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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
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Figure 4: Predictions of the 21-cm signal for PBHs for the BHL accretion model (left column)
and the PR accretion model (right column), and for a PBH mass of MPBH = 10

2
M� and

for a range of fractional PBH abundance fPBH. Top row: impact on the global differential
brightness temperature, �Tb, as a function of redshift. Middle row: impact of accreting PBHs
on the 21-cm power spectrum, �2

21
, at a fixed scale k = 0.15 Mpc�1, as a function of redshift.

The 1� sensitivities, �exp (z, k), are shown for the HERA telescope, and for the SKA AA* and SKA
AA4 configurations, computed using 21cmSense [172–174]. Bottom row: same as the middle
row, but now showing the power spectrum, �2

21
, at a fixed redshift z = 15, as a function of k

instead. In each plot we assume the benchmark astrophysics scenario, corresponding to the
middle row in figure 3, and given in table 2. The legend provided in the bottom left panel
applies to all panels.
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21cm physics (a primer)
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Radiative coupling most efficient (too low 
densities for collisions) and  TS = Tγ

Lyman-alpha photons from first sources 
couples  , through the WF effect TS → TK

X-ray heating of the gas, where WF effect still 
couples  . We see emission when TS → TK
TK > Tγ

Exotic Injections from DM changes this story! 

Mena et al Phys. Rev. D 100, 043540 (2019)
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Observations of supermassive black holes (SMBHs) at high redshifts challenge standard seeding
scenarios. We examine a dissipative self-interacting dark matter (dSIDM) model in which gravother-
mal collapse leads to the formation of massive BH seeds ab initio. We utilize a semi-analytical frame-
work to predict properties of the dSIDM-seeded SMBH population. Billion solar mass quasars are
reproduced along with low-mass faint active galactic nuclei (known as little red dots) with SMBH-
to-galaxy stellar mass ratios consistent with recent James Webb Space Telescope observations. To
match the abundance of the observed bright quasars, a percent-level duty-cycle is suggested, imply-
ing a large population of dormant SMBHs. The gravitational wave (GW) signals from mergers of
these massive SMBHs can be detected by LISA while remaining within the NANOGrav constraints
on the GW background. These results provide testable signatures of DM-driven SMBH formation,
offering a pathway to probe hidden-sector physics through SMBH and GW observables.

I. INTRODUCTION

The seeding and growth mechanisms of supermassive
black holes (SMBHs) at high redshifts remain an open
question (see e.g. the review [1]). One puzzle comes
from observations of bright quasars at z & 6, indicating
that SMBHs with masses greater than a billion solar mass
had already formed when the Universe was only ⇠ 1Gyr
old [e.g. 2–9]. This rapid growth requires either initially
heavy BH seeds or sustained super-Eddington accretion
[e.g. 10–19] under standard astrophysical scenarios. Re-
cent James Webb Space Telescope (JWST ) observations
have further complicated the picture by revealing a sur-
prisingly large population of faint active galactic nuclei
(AGN) at z & 4, known as “little red dots” (LRDs; e.g.
[20–22]). Most LRDs have significantly larger SMBH
masses (given their host galaxy stellar masses) compared
to local scaling relations [23], signaling different pathways
of BH and bulge mass growth.

Massive SMBH seeding has been shown to be more
feasible in alternative dark matter (DM) models featur-
ing DM self-interactions [e.g. 28–31]. The “gravother-
mal catastrophe” of weakly-collisional self-gravitating
systems can lead to run-away collapse at the center of
DM halos [32–37] and the formation of compact objects.
This phenomenon can be triggered in both elastic self-
interacting DM (SIDM) models with heat conduction and
dissipative SIDM (dSIDM) models with “radiative” cool-
ing [38–41]. In particular, Ref. [39] showed that dissipa-
tive SIDM can efficiently seed massive SMBHs at z & 6

⇤
shencharline8@gmail.com

†
xuejian@mit.edu

‡
huangyu@fnal.gov

FIG. 1. An illustration of SMBH mass growth history.
The blue shaded regions show the 1 and 2-� scatters of the
mass growth histories for dSIDM-seeded SMBHs (weighted
by their Press-Schechter weights), with the faint blue lines
showing selected mass growth histories. We compare it to the
observed massive quasars at z & 6 [1] and JWST -identified
AGN [24–27]. The two dashed lines represent Eddington-limit
growth (with the Salpeter time ⇠ 50Myr) from direct collapse
BHs (⇠ 105 M� at z ⇠ 15) and PopIII stars (⇠ 300M� at
z ⇠ 25).

without violating any lower-redshift constraints. How-
ever, the implications of SIDM-seeded SMBHs for current
and future observations remain underexplored.

In this Letter, we examine the cosmological conse-
quences of the dSIDM-driven SMBH formation and its
observational signatures. We show that it not only pro-
vides a solution to the seeding puzzle of early massive
SMBHs but also leaves unique imprints that can be com-
pared to current or future multi-messenger observations.
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old [e.g. 2–9]. This rapid growth requires either initially
heavy BH seeds or sustained super-Eddington accretion
[e.g. 10–19] under standard astrophysical scenarios. Re-
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have further complicated the picture by revealing a sur-
prisingly large population of faint active galactic nuclei
(AGN) at z & 4, known as “little red dots” (LRDs; e.g.
[20–22]). Most LRDs have significantly larger SMBH
masses (given their host galaxy stellar masses) compared
to local scaling relations [23], signaling different pathways
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feasible in alternative dark matter (DM) models featur-
ing DM self-interactions [e.g. 28–31]. The “gravother-
mal catastrophe” of weakly-collisional self-gravitating
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This phenomenon can be triggered in both elastic self-
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without violating any lower-redshift constraints. How-
ever, the implications of SIDM-seeded SMBHs for current
and future observations remain underexplored.

In this Letter, we examine the cosmological conse-
quences of the dSIDM-driven SMBH formation and its
observational signatures. We show that it not only pro-
vides a solution to the seeding puzzle of early massive
SMBHs but also leaves unique imprints that can be com-
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For the analysis of current high-
precision CMB data the ionization 
history has to be known very 
accurately!
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The CMB bound - the physics

Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM

7

DM annihilation injects particles that heat and 
ionize the IGM 

—> Increase of the free-electron fraction  

- broadens the visibility function,  
- adds optical depth between recombination 

and ionization 
- suppresses the peaks 
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The CMB bound - the prospects: close to “saturation”

• ACT, SPT, Simons Observatory: Large 
collection area. Sharp view for high-l modes


• LiteBIRD: No atmosphere  (which is bright, 
polarized, 1/f noise), perfect for low-l polarized 
modes

Charlotte Myers, Dominic Agius, DG, Angelo Ricciardone 2512.10896
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FIG. 2. Projected 2� upper bounds on the DM annihilation cross section h�vi as a function of DM mass m� for three
annihilation channels: W

+
W

� (top), bb̄ (middle), and µ
+
µ
� (bottom). The channel-dependent fe↵ curves used to convert

constraints on pann to h�vi are taken from Ref. [15]. Solid lines show current CMB constraints derived in this work for Planck
and Planck + SPT; dashed lines show projected bounds for CMB-S4 + Planck, CMB-S4 + LiteBIRD, and a CVL experiment.
Dotted lines indicate complementary limits from indirect detection, extrapolated from [22] (see also references therein). We
also show the thermal cross section as a function of DM mass [58].
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• Park-Ricotti model: simulations 
+ semi-analytical parametrization 
in presence of radiative feedback. 

• Suppression of the accretion rate 
at low velocity, due to the 
formation of an ionized bubble

7

The CMB bound - the “astro uncertainty” in the PBH case
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Figure 4. Accretion rates of interstellar gas onto a moving, isolated PBH as a function of its velocity.
The results of [45] (solid blue line) are compared to the phenomenological prescription adopted in [15],
whereby we show the two cases the authors considered: Bondi-Hoyle-Littleton accretion of neutral
gas (orange dashed line) and gas which is considered fully ionized when the timescale for ionization
is shorter than the timescale for the BH to traverse its Bondi sphere (green dot-dashed line). The
rates are expressed as fractions of the Bondi rate, the mass of the PBH is fixed at 100M� and the
ambient gas density and temperature are set to ⇢ = 104 mp cm�3 and T = 102 K respectively. The
vertical dotted line identifies the Mach number where the accretion rate reaches the peak, i.e. where
the ionization front starts to break down.

monotonic decrease of the accretion rate with increasing BH velocity, the simulations show
a more complicated phenomenology. If the BH velocity is supersonic, but the Mach number
is below a critical value MR (MR ' 4 for T ' 104 K), a dense bow shock forms in the
upstream region; behind the bow shock, a D-type (dense) ionization front develops, and
a cometary-shaped HII region can be identified, characterized by low density and velocity.
In this regime, the gas velocity in the reference frame of the moving BH decreases with
increasing BH velocity, hence the accretion rate follows the opposite trend with respect to
the Bondi-Hoyle-Lyttleton formula, i.e. it increases with increasing BH velocity (see Fig.
4). Conversely, when the BH velocity is above MR, the ionization front becomes R-type
(rarefied), and the accretion rate decreases with the BH velocity, e↵ectively returning the
accretion process to Bondi-Hoyle-Littleton-like accretion.

– 10 –

• Bondi-Hoyle-Littleton accretion: 
based on Euler + Continuity 
equation

H. Bondi, MNRAS 112(2):195–204, 1952  

H. Bondi and F. Hoyle, MNRAS 104(5):273–282, 1944 

K. Park and M. Ricotti, 1211.0542

4. ACCRETION PHYSICS OF ISOLATED BLACK HOLES

4 Accretion Physics of Isolated Black Holes

For testing PBHs as a dark matter candidate through their radio and X-ray emission,
the accretion physics of black holes play a vital role. Therefore, a basic understanding
of the relevant concepts is required before moving on. This section will be dedicated
to give a brief picture of the accretion physics of isolated black holes accreting from a
constant gas density. To this end, this section is structured in the following way.

First, the concept of Bondi-Hoyle-Lyttleton accretion will be described and derived
in section 4.1. Then in section 4.2 the concept of radiative e�ciency will be introduced.
Next, in section 4.3, the radiative feedback and in particular the idea of a Strömgren
sphere will be discussed. This is followed by a brief discussion in section 4.4 on disk
accretion scenarios accurate for observed accreting systems. The last subsection, section
4.5, will introduce the empirical fundamental plane relating the X-ray luminosity, radio
luminosity and mass of black holes.

4.1 Bondi-Hoyle-Lyttleton Accretion

The first attempt at describing the accretion of gas onto an object was done by Bondi,
Hoyle and Lyttleton in three consecutive works [76, 77, 78]. This resulted in the famous
Bondi-Hoyle-Lyttleton accretion rate:

ṀBHL = 4⇡
(GM)2⇢1

(v2 + c21)3/2
(4)

Here Ṁ is the accretion rate, G is the gravitational constant, M and v are respectively
the mass and velocity of the accreting object, and c1 and ⇢1 are respectively the sound
speed and density of the accreting gas at infinity.

Equation 4 is actually a composition of two equations, each considering the accretion
rate in a specific case. The two cases considered are 1) a gas cloud is at rest and an
object moves through the cloud with a constant velocity [76, 77], and 2) an object is at
rest and the gas accretes steadily and spherically symmetric onto the object [78]. In the
following two parts of this section the accretion rate for both cases will be derived.

1) Velocity-limited case: Cloud at rest, object moving through cloud

O
�

~v

dC

Figure 4: Schematic of the velocity-limited case. An object O moves with constant velocity ~v
through a cloud of gas. The gas particles with impact parameter � follow hyperbolic trajectories
(solid lines) colliding at point C, a distance d from the object. These particles will eventually
accrete if their velocities are insu�cient to escape the gravitational attraction of the object.

14
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The CMB bound - the “astro uncertainty” in the PBH case
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Figure 6: Constraints at the 95% probability from the posterior of fPBH – which describes the
cosmological abundance of PBHs as a fraction of the DM abundance, assuming a monochromatic PBH
mass function – obtained within di↵erent accretion recipes and for a selected range of PBH masses.
In light blue is the bound assuming BHL accretion with a disk geometry and with either DM halos
included (dashed, “CMB (BHL HALO)”) or not included (solid, “CMB (BHL)”). In red is the bound
assuming PR accretion with a disk geometry and with either DM halos included (dashed, “CMB (PR
HALO)”) or not included (solid, “CMB (PR)”). The dark blue line (“CMB (Conservative)”) shows
the CMB accretion bound following the spherical accretion recipe of §6.4. The most stringent and
relevant PBH bounds in this mass regime are also shown from gravitational waves [74, 75], Radio and
X-Ray [76], Microlensing [77–79], Dynamical [80, 81], and Dwarf Galaxy Heating [82]. We make use
of [83] for plotting.

regime, as discussed in §2.3, the PR model predicts accretion rates higher by a factor ⇠ �

than the BHL model. On the other hand, at lower redshifts, the velocity decreases and the
PR model enters its intermediate regime, where a shock front is formed and the accretion
rate becomes very strongly suppressed. The two e↵ects partially compensate, resulting in a
di↵erence of a factor [2.5 � 3] between the two bounds. In conclusion, while one may have
naively expected a weakening of the bound in the PR case as a consequence of the low-velocity
suppression of the accretion rate, the aforementioned cancellation actually slightly moves the
bound in the opposite direction, making it more stringent.

Varying the value of the sound speed cs,in can change the ratio between the PR and
BHL accretion rates, as is shown in Figure 1. We analyze the impact of this parameter on
the PR bound in section §6.1.

– 17 –
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21 cm and PBHs - other astro uncertainties

Sensitive to the spin 
temperature of the gas at the 
end of the dark ages 
A cosmic redshift-dependent 
“thermometer”  

Dominic Agius (IFIC, Valencia, Spain) CMB and 21cm constraints on Primordial Black Holes

21cm physics (simplified)
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Figure 4: Predictions of the 21-cm signal for PBHs for the BHL accretion model (left column)
and the PR accretion model (right column), and for a PBH mass of MPBH = 10

2
M� and

for a range of fractional PBH abundance fPBH. Top row: impact on the global differential
brightness temperature, �Tb, as a function of redshift. Middle row: impact of accreting PBHs
on the 21-cm power spectrum, �2

21
, at a fixed scale k = 0.15 Mpc�1, as a function of redshift.

The 1� sensitivities, �exp (z, k), are shown for the HERA telescope, and for the SKA AA* and SKA
AA4 configurations, computed using 21cmSense [172–174]. Bottom row: same as the middle
row, but now showing the power spectrum, �2

21
, at a fixed redshift z = 15, as a function of k

instead. In each plot we assume the benchmark astrophysics scenario, corresponding to the
middle row in figure 3, and given in table 2. The legend provided in the bottom left panel
applies to all panels.
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21 cm and PBHs - other astro uncertainties
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Figure 6: Sensitivity of SKA AA4 to fPBH, the fractional contribution of PBHs to the DM
abundance, at 95% probability versus the PBH mass, assuming a monochromatic PBH mass
function. Results are shown as a function of the PBH mass, for two accretion models: BHL
accretion (blue curves and blue shaded region) and PR accretion (red curves and red shaded
region). We show results for three different fiducial astrophysical scenarios: benchmark (solid
lines, labeled “21-cm (BHL)” and “21-cm (PR)”), more-constraining (dash-dotted lines),
and less-constraining scenarios (dashed lines); the astrophysics parameters for each of
these three scenarios are provided in table 2. We remark that the less-constraining
scenario is on the x-axis with fPBH = 1, for both models. For comparison, we also show with a
thin gray line (labeled “other constraints”) the combined constraints from other probes, derived
from gravitational waves from merging events [178, 179], radio and X-ray observations [180],
microlensing [181–183], dynamical effects [184, 185], and dwarf galaxy heating [186]. We also
show the CMB constraints reported in ref. [82] (dotted gray lines), labeled for both the BHL
and PR accretion models.17 We make use of [187] for plotting.

4.3 21-cm forecasts and discussion

The forecasted constraints at 95% probability on fPBH are presented in figure 6, which cap-
tures the two primary sources of uncertainty investigated in this work: the astrophysical
modeling of the cosmic dawn and the PBH accretion prescription. The results demonstrate
that these uncertainties have a significant impact on the projected sensitivity of 21-cm exper-
iments. Our study reveals two key findings. First, the choice of the fiducial astrophysical
scenario is critical. As shown by the spread between the less-constraining and more-
constraining lines in figure 6, the projected constraints vary by orders of magnitude. In

17
The analysis in ref. [82] was focused on the mass range MPBH � 10M�, and the bound was not computed

for lower masses.
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21 cm and PBHs - other astro uncertainties

Dominic Agius, Rouven Essig, DG, Sergio Palomares-Ruiz, Gregory Suczewski, Mauro Valli, 2510.14877

Astrophysical parameter Benchmark Less-Constraining More-Constraining
N↵ 9690 3 ⇥ 10

3
4 ⇥ 10

4

log10 LX/Ṁ⇤ [
erg
s

yr

M�
] 40.5 41 39.5

Tvir [K] 10
4

10
4

10
5

Table 2: The three astrophysical parameters that we vary over for forecasting the sensitivity
of the 21-cm signal to PBHs. These parameters are: the number of photons between Ly-↵
and Ly continuum per baryon, N↵; the soft-band (E < 2 keV) luminosity/SFR in X-rays, LX ;
the minimum virial temperature of halos hosting galaxies, Tvir. The second column shows our
benchmark scenario, while the third and fourth columns shows the set of parameters leading
to less sensitivity to PBHs and more sensitivity to PBHs, respectively.

have highlighted further theoretical uncertainties affecting the emission properties of stellar
sources, such as stellar rotation, which can change the UV luminosity by up to a factor of
5 [153, 154]. Given the absence of any robust theoretical model of the UV spectrum of the
first stars, we bracket this uncertainty through the parameter choices for N↵. In particular,
we choose the less-constraining and more-constraining values of N↵ to be 3 ⇥ 10

3

and 4 ⇥ 10
4 photons per baryon. These values are contained within ranges on N↵ implicitly

considered in refs. [44, 128, 155–157].
For LX , an upper bound can be derived using stacked X-ray observations from Chandra,

giving LX/Ṁ⇤ . 10
42

erg s
�1

M
�1

� yr [148, 158]. Recently, the HERA collaboration released a
lower limit, finding that LX/Ṁ⇤ > 10

39.9
erg s

�1
M

�1

� yr at 2� confidence [149, 150]. This
lower limit is derived from a lower bound on the gas temperature, from the non-detection
of the 21-cm power spectrum by HERA, leading to the conclusion that some heating of the
gas must be present in the early Universe. However, the translation of this gas temperature
limit to an X-ray limit requires assumptions on the modeling of astrophysical sources. To
include the uncertainties associated with the astrophysical modeling, we conservatively choose
our lower limit to be LX/Ṁ⇤ = 10

39.5
erg s

�1
M

�1

� yr. We choose a benchmark scenario
contained within these limits, assuming high-mass X-ray binaries consistent with ref. [159],
with LX/Ṁ⇤ = 10

40.5
erg s

�1
M

�1

� yr,9 and we choose an upper limit of LX/Ṁ⇤ = 10
41

erg s
�1

M
�1

� yr.10

For Tvir, a lower limit can be set by the atomic cooling threshold, and an upper limit
can be set by requiring consistency with observed high-z Lyman break galaxies [145], and
from observations of the Lyman-↵ forest [17, 155, 161, 162].11 We consider our benchmark
scenario at the atomic cooling threshold Tvir = 10

4 K, and choose our less-constraining
and more-constraining values at 10

4 K and 10
5 K, respectively.

The substantial variation in the astrophysics parameters reflects the absence of powerful
observational probes constraining cosmic dawn. Ongoing efforts to constrain these param-
eters using independent observables include UVLFs [16, 123, 140, 144, 163], quasar dark

9
This benchmark value should be understood as an order of magnitude estimate on the X-ray luminosity.

See, e.g., ref. [160], and references therein.
10

We remark here that using a larger upper limit for LX would further increase heating to the IGM from

astrophysical sources, making distinguishability from exotic sources even more difficult (and can be roughly

understood as an even less-constraining scenario). Similarly, using a lower limit would have the opposite

effect, allowing for a more-constraining scenario.
11

Attempts to constrain Mturn are given, e.g., in ref. [140].
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Figure 3: Predictions of the 21-cm global signal (left panels) and the power spectrum (right
panels), as a function of z, for the less-constraining (first row), benchmark (middle
row) and more-constraining (bottom row) astrophysical scenarios. We assume the BHL
accretion model and PBHs of mass MPBH = 10

2
M�, with the colors corresponding to different

values of fPBH as indicated in the legend of the top left panel; for the power spectrum, we fix
k = 0.15Mpc

�1. We also show the 1� experimental sensitivities, �exp (z, k), from the HERA
experiment, and the SKA AA* and SKA AA4 configurations, computed using 21cmSense [172–
174]. The astrophysical parameters for each row are given in the title, with the definitions
provided in table 2. The remaining astrophysical parameters are fixed to those shown in
table 3.
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More- and Less-Constraining scenarios
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Figure 3: Predictions of the 21-cm global signal (left panels) and the power spectrum (right
panels), as a function of z, for the less-constraining (first row), benchmark (middle
row) and more-constraining (bottom row) astrophysical scenarios. We assume the BHL
accretion model and PBHs of mass MPBH = 10

2
M�, with the colors corresponding to different

values of fPBH as indicated in the legend of the top left panel; for the power spectrum, we fix
k = 0.15Mpc

�1. We also show the 1� experimental sensitivities, �exp (z, k), from the HERA
experiment, and the SKA AA* and SKA AA4 configurations, computed using 21cmSense [172–
174]. The astrophysical parameters for each row are given in the title, with the definitions
provided in table 2. The remaining astrophysical parameters are fixed to those shown in
table 3.
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Figure 3: Predictions of the 21-cm global signal (left panels) and the power spectrum (right
panels), as a function of z, for the less-constraining (first row), benchmark (middle
row) and more-constraining (bottom row) astrophysical scenarios. We assume the BHL
accretion model and PBHs of mass MPBH = 10

2
M�, with the colors corresponding to different

values of fPBH as indicated in the legend of the top left panel; for the power spectrum, we fix
k = 0.15Mpc

�1. We also show the 1� experimental sensitivities, �exp (z, k), from the HERA
experiment, and the SKA AA* and SKA AA4 configurations, computed using 21cmSense [172–
174]. The astrophysical parameters for each row are given in the title, with the definitions
provided in table 2. The remaining astrophysical parameters are fixed to those shown in
table 3.
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Conclusions

• CMB is a clean and accurate observable for a bound on 
new physics. However, close to saturation 

• PBH science case: astro uncertainties due to accretion 
physics 

• 21 cm future is extremely useful, still it is a very “messy” 
channel. More data needed on X-ray and LyAlpha radiation 
fields. If you want to find new physics, you have to delve into 
that and love those stars! 



Bologna - Jan 2026 16

Backup: PBHs and CMB
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Figure 4: The free electron fraction, Xe, as a function of redshift, showing the e↵ect of a monochro-
matic PBH population with mass MPBH = 103

M�, for di↵erent PBH abundances, as labelled.
The left figure is for the BHL accretion scenario, and the right figure shows the PR scenario, with
cs,in = 23 km/s. The standard scenario ⇤CDM cosmology (with parameters described in the caption
of Figure 1) is described by the solid black line.
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Figure 5: The impact of the accretion recipe on the CMB TT (left) and EE (right) power spectrum
for a monochromatic population of PBHs with masses M = 103

M�, assuming the fixed ⇤CDM
cosmology described in the caption of Figure 1.

processes responsible for such alterations are discussed in detail for instance in [3, 13]. The
key point is the broadening of the visibility function towards lower redshift, which mainly
implies a suppression of the secondary peaks due to an increase in the time available for the
dissipation of acoustic oscillations [57].

To compute the CMB and large scale structure observables corresponding to the simu-
lated evolution of linear perturbations from the early universe, we use the latest version of the
publicly available Boltzmann solver CLASS [58]. In particular, we implement modifications to
CLASS, altering the thermal history of the universe to include the e↵ect of accreting PBHs.
We base our approach on the framework presented in ExoCLASS [54], making modifications to

– 15 –
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Backup: Feedback VS DM Mini-halos
The Park-Ricotti model can be recast into a Bondi problem inside the ionized 
radius

That analysis was carried out assuming BHL accretion; in this work, we will extend this
modeling to assess the role of DM mini-halos in the context of the PR model.

3.1 Analytical modelling

As discussed in §2.3, the PR model is based on the description of a BHL accretion problem
taking place within an ionized region around the BH. This consideration allows us to apply
a similar treatment for the inclusion of DM mini-halos to that employed in [14, 46] for BHL.
This consists in replacing the Bondi radius rB in Eq. (2.6) with an e↵ective radius r

e↵

B
, which

accounts for the gravitational pull of the DM halo. We write the accretion rate as

Ṁ = 4⇡⇢b ve↵ (re↵B )2 . (3.1)

For the BHL model, v
BHL

e↵
=
�
c
2
s + v

2

rel

�
1/2

. In the case of the PR model, the relevant e↵ective

velocity must be defined within the ionized region, hence we set v
PR

e↵
= (c2

s,in
+ v

2

in
)1/2. Given

an e↵ective velocity, the e↵ective Bondi radius r
e↵

B
is the radius that satisfies the following

equation

v
2

e↵
=

GM

r
� �h(r) , (3.2)

where �h(r) is the gravitational potential generated by the DM mini-halos. In the PR case,
this approach is self-consistent as long the e↵ective radius obtained in this way does not
exceed the size of the ionized region. We verify that this is true for the parameters relevant
to this work, assuming, as estimated in [47], that the size of the ionized region is around 102

times larger than the Bondi radius computed within the ionized region.
The square root of the right-hand side of Eq. (3.2) represents an escape velocity, which

depends on r. For r < r
e↵

B
, this velocity is larger than the e↵ective velocity ve↵ that charac-

terizes the gas, and the gas can be captured and accreted by the PBH. Conversely, when ve↵

is larger than this quantity, due to either a large sound speed or large flow velocity of the
gas around the PBH, the gas is able to escape the gravitational field of the PBH.

We model the DM mini-halos with a power law density profile ⇢h(r) and a sharp cuto↵
at the halo radius r = rh

⇢h(r) = ⇢h,0

✓
r

rh

◆�↵

, r < rh. (3.3)

Motivated by the discussion at the beginning of this section, we set the power law index to
↵ = 9/4. The halo radius and the normalization constant depend on the PBH mass and
evolve with redshift. Adopting the same model as the one employed in [14], we set the total
halo mass Mh and halo radius rh respectively to

Mh '
3000

1 + z
M ,

rh ' 58 pc (1 + z)�1

✓
Mh

M�

◆
1/3

.

(3.4)

The gravitational potential generated by the DM mini-halos is then given by

�h(r) =

8
>><

>>:

GMh

↵ � 2

 
3 � ↵

rh
�

r
2�↵

r
3�↵

h

!
, r < rh ,
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That analysis was carried out assuming BHL accretion; in this work, we will extend this
modeling to assess the role of DM mini-halos in the context of the PR model.

3.1 Analytical modelling

As discussed in §2.3, the PR model is based on the description of a BHL accretion problem
taking place within an ionized region around the BH. This consideration allows us to apply
a similar treatment for the inclusion of DM mini-halos to that employed in [14, 46] for BHL.
This consists in replacing the Bondi radius rB in Eq. (2.6) with an e↵ective radius r
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gas around the PBH, the gas is able to escape the gravitational field of the PBH.
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Figure 2: Graphical representation of the right-hand-side of Eq. (3.2). The solid lines trace the
sum of the total (PBH plus DM mini-halo) potential at di↵erent redshifts. The horizontal lines show
the values of the e↵ective velocity ve↵ within the physical setup described in §2.1, for a fixed ⇤CDM
cosmology with fPBH = 10�15. For the BHL model, ve↵ varies with z. Within the PR model, it
remains almost constant. The intersection between the horizontal lines and the curves describing the
potential determines the value of the e↵ective Bondi radius r

e↵

B
(z), denoted here by r

BHL

e↵
and r

PR

e↵

for the BHL and PR models, respectively.

Combining Eqs. (3.2) – (3.5), we obtain an equation for the e↵ective Bondi radius for a given
value of the e↵ective velocity

v
2
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(3.6)

From here we can obtain the e↵ective Bondi radius for the BHL and PR cases, setting
ve↵ = v

BHL

e↵
and ve↵ = v

PR

e↵
, respectively. We solve Eq. (3.6) numerically for both models.

Having obtained the e↵ective Bondi radius, we compute the enhanced accretion rate through
Eq. (3.1).

3.2 Impact on the accretion rate: BHL and PR scenarios

In the BHL case, we find that the e↵ective Bondi radius increases significantly towards low
redshifts, becoming larger than the Bondi radius in the absence of DM mini-halos by orders
of magnitude. In contrast, we find that when the PR model is considered, only a slight
increase in the e↵ective radius occurs, and only for large PBH masses. In most cases, the
growth is negligible.

The reason for this strikingly di↵erent behavior is illustrated in Figure 2. We show the
evolution with redshift of the total potential ��tot = ��BH � �h, with �BH = �GM/r, and
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