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Abstract

It is broadly accepted that Supermassive Black Holes (SMBHs) are located in the cen-
ters of most massive galaxies, although there is still no convincing scenario for the ori-
gin of their massive seeds. It has been suggested that primordial black holes (PBHs) of
masses > 10?2 My may provide such seeds, which would grow to become SMBHs. We sug-
gest an observational test to constrain this hypothesis: gas accretion around PBHs during
the cosmic dark ages powers the emission of high energy photons which would modify the
spin temperature as measured by 21cm Intensity Mapping (IM) observations. We model
and compute their contribution to the standard sky-averaged signal and power spectrum of
21cm IM, accounting for its substructure and angular dependence for the first time. While
SKA could provide a detection, only a more ambitious experiment would provide accurate
measurements.

1 Introduction
We know that Supermassive Black Holes (SMBHs) inhabit the centers of most galaxies:

observations of quasars at z ~ 6—7 indicate that, even at these early times, there were SMBHs
with masses of several 10 M, (e.g., [2]). The existence of a population of intermediate mass
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black holes of masses around 10?2 —10° M, at z ~ 20— 15 would suffice to seed them. However,
the origin and formation mechanism of the massive seeds are still uncertain. There are two
main scenarios proposed to explain their origin.

According to the first hypothesis, the seeds of SMBHs are remnants of Population IIT
stars, formed with masses of tens of solar masses at z 2 20, which grow due to gas accretion
and mergers. However, in order to reach masses such as those observed at z ~ 6 — 7,
supercritical accretion over extended periods of time is needed [7]. However, cosmic X-
ray background observations impose constraints on the growth of SMBHs, constraining the
abundance of quasars with supercritical accretion and miniquasars at high redshift [9].

On the other hand, SMBH seeds might also be formed due to the collapse of gas
clouds which do not fragment or form ordinary stars, but directly form a massive black hole
(M ~ 10°—105My) at lower redshifts (2 < 15) [6]. This kind of seed is called a Direct Collapse
Black Hole (DCBH). Moreover, DCBHs are a good candidate for explaining the large-scale
power spectrum of the Near Infrared Background and its cross correlation with the cosmic X-
ray background [10], and there are candidates of possible detections. Nonetheless, the exact
conditions and the probability of obtaining DCBHs are still uncertain; recent theoretical
studies suggest that this mechanism might explain the abundance of the most luminous
quasars at z ~ 6 — 7, but not the general population of SMBHs.

In summary, neither of these two scenarios individually provide an entirely convincing
explanation for the origin of the seeds of SMBHs. However, Primordial Black Holes (PBHs)
might be the seeds which will grow to become SMBHs. The mass range required for PBHs
to be the seeds of SMBHs without requiring supercritical accretion is > 102Mg. In this mass
range, the PBH abundance, fppg = Qppu/Qcpm, is strongly constrained by e.g., CMB
observations [I, 4]. However, if PBHs of these masses are only required to be the seeds of
SMBHs and not a substantial part of the dark matter, fpgg ~ 1078 — 1076 (which satisfies
all observational constraints) is enough.

In this work, we focus on the imprints of PBHs as seeds of SMBHs on 21 cm Intensity
Mapping (IM). Observations of spin temperature maps in the dark ages provide a direct
window into the matter density fluctuations free of complications such as galaxy bias and
most astrophysical processes. Therefore, in order to avoid astrophysical uncertainties, we
concentrate on the dark ages (z 2 30). Besides, if massive seeds are to be found in these red-
shifts, they must be primordial. We model the signature of massive PBHs, with abundances
required to explain the current SMBH population in the 21 ¢m IM signal. We compute 2-
point statistics of the fluctuations accounting explicitly for the brightness temperature (75;)
profiles around the PBHs in a comprehensive way, for the first time. The work and results
reported on this Proceeding are collected more complete and with further discussion in [5].

2 Effects of PBHs on the 21cm IM signal

The presence of PBHs affects the gas spin temperature: the PBH accretion triggers the
emission of high-energy photons which heat and ionize the gas around. We assume that all
processes are in equilibrium, given that their timescales are much smaller than the Hubble
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Figure 1: Differential brightness temperature profile for a PBH with M = 100 at various
redshifts (left) and for a PBH with various values of M at z = 30 (right).

timescale. The steady-state approximation is very precise for masses M < 3 x 10*M, [8],
so we limit our exploration to M < 10*Mg. Given the slow growth of the PBHs at z > 30,
we assume that the PBH mass at different redshifts is the same. Finally, we consider for
simplicity that all PBHs have the same mass. This is an unrealistic scenario, but constraints
for monochromatic mass distributions can be translated to any extended mass distribution
using e.g., the methods proposed in [3].

We assume that gas accretion around the PBH powers a spherically symmetric X-
ray emission, F(E) = A(MM) E~'s™!, where A is a normalization factor chosen to have a
luminosity L = ALgqq, where )\ is the Eddington ratio and Lygq is the Eddington luminosity.
Relevant quantities, as the neutral fraction, zp, or 151, only depend on the redshift and the
intensity of the emission. Therefore, in order to illustrate how these quantities depend on
both A and M, we will show them in terms of M = M.

The ionized and heated region around the PBH changes with redshift and M. With
increasing redshift, the hydrogen density increases; in a given volume at fixed photon flux,
there are more atoms to ionize, hence the size of the ionized region decreases. On the other
hand, for larger M, as the PBH emission is more intense, the ionized region becomes larger.
In the inner regions, the heating due to the emission of the PBH is coupled only to the neutral
hydrogen, but, as the number of photons decays exponentially with the distance, this heating
is more efficient close to the PBH. At intermediate distances, PBH heating loses efficiency
and T} drops even below the CMB temperature.

Due to the modified neutral fraction and kinetic temperature of the gas, a bubble with
spin temperature, hence 751, different from the background value is formed around the PBH.
The T4 (r) profile shown in (1| can be explained as follows. In the inner part, T»; = 0 because
all of the gas is ionized. The region with 75; > 0 corresponds to the region where T} > TcmB
and xp starts to grow; then, where T}, drops because the PBH heating is less efficient, T5;
drops to negative values. Finally, T rises again due to the collisional and Lyman-« coupling
of the photons to the source with the gas becomes totally inefficient. Given that we consider
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the isolated PBH signal, at these distances, T5; = 0.

3 PBH contribution to the power spectrum

We use the halo model to characterize the total T5; angular power spectrum during the dark
ages in the presence of PBHs: Cf BH _ C’fBH(lh) + C’;BH(%). We compute the observed
fluctuations on T5; produced by a population of PBHs with number density nppp. As the
standard contribution in the linear regime without the PBHs comes from a continuum where
there are no haloes, we consider that the one-halo term of the standard contribution vanishes.

Therefore, the total angular power spectrum is the sum of:

2 © 2 2
C;BH(lh) = Zopp /0 dkk? (TFPH)?, CEBH(%) _

™

/ dkk? (T + nppubTFBY)° P (k),
0
(1)

where 7; and EPBH are the transfer function for the 21 cm IM fluctuations due to the
standard contribution and the PBHs, respectively, P, (k) is the matter power spectrum, b
is a scale-independent bias, and we assume that PBHs are completely correlated with the
dark matter distribution. Given that the formation of a PBH is a rare event and PBHs
spatial distribution is discrete, there is a Poissonian fluctuation in the number density of
PBHs. Therefore, in addition to the standard matter power spectrum, there is an extra

2
contribution, Ppoisson(2) = (1 + zeq)QDz(z)Tf;ﬁ, where D(z) is the growth factor.

It is easy to notice that the PBH contribution depends only on two quantities besides
the redshift: nppp and EPBH. Therefore, although we do consider three parameters regarding
PBHs (M, A and Qppp), the relevant quantities are combinations of them: M = M and
nppa X Qppu/M. Essentially, varying M shifts the features related with PBHs to different
multipole ranges (via EPBH). The latter is a rescaling of the amplitude of such contributions.
These two effects are relevant to determine at which scale the PBH contribution starts to
dominate. We show how the total angular power spectrum changes with respect to the PBH
parameters and the redshift in Figure As can be seen, the PBH-induced deviation from
the standard signal decreases with redshift because the size of the bubble also does it (see
Figure , so the scale at which the deviation is appreciable increases.

4 Conclusions

The origin and formation mechanism of SMBHs remains largely unknown. There are three
candidates to be the seeds of SMBHs: remnants of Population III stars, DCBHs or PBHs. In
this work, we address the observational signatures that intermediate mass PBHs would have
on 21 cm IM during the dark ages. We model this signal starting from the characterization
of the radial profiles of T5; around a single PBH to compute the contribution to the angular
power spectrum, using the halo model. This is the first time that the signature of PBHs
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Figure 2: Angular power spectrum of the total signal in 21 ¢cm IM at z = 30 varying the the
density parameter of PBH (top left), the mass (top right) and the Eddington ratio (bottom
left), and varying redshift for M = 103M, Qpga = 1078, A = 0.1 (bottom right).

accounting for its full scale dependence is modeled in the 21 ¢m IM power spectrum. We
consider several configurations of the PBH parameters, since they are largely unconstrained.

The presence of PBHs increases the amplitude of the 21 cm IM angular power spec-
trum for £ > 10?2 — 103, which decays with redshift. We forecast the detectability of the
PBH contribution and the potential to measure the PBH parameters by future experiments,
ranging from SKA to more ambitious futuristic ground experiment, as well as radio array in
the far side of the Moon. Given that the atmosphere is opaque for frequencies < 45 MHz, a
ground experiment will not be able to observe much further than z ~ 30; however, with the
lunar radio arrays, tomography for 30 < z < 200 is possible. The PBH signal will be barely
detected by SKA, since only for extreme cases in which nppy is very large, the signal-to-noise
ratio, S/N, for Qppy and A is larger than unity. As the amplitude of the power spectrum
increases greatly at small scales, being able to resolve very small scales (i.e., large interferom-
eter baseline, which implies large lcover) Will be key to detect the PBH signal and constrain
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the parameters. On the other hand, the contribution of PBHs to the power spectrum decays
with redshift (see Figure , hence the S/N between the case with PBHs and the standard
one decreases fast with redshift. As tomography does not add much information, fcover has
more impact in the final S/N

To summarize, although a detection of the PBH contribution in the dark ages might be
achieved by SKA, in order to measure Qppp and A accurately, a more ambitious experiment
with a larger baseline is needed. Such measurements will be more precise if tomography is
possible, for which experiments such as a lunar radio array are needed.

The advent of new experiments and corresponding observations will shed light on how
SMBHs reached such huge masses and on the nature of the massive seeds needed to explain
their existence. It is also possible that the three kinds of seeds discussed above coexist and
give different signatures. We eagerly await observations that will open the window toward
higher redshifts and will give us the opportunity to improve our understanding of some of
the most extreme structures in the Universe.
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