10

5
cm

�3, the temperature rapidly
reaches the almost constant value 5 – 6 ⇥ 10

4
K inside the

HII region, while the rise in temperature becomes slower
as n1 decreases. Therefore, in the lower-density case with

MNRAS 000, 1–13 (2020)

Park-Ricotti model, radiative feedback 
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Expected number of visible sources

7

Modelling the BH population: 

‣ Spatial distribution (NFW) 

‣ Velocity distribution (MB) 

‣ Mass distribution

Semi-analytic study of impact of uncertainties on the predictions

Nsources(ϕ*) = N tot ∫ϕ(vBH,M,d,{pi})>ϕ*
P(vBH)P(M)P(r)P(n) dvBH dM dr dn

Modelling the molecular clouds: 

‣ Density distribution P(n) ∝ n−β

Ferrière et al: 0702532

‣ Temperature of ionised ‘bubble’ ( )cin
s
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Results: number of X-ray sources (monochromatic)

8

Eddington 
inversion 
formula

NuSTAR survey: 3-40 keV, ~70 sources GC, 1605.03882
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Figure 3. Trial maps of the GC region in the 3–10 (top) and 10–40 keV (bottom) bands using source cells of 20% PSF enclosures,
overplotted with the Chandra counterparts of the NuSTAR detections (green: group 1 and yellow: group 2, §3.4). The colors are scaled
with the logarithmic values (X) of trial numbers (10X), and the maximum is set at X=32 to make faint sources stand out more clearly.
A few large blobs of high significance include the Sgr A di↵use complex, GRS 1741.9–2853 (§5.2), 1E 1743.1–2843 (§5.1) and the Arches
cluster (§9.2). The large streaks in the 3–10 keV band are (GR) backgrounds from bright sources near the region.

Source search routines such as wavdetect (Freeman et
al. 2002) and wvdecomp27 have been very successful in
finding point sources from X-ray images taken by Chan-
dra, XMM-Newton and other X-ray telescopes. These
techniques rely on the correlation between the wavelet
kernels and the local count distribution of X-ray images.
As researchers lower the detection thresholds of these
techniques in hopes of finding fainter sources, it becomes
essential to independently validate faint sources detected
near the thresholds (e.g. M09; Hong 2012). An indepen-
dent validation also alleviates a somewhat unavoidable
subjectivity inherent in threshold setting (Townsley et
al. 2011). In short, negative values used in wavelet anal-
yses, although enabling e�cient source detection, intro-
duce in essence a “subtraction” procedure, which can be
inadequate in characterizing the detection significance of
X-ray sources from non-negative counts following Pois-

27 By A. Vikhlinin; http://hea-www.harvard.edu/RD/zhtools/.

son statistics.
The relative size of the NuSTAR FoV to the point

spread function (PSF) is much smaller than those of
Chandra or XMM-Newton. The ratio of the FoV (⇠130)
to the Half-Power Diameter (HPD, 5800) and FWHM
(1800) of the PSF in NuSTAR is only about 13 and 40,
respectively, whereas in Chandra the ratio exceeds 1000
(FoV⇠17.50 and HPD <100 at the aimpoint) for near on-
axis sources. Each NuSTAR observation often misses a
large portion of the PSF of many sources. A point source
in the mosaicked data often comprises a number of neigh-
boring observations with partial PSF coverage, varying
exposures and di↵erent vignetting e↵ects. This, com-
bined with relatively large NuSTAR backgrounds with
complex patterns, further limits the utility of the conven-
tional techniques for source search in the mosaicked NuS-
TAR data. Except for several self-evident bright sources,
all other sources detected by the conventional techniques

= 1fPBH
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Results: abundance constraints 

9

NuSTAR survey: 3-40 keV, ~70 sources GC, 1605.03882
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NuSTAR survey: 3-40 keV, ~70 sources GC, 1605.03882
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NuSTAR survey: 3-40 keV, ~70 sources GC, 1605.03882
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NuSTAR survey: 3-40 keV, ~70 sources GC, 1605.03882
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NuSTAR survey: 3-40 keV, ~70 sources GC, 1605.03882
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Jedamzik 1996, Byrnes et al. 2018, Carr et al. 2019

➡ Dominated by  peak: large uncertainties 

➡ In progress: Bayesian posterior on 

1 M⊙

fPBH
PoS ICRC2021 (2021) 565
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 (1)  Summary

10

➡ Useful channel to constrain PBH abundance above  

➡ Large uncertainties for PBH mass   

➡ Uncertainties reflected on multimodal mass function

∼ 10 M⊙

∼ 1 M⊙

➡ Identification of sources as BH - dedicated multi-wavelength analysis 
➡ Identification of sources as PBH or ABH - challenging

Prospects

Caveats

➡ PBH spatial distribution (correlation with cloud positions, clusters) 
➡ PBH velocity dispersion
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Black hole mergers at high redshift
Based on 2205.02639 with M. Martinelli, N. Hogg, P. Fleury, D. Gaggero, B. Kavanagh
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 Clean channel: high redshift (no astrophysical background)
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Forecast for Einstein telescope to asses: 
‣ ability to detect PBH 
‣ ability to measure PBH abundance

Prospects for the Einstein Telescope

Can we identify primordial black holes with future gravitational wave observatories?
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dz

➡ Simulate PBH merger events and detector’s response
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‣ Compute expected number of events ( ) 

‣ Each event (redshift, position, inclination)  waveform (PyCBC) 

‣ ET antenna patterns   strain   

‣ Compute signal-to-noise ratio  

‣ Discard faint events (  ) 

‣ Draw  instrumental error on distance from Gaussian  

‣ Extract observed value of  

‣ Obtain error on  including lensing effects

Tobs

→

→ h( f )

ρi

ρi < 8

ΔDi

DL

DL

ET mock data generation

14

ρi = [4∫
fupper

flower

df
hi( f )h*i ( f )

Sn( f ) ]
1
2

σinst
i = 2D̃i /ρi

gitlab.com/matmartinelli/darksirens

Sketch of the mock data generation algorithm: 
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Final result: mock catalog ( )Di, σi
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Data analysis - 1

‣ Divide data in two bins, evaluate  :  # events with  

‣ Generate catalogs for different values of  , evaluate  

‣ Compare with null hypothesis: ABH only data set 

N> z > z *

fPBH N>

→ N> = 1 ± 1.7

``Cut-and-count´´

➡ Smallest  detectable fraction ( ):    3σ fPBH ≈ 10−5 → N> = 16 ± 5
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‣ Unbinned likelihood - probability of a set of observed events

Data analysis - 2

16

ℒ( fPBH |𝒟) =
N̄obs( fPBH)Nobse−N̄obs( fPBH)

Nobs!
× ∏

i=1,Nobs

p(Di | fPBH)

p( fPBH |𝒟) ∝ ℒ( fPBH |𝒟)Pr( fPBH)

‣ Posterior distribution for  fPBH
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(2)  Summary

17

➡ Future GW observatories:  powerful tool to identify PBH signal  
➡ Measure PBHs in abundance as small as    fPBH ≈ 10−5

➡ Signal modelling (mass function, initial clustering, …) 
➡ Astrophysical background  (pop III stars) 

Caveats

➡ Provided a public tool for generation of GW mock data 

gitlab.com/matmartinelli/darksirens



Thank you 


