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The renewed interest in the possibility that primordial black holes (PBHs) may constitute a significant part
of dark matter has provided motivation for revisiting old observational constraints, as well as developing new
ones. We present new limits on the PBH abundance, from a comprehensive analysis of high-resolution high-
redshift Lyman-a forest data. Poisson fluctuations in the PBH number density induce a small-scale power
enhancement which departs from the standard cold dark matter prediction. Using a grid of hydrodynamic
simulations exploring different values of astrophysical parameters, we obtain a marginalized upper limit on
the PBH mass of fpgyMppy ~ 60M at 20, when a Gaussian prior on the reionization redshift is imposed,
preventing its posterior distribution from peaking on very high values, which are disfavored by the most
recent estimates obtained both through cosmic microwave background and intergalactic medium observa-
tions. Such a bound weakens to fpgyMppy ~ 170M  when a conservative flat prior is instead assumed. Both
limits significantly improve on previous constraints from the same physical observable. We also extend our
predictions to nonmonochromatic PBH mass distributions, ruling out large regions of the parameter space for

some of the most viable PBH extended mass functions.
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Introduction.—Primordial black holes (PBHs) were first
theorized decades ago [1]. Many proposals were made
for their formation mechanism, such as collapsing large
fluctuations produced during inflation [2—4], collapsing
cosmic string loops [5-7], domain walls [8,9], bubble
collisions [10,11], and a collapse of exotic dark matter
(DM) clumps [12].

After the first gravitational-wave (GW) detection revealed
merging black hole (BH) binaries of masses O(10M)
[13,14], the interest in PBHs as DM candidates has been
revived [15]. Several proposals to determine the nature of the
merging BH progenitors have been made, involving methods
as GW-large-scale-structure cross-correlations [16,17], BH
binary eccentricities [18], BH mass function studies [19,20],
and lensing of fast radio bursts [21].

Several constraints on the PBH abundance have been
determined through different observables, such as gravita-
tional lensing [22—-31] and dynamical [32-39] and accre-
tion effects [40—44]. Nevertheless, varying the numerous
assumptions involved might significantly alter these limits

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

0031-9007/19/123(7)/071102(7)

071102-1

[45—-47], making the investigation of PBHs as DM candi-
dates still fully open. Specifically, two mass regimes are
currently of large interest: O(1071°M ) and O(10M,) (see
Refs. [48-50] for details).

A mostly unexplored method for constraining the
PBH abundance is offered by the Lyman-a forest, which
is the main manifestation of the intergalactic medium
(IGM), and it represents a powerful tool for tracing
the DM distribution at (sub)galactic scales (see, e.g.,
Refs. [51-53]). Lyman-a data were used about 15 years
ago to set an upper limit of a few 10*M g on PBH masses,
assuming all DM to be made by PBHs with the same mass
[54]. In this Letter, we update and improve upon such a
limit, using the highest resolution, most up-to-date
Lyman-a forest data [53], and a new set of high-
resolution hydrodynamic simulations. Furthermore, we
generalize our results to different PBH abundances and
nonmonochromatic mass distributions.

Poisson noise and impact on the matter power spectrum.—
Stellar-mass PBHs would cause observable effects on the
matter power spectrum; due to discreetness, a small-scale
plateau in the linear power spectrum is induced by a
Poisson noise contribution [49,54-56].

If PBHs are characterized by a monochromatic mass
distribution (MMD), they are parametrized by their mass,
Mppy, and abundance so that the fraction parameter
Sreu = Qpen/Rpm = 1 where all DM is made of PBHs.
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If PBHs are randomly distributed, their number follows a
Poisson distribution, and each wave number k is associated
with an overdensity dpgy (k) due to Poisson noise. The PBH
contribution to the power spectrum is thus defined as

1

pH

PPBH(k) - <|5PBH(k)|2> = (1)

where nppy is the comoving PBH number density. Since
nppy 1S a k-independent quantity, Pppy is scale invariant.
One can interpret the PBH overdensity as an isocurvature
perturbation [54,56]. Hence, the total power spectrum can
be written as
Pepm (k. z) = D*(2)[Tog(k)Pag + T30 (k) Piso) . (2)
where D(z) is the growth factor, P;, is the isocurvature
power spectrum, and P,y « A k™ is the primordial adia-
batic power spectrum. 7,4 and T, are the adiabatic and
isocurvature transfer functions, respectively. The PBH
linear power spectrum is thus defined by

27? k O\ s~ 1
Piso = f%BHPPBH = ?Aiso <k_> s (3)

where we set the pivot scale k, = 0.05/Mpc, and the
primordial isocurvature tilt n;, =4 in order to ensure
the scale invariance. Since the adiabatic power spectrum
evolves as k=3 at large k, the isocurvature contribution is
expected to become important only at the scales probed
by the Lyman-a forest; A;,, sets the amplitude of the
isocurvature modes, depending on the PBH mass consid-
ered; we can then express the isocurvature-to-adiabatic
amplitude ratio:

f _ 190 k3fPBH - kiMPBHfPBH i (4)
e 27 npgy As 2”2QCDMpcr As’

where the last equality holds only for MMDs. Different
combinations of PBH mass and abundance correspond
to the same isocurvature-to-adiabatic amplitude ratio if
the quantity fppggMppy 1S the same. In our framework,
the effect on the linear matter power spectrum due to the
presence of isocurvature modes consists of a power enhance-
ment with respect to the standard lambda cold dark matter
(ACDM) spectrum, in the form of a small-scale plateau.
The Lyman-a forest observable is the 1D flux power
spectrum, which, being a projection of 3D nonlinear matter
power spectrum, is an ideal tracer for the small-scale DM
distribution along our lines of sight. In Fig. 1, we show the
1D flux power for the ACDM model, together with the
spectra corresponding to different values of Mpgy. Symbols
refer to MIKE and HIRES spectrograph data. To exhibit
the variations in the flux power induced by different IGM
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FIG. 1. 1D flux spectra for ACDM and APBH, for different

PBH masses. Symbols are data from MIKE and HIRES spectro-
graphs, lines are obtained by interpolating in the (Mpgy/fpen)
space defined by our simulations; while the best fit is technically
for Mpgy # 0, it is indistinguishable from the ACDM case. Red,
blue, black, and green indicate z = 4.2, 4.6, 5.0, 5.4, respectively.
The gray dashed areas represent regions sampled by flux power
spectra corresponding to values for a T{ spanning its margin-
alized 20 interval.

thermal histories, we also show, as gray dashed areas, the
impact of different IGM temperature evolutions.

Extended mass distributions.—The PBH formation is, in
the most standard case, due to large perturbations in the
primordial power spectrum; while the exact details of the
peak required to form a PBH and how this is linked to
the real-space overdensities are still unclear [57], PBHs
could have an extended mass function. Moreover, a non-
monochromatic mass distribution would be created by
different merger and accretion history for each PBH.
General methods to convert MMD constraints to limits
on extended mass distributions (EMDs) were developed in
Refs. [46,58].

The extension to EMDs of the observable considered
here arises naturally from the second equality in Eq. (4) by
directly taking the PBH number density corresponding to a
given EMD. Consider EMDs in the form

dnpgy d(DPBH
_ 5
d1n Mgy, = fpBHPDM dMpg H ( )

where the function d®pgy/dMppy describes the EMD
shape, and ppy = Qpmper- Given an EMD, one can define
the so-called equivalent mass Mg, which is the mass of a
MMD providing the same observational effect. The con-
version is given by

f2 QpmpPerfreu | !
PBH 4Meq
f]zDBH 2 [/ dnpgy ]_1
= = dm , 6
P JPBH dMopgn PBH (6)
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where we assume that the PBH abundances are the same for
both the MMD and EMD cases. We finally have

1 dd -1
= dM . 7
o [ Mppy dMppy rBi @)

We consider two popular EMDs: Lognormal and Powerlaw.
The Lognormal EMD [59] is defined by

1 2
dDpgy _ exp{—%} (8)
dMpgy V2noMpgy

where ¢ and u are the standard deviation and mean of the
PBH mass, respectively. Such function describes, e.g., the
scenario of PBHs forming from a smooth symmetric peak
in the inflationary power spectrum [60,61].

The Powerlaw EMD, corresponding to PBHs formed
from collapsing cosmic strings or scale-invariant density
fluctuations [62], is given by

d®ppy _ NpL
dMpgy MllD;]:I

G(MPBH - Mmin)G(Mmax - MPBH), (9)

characterized by an exponent 7 € (—1,+1), a mass interval
(M in» Moy ), and a normalization factor N'pp; © is the
Heaviside step function.

Dataset and methods.—To extract limits on the PBH
abundance from the Lyman-a forest, we adapted the
method proposed in Ref. [63]. We built a new grid of
hydrodynamic simulations in terms of the properties of
PBHs, corresponding to initial linear power spectra featur-
ing a small-scale plateau. Besides that, our analyses rely on
a precomputed multidimensional grid of hydrodynamic
simulations, associated with several values of the astro-
physical and cosmological parameters affecting the Lyman-
a flux power spectrum. Simulations have been performed
with GADGET-II, a modified version of the public code
GADGET-I [64,65]. Initial conditions have been produced
with 2LPTic [66], at z = 199, with input linear power spectra
for the APBH models obtained by turning on the iso-
curvature mode in CLASS [67].

Our reference model simulation [63,68] has a box length
of 20/h comoving megaparsec with 2 x 768* gas and
CDM particles in a flat ACDM universe with cosmological
parameters as in Ref. [69].

For the cosmological parameters to be varied, we sample
different values of oy, i.e., the normalization of the linear
power spectrum, and n., the slope of the power spectrum
evaluated at the scale probed by the Lyman-a forest
(k, = 0.009 s/km) [70-72]. We included five different
simulations for both og ([0.754, 0.904]) and n.
([-2.3474,-2.2674]). Additionally, we included simula-
tions corresponding to different values for the instanta-
neous reionization redshift, i.e., zjo = {7.9, 15}.

Regarding the astrophysical parameters, we modeled
the IGM thermal history with amplitude 7, and slope y
of its temperature-density relation, parametrized as T =
To(1 + Sigm)7~", with gy being the IGM overdensity
[73]. We use simulations with temperatures at mean density
Ty(z = 4.2) = {6000, 9200, 12600} K, evolving with red-
shift, and a set of three values for the slope of the temper-
ature-density relation, y(z=4.2)={0.88,1.24,1.47}. The
redshift evolution of both 7, and y are parametrized as

power laws, such that T(z) = Tg‘[(l +2)/(1+ Zp)]Tg and

v(z) =7 [(1+2)/(1 + zp)]ys, where the pivot redshift z,,
is the redshift at which most of the Lyman-a forest pixels
are coming from (z,, = 4.5). The reference thermal history is
defined by T(z=4.2) =9200 and y(z = 4.2) = 1.47 [74].

Furthermore, we considered the effect of ultraviolet
(UV) fluctuations of the ionizing background, controlled
by the parameter fyy. Its template is built from three
simulations with fyy = {0,0.5, 1}, where fyy = 0 corre-
sponds to a spatially uniform UV background [68]. We also
included nine grid points obtained by rescaling the mean
Lyman-a flux F(z)—namely, {0.6,0.7,0.8,0.9,1.0, 1.1,
1.2,1.3,1.4} x Fs—with reference values given by SDSS-
IMI-BOSS measurements [75]. We also considered eight
additional values, obtained by rescaling the optical depth
r=-InF,ie., {0.6,0.7,0.8,0.9,1.1,1.2,1.3, 1.4} X 7.

Concerning the PBH properties, we extracted the flux
power spectra from 12 hydrodynamic simulations (5123
particles; 20 comoving Mpc/h box length) corresponding
to the following PBH mass and fraction products:
log(Mpgyfpen) = {1.0,1.5,2.0,2.2,2.3,2.4,2.5,2.6,2.7,
3.0,3.5,4.0}. For this set of simulations, astrophysical and
cosmological parameters have been fixed to their reference
values, and the equivalent ACDM flux power was also
determined.

We use an advanced interpolation method, the ordinary
kriging method [76], particularly suitable to dealing
with the sparse, nonregular grid defined by our simu-
lations. Such a method basically consists of predicting
the value of the flux power at a given point by computing
a weighted average of all of its known values, with
weights inversely proportional to the distance from the
considered point. The interpolation is in terms of ratios
between the flux power spectra of the APBH models and
the reference ACDM one. We first interpolate in the
astrophysical and cosmological parameter space for the
ACDM case, then correct all of the (Mppyfpph)-
grid points accordingly, and finally interpolate in the
(MpgrfpH) space.

Our datasets are the MIKE and HIRES-KECK samples
of quasar spectra, at z = {4.2,4.6,5.0,5.4}, in ten & bins in
the range [0.001-0.08] s/km, with spectral resolution of
13.6 and 6.7 s/km [53]. We consider only measurements at
k > 0.005 s/km to avoid systematic uncertainties due to
continuum fitting. Moreover, we did not use the MIKE
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highest redshift bin [53]. We thus have a total of 49 (k, z)
data points.

Results and discussion.—We obtain our results by maxi-
mizing a Gaussian likelihood with a Monte Carlo Markov
chain (MCMC) approach, using the publicly available
MCMC sampler emcee [77]. We adopted Gaussian priors on
the mean fluxes F(z), centered on their reference values,
with standard deviation ¢ = 0.04 [68], and on oy and n.,
centered on their Planck values [69], with o = 0.05, since
the final two parameters, whereas well constrained by
CMB data, are poorly constrained by Lyman-a data alone
[63]. We adopt logarithmic priors on fpgyMppy (but our
results are not affected by this choice). Concerning the IGM
thermal history, we adopt flat priors on both 7% and 73, in
the ranges [0,2] x 10* K and [-5, 5], respectively. When
the corresponding 7 (z) are determined, they can assume
values not enclosed by our template of simulations. When
this occurs, the corresponding values of the flux power
spectra are linearly extrapolated. Regarding y5 and y*, we
impose flat priors on the corresponding y(z) (in the interval
[1, 1.7]). The priors on z.;, and fyy are flat within the
boundaries defined by our grid of simulations.

The limit on the PBH abundance under the MMD
assumption corresponds to

JeeuMppu < 170M (20). (10)
However, both Planck data and [78] favor z,.;, ~ 8.5, so we
repeated our analysis with a Gaussian prior centered around
Zreio = 8.5, with ¢ = 1.0; in this case, we have

SreuMppa < 60M ¢ (25)- (11)

Where all DM is made by PBHs (fpgy = 1), these
constraints can be interpreted as absolute limits on the
PBH mass. On the other hand, such bounds weaken linearly
for smaller PBH abundances (0.05 < fpgy < 1). The lower
limit on fpgy is given by the fact that, for the monochromatic
case, at z = 199, i.e., the redshift of the initial conditions of
our simulations, if fpgy is smaller, the Poisson effect is
subdominant with respect to the so-called seed effect, the
treatment of which goes beyond our purposes.

The degeneracy between z.;, and the PBH mass can
be understood as follows: a higher reionization redshift
corresponds to a more effective filtering scale, and thus to a
power suppression compensated for by larger values of the
PBH mass.

In Fig. 2, we show the 1o and 26 contours for some of
the parameters of our analyses, for both prior choices on
Zreio- The degeneracy between the amplitude of the IGM
temperature Tj(z = z,,) and the PBH mass derives from
the opposite effects on the flux power spectra due to the
increase of the two parameters. A hotter IGM implies a
small-scale power suppression which is balanced by
increasing Mppy fppy- Slightly larger values for the mean

I Flat prior on Zjo
B Gaussian prior on Zreo

;;;ZZ@
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04 0.8 12 16
TA (10*K) Zreio

log(Mpsr fre)

016 020 024
F(z=50)

12 08 16 24
log(Mpst fre)

FIG. 2. 1o and 20 contour plots for some of the parameters of
our analyses, for the two different prior choices on z.;,. The
values for Mppy are expressed in units of M. The dashed lines
correspond to the Gaussian priors that we used for some of our
analyses.

fluxes F(z) are also required for accommodating the power
enhancement induced by relatively large values of the
PBH mass. The dashed lines represent the Gaussian priors
imposed on F(z = 5) and z,,, With the latter referring to
the blue plots. Note that our MCMC analyses favor higher
values for F(z =35) (still in agreement with its prior

distribution), allowing in turn a larger power enhancement
due to PBHs.

0.01

n 1 n n 1 n n 1 n n 1 n
1072 1077 10 1073
MpaH(Mo)

1 0'45'

FIG. 3. Present experimental constraints on the PBH abundance
for MMDs (from Refs. [31,42,82,83]) are in shades of blue, while
in red are limits from this Letter. Patterned areas show limits that
are the most dependent on astrophysical assumptions [79].
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FIG. 4. Equivalent mass M, for EMDs. (Left panel) Powerlaw
with My, My, € [1072,107] My and 7 = 0. (Right panel)
Lognormal with u € [1072,107] Mg, o € [0,5]. Solid lines are
My = 60M, dashed lines refer to M, = 170.
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In Fig. 3, we report the updated plot with the constraints
on the DM fraction in PBHs, in the monochromatic case.
The “LIGO window” between ~20M, and 80M, initially
suggested in Ref. [15] has been probed and tentatively
closed by constraints from ultrafaint dwarf galaxies [35]
and supernovae lensing [31]; these constraints have been
questioned because of astrophysics uncertainties (see, €.g.,
Refs. [79-81]): we show them in a patterned area. In this
Letter, we robustly close the higher mass part of that
remaining window. There remains, however, an interesting
possibility in the very low mass range, <107'°M, [82,84].

By defining an equivalent mass M., one can convert the
limits for the MMD case to bounds on the parameters of a
given EMD. In Fig. 4, we provide such bounds, as was
shown in Fig. 3 of Ref. [58] for other observational
constraints. The left panel shows the Powerlaw EMD,
with 7 = 0, focusing on the following mass range: M,
M. € [1072,107] M. In the right panel, we show the
Lognormal EMD, scanning the parameter space defined by
u € [1072,107) My and o € [0,5]. The two black lines
correspond to the contraints quoted above, i.e., M. =
60 M, (solid lines), and Moy = 170M, (dashed lines). The
blue regions are admitted by our analyses, while the red
areas are ruled out.

Conclusions.—In this Letter, we have presented new
bounds on the DM fraction in PBHs, using an extensive
analysis of high-redshift Lyman-a forest data, improving
over previous similar analyses in three different ways:
(1) We used the high-resolution MIKE and HIRES data,
exploring better the high-redshift range where primordial
differences are more prominent. (2) We relied on very
accurate high-resolution hydrodynamic simulations which
expand over a thermal history suggested by data. (3) We
used the full shape of the 1D flux power rather than a single
amplitude parameter.

Our results improve previous constraints by roughly 2
orders of magnitude; furthermore, we have generalized our
results to nonmonochromatic PBH mass distributions, and

we ruled out a large part of the parameter space for two of
the most popular EMDs: Powerlaw and Lognormal.

In the near future, it is expected that a larger number of
high-redshift, high-resolution, and signal-to-noise quasar
spectra collected with the ESPRESSO spectrograph [85] or
at the E-ELT could allow one to achieve tighter constraints.

Whereas PBHs with mass O(10) can potentially solve
some tensions in the cosmic infrared background [86—88],
the accumulation of limits on the PBHs as a DM model in
the mass range probed by LIGO seems to suggest that the
hypothesis of 30M, PBHs being the DM is less and less
likely to be true.

It has, however, become clear that these studies brought a
plethora of astrophysical information, and even the exclu-
sion of certain PBH mass ranges will bring information on
some of the processes happening in the very early Universe.
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