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We evaluate abundance anomalies generated in patches of the Universe where the baryon-to-photon ratio
was locally enhanced by possibly many orders of magnitude in the range n = 10~'°-10~!. Our study is
motivated by the possible survival of rare dense regions in the early Universe, the most extreme of which,
above a critical threshold, collapsed to form primordial black holes. If this occurred, one may expect there
to also be a significant population of early-forming stars that formed in similar but subthreshold patches.
We derive a range of element abundance signatures by performing BBN simulations at high values of the
baryon-to-photon ratio that may be detectable in any surviving first-generation stars of around a solar mass.
Our predictions apply to metal-poor Galactic halo stars, to old globular star clusters, and to dwarf galaxies,
and we compare with observations in each of these cases.
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I. INTRODUCTION

Big bang nucleosynthesis (BBN) is a fundamental probe
of the first few minutes of the Universe. Strong constraints
are set on the physics of the early Universe [1]. Both the
baryon density and possible deviations in the number of
relativistic species from the standard value are severely
constrained, especially in the light of the Planck data on
cosmic microwave background (CMB) fluctuations [2].
There are, however, persistent anomalies, including the
primordial lithium abundance [3] and possible indications
of helium and other light-element anomalies that are
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presumably due to as yet unresolved issues in stellar
evolution modeling [4].

It behooves us to carefully test the homogeneity of BBN,
which is one of the fundamental assumptions of standard
BBN (SBBN). Here we evaluate abundance anomalies
generated in patches of the Universe where the baryon-to-
photon ratio was locally enhanced by possibly many orders
of magnitude. Our study is motivated by the possible
survival of rare dense regions in the early Universe that
collapsed to form primordial black holes (PBHs), a subject
of intense current scrutiny for its role in contributing to the
dark matter abundance and/or seeding early supermassive
black hole formation. Such regions are commonly thought
to derive from primordial isocurvature perturbations, where
the initial baryon-to-photon ratio is considerably enhanced
relative to the standard model. These overdense regions
might have later formed stars that retained a memory of
inhomogeneous BBN.

Here we explore further the inhomogenous BBN sig-
natures for extreme values of 7 = 107'1°-10~" motivated by
primordial black hole formation, on the grounds that
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fluctuations below the density threshold on the horizon
scale to form a PBH [5] could still form rare stars, or even
antistars, at very early epochs. We limit ourselves to baryon
density fluctuations with positive 5 over a very broad range.
Previous studies, following the pioneering work by
Wagoner et al. [6], were limited to probing only a restricted
range in 7 < 1073 [7-9]. We will demonstrate that exotic
abundance signatures, most notably produced by rapid
neutron capture in rare core-collapse supernovae (SNe) or
binary neutron star mergers [10-13], may also contain a
possible tracer of inhomogeneous BBN as predicted in
Ref. [14]. These r-process abundances are observed to be
enhanced in metal-poor halo stellar populations [15] and in
metal-poor dwarf galaxies [16], where we argue that exotic
BBN signatures may also be hidden. Our paper is organized
as follows: Sec. II presents the context of the study, Sec. III
describes the nuclear reaction chains and the numerical
methods used, Sec. IV presents the results of the compu-
tations and the comparison with data, and we conclude
in Sec. V.

II. CONTEXT

Rare patches of the Universe may have initially had
extremely high baryon-to-photon ratios. This is motivated
by the possibility that rare large-amplitude primordial
isocurvature perturbations with an extremely blue spectrum
and with residual power on stellar mass scales were present
in the very early Universe. These fluctuations may have
been responsible for PBH formation over a variety of
horizon masses, the natural scale for PBH formation. Scales
of interest range from supermassive black holes (SMBHs),
intermediate-mass black holes (IMBHs), stellar-mass black
holes, and substellar-to-sublunar-mass black holes.

These ideas have attracted recent attention as a potential
source of primordial black holes for the following reasons.
Such arguments are motivated by LIGO/VIRGO observa-
tions, which admittedly may have a more conventional
astrophysical black hole origin, but are testable. These tests
consist of searching for solar-mass black hole binary merg-
ers, black hole mergers in the pair instability gap above
~60 M, and black hole mergers at high redshift where
PBHs should be more abundant than astrophysical BHs.
However, increasingly stringent limits, mostly from micro-
lensing experiments, restrict the mass fraction of PBHs in the
stellar mass range to be at most ~1% of the dark matter.

The attention of theorists consequently shifted into two
complementary directions. First, the subdominant nature of
massive PBHs allows the possibility that they still could be
present to solve other urgent astrophysical problems.
Extreme isocurvature fluctuations, admittedly on somewhat
smaller scales, provide, for example, the primordial IMBHs
needed to seed the observed SMBHs [17,18]. Indeed, some
(or even all) SMBHs themselves could plausibly be
primordial and would have naturally formed at the BBN
epoch, when the horizon enclosed ~10° M o

Second, the dark matter window for PBHs remains open
at much lower PBH masses. The inhomogeneous regions
that we invoke here could equally be the tail of the mass
distribution that generated much smaller PBHs (of sublunar
mass) at a correspondingly earlier epoch. These are
potential, and indeed the only viable, PBH dark matter
candidates (see Ref. [19] and references therein for a recent
review on PBH formation mechanisms and constraints).

The PBH hypothesis has an important consequence. For
any plausible initial conditions, one is likely to have many
uncollapsed isocurvature fluctuations (“failed” PBHs).
These will have late-epoch signatures. One is gravitational
wave production, possibly observable as a stochastic back-
ground [20]. A second consequence is that there are
implications for the epoch of BBN, when the Universe
may be inhomogeneous on scales comparable to those of
the hypothesized PBH masses, albeit admittedly in rare
patches.

However, such patches are rare for two reasons: first,
standard BBN is a great success, and limits on inhomoge-
neity on horizon patches are <17%, expressed in terms of Ap
[21]. Second, the Universe in the BBN epoch is highly
radiation dominated, and the associated PBHs must be
subdominant by a factor of at least (1 + zgpn)/ (1 + Zeq) ~
10% [22].

Now, BBN of neutron-capture elements in high-n
patches occurred at an epoch 7~ 10° s when the baryon
content of the horizon was around 10* M. This gives the
natural (minimum) scale of the patches of high # that we
hypothesize as inhomogeneous sites of BBN. It is not a
large step to imagine that such inhomogeneities may occur
on the scales of the smallest dwarf galaxies or star clusters
at the epoch of first star formation, once H, cooling
develops at z ~ 10-20. These are the scales on which we
may search for signatures of inhomogeneous BBN.

Let us define the degree of inhomogeneity that we
will consider. At BBN, the required baryon overdensity
of an isocurvature fluctuation is at least (I + zpgn)/
(14 zeq) ~ 10°5,, where the standard (Planck) value of
the baryon-to-photon ratio is 7o = (6.104 £0.058) x 10~1°.
In this paper, we have explored the range 7 = 1-10%,. We
will show that the most interesting region for possible
abundance signatures is at relatively high #, a range that
has not previously been explored in any detail.

Should evidence for stellar mass PBHs be confirmed, we
will argue that there is a strong case for searching for stellar
relics that are in effect failed PBHs. These can be
distinguished from population III stellar survivors by the
unique abundance signatures that we find below. We note
that recent simulations of the mass function of population
II1, long considered to be massive stars of ~100-1000 M,
demonstrate that ongoing fragmentation to below a solar
mass can indeed occur [23].

Any such imprints will also result in inhomogeneous
BBN, surviving on similar mass scales that have not
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collapsed—being subthreshold—but would be greatly
diluted by the present epoch because of mass mixing on
galactic scales, stellar evolution, stellar mass loss, and
baryonic circulation in the interstellar medium. However,
initial signals could still survive as anomalous primordial
abundances and be visible in a small fraction of the oldest
stars, in the Galactic halo, and in the oldest, most metal-
poor dwarf galaxies.

The baryon-to-photon ratio # = ny,/n,, while tightly
constrained by the CMB data in homogeneous BBN to
be = (6.104 £ 0.058) x 10717 [24], can take on a wide
range of values. Signatures of a high-y value include
elevated helium abundances and trace amounts of exotic
elements normally produced in stars but possibly over-
produced in nonstandard BBN. Rare patches of inhomo-
geneity in # at the epoch of BBN can have late-time stellar
signatures once mixing occurs on galactic scales. Recall
that the baryon content within the particle horizon at the
onset of BBN is only ~100 M, If sufficiently anomalous
in terms of rare elements produced by extremely high-7
BBN localized to rare patches, the late formation of stars
may reflect contamination by unusual abundance patterns.

A prime motivation for such extremely inhomogeneous
BBN comes from the fact that the existence of PBHs is
most plausibly explained by extreme but rare isocurvature
fluctuations generated in an Affleck-Dine-like early phase
transition associated with baryogenesis [25]. Such an early
phase transition even allows the sign of the baryon-to-
photon ratio to be inverted. Indeed, PBHs have formed in
patches with positive or negative baryon numbers. An
extreme signature of such an effect would be provided by
inhomogeneous BBN in patches where # changes sign. If
they survived to the present epoch, such patches of
antimatter could later form antistars, distinguishable by
their abundance patterns as contaminated by the unusual
local BBN history. Our BBN predictions are independent of
the sign of », and apply equally to any relic antistars.

Antistars have long been advocated by Dolgov and
collaborators [26-28] in the context of baryon number
fluctuations generated by an early-Universe first-order
phase transition. Arguments based on the measurement
of cosmic ray antihelium nuclei by AMS-02 have recently
been put forward [29] to motivate such a scenario.

III. NUMERICAL METHODS

When the baryon-to-photon ratio reaches high values,
we expect heavy elements to form in appreciable quantities
compared to SBBN, where only the light elements have a
detectable final abundance. As we do not know a priori at
which atomic number A we should stop the nuclear grid, we
have decided to consider the full REACLIB grid [30] for
the nuclear chains. We use the big bang nucleosynthesis
public code AlterBBN [31,32], which allows the users to
compute the abundances of the elements in standard and
alternative cosmological scenarios and which has been

recently updated—e.g., to include the REACLIB database
for nuclear reactions and to reach n~ O(1) with an
acceptable precision.

We have performed a first AlterBBN computation for n =
10~15-10" using the full nuclear grid. In this way, we have
identified the nuclei that do not play a significant role in the
BBN evolution at large 7, and we hence removed from the
grid all nuclei whose abundance relative to hydrogen did
not exceed a lower cutoff of 107!2 at any time during BBN
computation and for all # values in the considered range. In
this way, we reduced the number of nuclei from several
thousands to ~800. We also checked that the abundances of
these ~800 nuclei were unchanged when performing a
BBN computation with this subset of nuclei. Then we
identified in the remaining nuclei those for which the
abundance is at least [X]/[H] 2 107'° for some value of 7.
This led us to a set of 132 nuclei (corresponding to 54
chemical elements), for which we present the abundances
here.! The numerical methods needed to compute the
abundances of such a great number of nuclei—from hydro-
gen to 2Cf—converge slowly (see Ref. [32] for details
about these methods). In addition, the results for # = 0.1 are
difficult to interpret because of the unclear numerical errors,
and in the following we therefore limit ourselves to 7 < 0.1.

IV. RESULTS AND COMPARISONS WITH
OBSERVATIONS

A. Comparison with solar abundances

First, we compare the data obtained with AlterBBN at high #
with the solar abundances of Asplund et al. [34]. When 7 is
larger than the SBBN value 775 ~ 6 x 107'%, we find that
groups of elements in addition to helium are overproduced
compared to the solar abundances. Throughout this paper,
abundances are given in the standard stellar physics form, if
we consider element X, then

where n(X) [respectively, n(H)] is the number density of X
nuclei [respectively, hydrogen 'H]. Figure 1 shows that when
n = 107*, the overproduced elements have Z ~ 60, while
when 7 = 107!, the overproduction concerns Z ~ 25, with a
continuous evolution between these extreme values. When #
is smaller than 10>, no heavy elements (Z > 10) are
produced. These results are comparable to those of
Refs. [7-9], even if in the latter references the computations
were limited to # < 1072 and used a less complete set of
nuclei. The shift between high-Z r-process elements for 1 <
1073 and lower-Z p-process elements for 5> 1073 is

"The full sets of data—both reduced and not reduced—in the
form of numerical tables and a PDF file containing plots of
the reduced data are provided as supplemental material [33] to
this article.

023503-3



ARBEY, AUFFINGER, and SILK

PHYS. REV. D 102, 023503 (2020)

o T T T T
12 g SRRRRE LR o AlterBBN [
- z
10k F ERTEERITEPRES O 1 solar i
o 's«
7w - 9 :) S
8 o §.wwoﬂ>£¢ ......................................................................... .
- el _1
s =i Ty n =10
S T T ]
— = .= £l =
e a8 Y, = 0.34
4— ---------- o ... . R o -ﬁo-(}))-g-;‘ ------------------------------------------------------------- -
m ) o= . .
° = I'MN R PRIV
X ¢ L= E = é-cgw H*mov-g 0wl "
R 2 RO w0 Dy e B i
2 ”:ﬂ:: LS i’:‘é—:}f‘ﬁlﬁ S L&i (%5’5 = 2% 30}2‘?_%;:&
= - -~ =5
° == ¥ - gl émd - i
0_ ................................. ’I;I*"' ................ =
| | | | -
T T T T 1
12 e o AlterBBN |
o
10k LR L LTI T L e T e e LT P e P TP PP T PP P TP PPTRPPITTPPRTRPRITEPPRERY {  solar i
:Z"ébo
oy o
8F-----; e R TR T T R -
o PR - . =1 —4
. zi T <0 .z n 0
S N T B L R |
b 2 - £ g
- = - = _ Y, =0.37
4—"';.5‘.'0 """ PO oo ~ 'S&J)"Q'L """"" g G s s N
° woot Stgea
: S ST ﬂ
; STl g v g Sl led 04O 0l o 8
Qe LR e.... . F o Bl et T el oy g O -
il o N o %ﬁ w0 et B0 Qo 5T B ame®iiEtg
= ° .o o Lo ° o’. = - --i"ﬁ‘i*&j*m ;LfrI* g
O b 0. % e 000 T TEEL LR T -
® %) e o I I I -
0 20 40 60 80

FIG. 1. Abundances of the elements for fixed values of 7 = {10!
(red dots) and compared to solar abundances of Ref. [34] (blue dots,
solar abundances are written in red. See text for the definition of

described in Ref. [7] and results from an efficient active
proton capture that prevents synthesis of heavier elements
due to Coulomb barrier effects. The competition between the
expansion rate that is modified in high-# regions due to local
matter domination and the nuclear rate can also contribute to
this shift.

Our purpose is now to compare our predicted high-n
signatures of inhomogeneous BBN with the abundance
signatures in the oldest stellar systems, where the first
generations of stars may have retained anomalies even if
greatly diluted by mixing at dwarf galaxy scales. As we
discuss below, mixing was incomplete in r-process
enhanced ultra-metal-poor dwarf spheroidals such as
Reticulum II and Tucana III, and signatures of inhomo-
geneous BBN might conceivably have survived.

B. High helium abundance and globular clusters

We focus here on the “He abundance in globular star
clusters. There is a long history of helium abundance
determinations in these systems. The original motivation
was that the oldest stars in the galaxies could provide clues
for the primordial abundance. It was soon realized that the

,107*} corresponding to Y, = {0.34,0.37} computed by AlterBBN
when available). The names of overproduced elements compared to
the [X] notation.

initial helium abundance affects several aspects of the
evolution of globular cluster stars, including the red giant
and horizontal branch populations [35]. White dwarf
properties are also affected [36].

Helium overabundances by as much as AY, = 0.1 have
been reported in massive globular clusters such as QCen
[37] (see also Ref. [38] and references therein) and have
more recently been shown to be correlated with abundance
indicators of multiple stellar populations in globular clus-
ters [39]. Second-generation recycling provides a means of
enhancing the primordial helium abundance [40].

To summarize, there are observational indications of
enhanced helium in certain old stars. This is most likely
due to mixing and evolutionary issues, and is expected to
mask any possible primordial component. However, should
there be any surviving primordial abundance anomalies, they
should be correlated in the same way that multiple population
chromosome mapping has been performed in globular
clusters [41].

Our hope is that the primordial inhomogeneous 7 values
indicative of a possible helium enhancement may reveal
other abundance anomalies that we now discuss. With our
program for evaluating high-7 signatures, we have indeed
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FIG. 2. Abundance of nuclei computed by AlterBBN (plain curves) and compared to solar abundances of Ref. [34] (dashed curves, the

error bars fit within their width). The Y,

abundance is shown as a dash-dotted black line. In this figure, we have retained only the

elements (sorted by their atomic number Z) whose abundance exceeds the solar abundance somewhere in the 7 range where Y, 2 0.3.

confirmed that there is a range of 5 for which the “He
abundance is enhanced, namely 0.3 <Y, <0.5, corre-
sponding to 1077 <5 < 107!, as can be seen in Fig. 2.
While a little overproduction of “He occurs at 7 < 1077, it is
not accompanied by the production of heavy elements.
This 7 range of enhanced “He corresponds to an over-
production (compared to solar values) of a variety of
heavier elements, continuously dispersed in the range A =
40-141 (Z = 20-59). We plot in Fig. 2 the predictions of
the abundances of the elements (when summed upon their
various isotopes) in the range of 5 where the “He abundance

is ¥, 2 0.3. We restrict the plots to elements for which the
abundance is larger than the solar abundance for some
values of 7.

Very high values of > 1073 are associated with an
overproduction of elements in the iron group Z ~ 25 (see
also the upper panel of Fig. 1), while somewhat lower values
of the baryon-to-photon ratio 7 ~ 10~* are associated with an
overproduction of neutron-capture elements in the Z ~ 60
region (see also the lower panel of Fig. 1), some of which are
usually associated with r-process enhancement like barium
and strontium (e.g., Ref. [42]).
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FIG. 3. Comparison of AlterBBN data (black lines, summed over the isotopes) as functions of # with metal-poor halo star data [46]
(blue dashed areas), dwarf spheroidal faint galaxy data [47] (green dashed areas), and two sets of r-process enhanced dwarf galaxy data:
Reticulum II [42] (purple areas) and Tucana III [48] (orange areas). We also represent the 1o spread of the observational data. The solar
abundances [34] are indicated as red lines. The standard BBN 1o value for 7 = (6.140 4 0.058) x 107'° [24] is represented as a gray
vertical line. The error bars are smaller than the width of the lines.
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C. Comparison with metal-poor
stars in the Galactic halo

The Galactic halo has proven to provide a remarkable
environment for studying the oldest stars in the Universe
and for deciphering their evolution by chemical tagging
[43]. It is possible that such stars may contain signatures,
hitherto overlooked, of high-# patches in the early Universe
that survived on the scales, say, of the smallest dwarf
galaxies, the oldest galaxies in the Universe. Many of these
systems later hierarchically merged into the halos of
galaxies such as the Milky Way, where they account for
the enhanced r-process features observed for 2%-—4% of
metal-poor halo stars [44].

The distinguishing characteristic of these metal-poor
halo stars is that a/Fe and other chemical signatures
monitor the role of short timescale core-collapse SNe
enrichment [45]. Hence, they are a natural laboratory for
our proposed signature of inhomogeneous BBN.

In this section, we compare the abundances obtained
with AlterBBN at high # to some observed abundances in
distant metal-poor stars [46] (see Fig. 3, blue dashed areas).
We see that elements like Ni, Cr, Ca, and Si, which are rare
products in metal-poor (population II) stars, are produced
in great quantities in the high-yn BBN scenario. This could
give hints of observable signatures in distant metal-poor
stars. Normal stellar thermonuclear fusion and nonstandard
high-n BBN do not give the same chemical products. In
principle, these differences could also be used as a
distinguishing characteristic of inhomogeneous BBN.

D. Comparison with metal-poor stars in dwarf
spheroidal and ultrafaint galaxies

Dwarf spheroidal galaxies are most likely the oldest stellar
systems in the Universe, and the ultrafaint dwarf spheroidals
have metal-poor components that formed at least 10 Gyr ago
and are enriched in r-process elements by some currently
uncertain combination of core-collapse supernovae and
neutron star mergers, with the latter contribution ranging
from essentially all [10] to some [11] or only a minor fraction
[13]. The core-collapse supernovae contribute on a timescale
of ~108 yr, while neutron star mergers contribute on a much
longer timescale comparable to that of SNIa Fe enrichment of
~4 x 10° yr [49]. Such a delayed bimodal enrichment
history allows the possibility that some stars, the prompt-
forming, extremely metal-poor component, avoided late
enrichment, and any exotic primordial BBN signatures
would be, at least relatively, chemically undiluted.

In this section, we compare our predicted inhomo-
geneous BBN data with the abundances recently measured
in 12 dwarf spheroidal or faint galaxies [47] (see Fig. 3,
green dashed areas). The Reticulum II galaxy was extracted
from their data because it is treated separately; see below.
We see that several elements could be detectable at
n = 1073, including Co, Ni, Sr, Y, Zr, Ce, Pr, Nd, Sm,
and Gd. Our model predicts relative abundance excesses for

FIG. 4. Comparison of AlterBBN europium abundance (black
line, summed over the isotopes) as a function of n with metal-
poor halo star data [46] (blue dashed areas), dwarf spheroidal
faint galaxy data [47] (green dashed areas), and two sets of r-
process enhanced dwarf galaxy data: Reticulum II [42] (purple
areas) and Tucana III [48] (orange areas). We also represent the
1o spread of the data. The solar abundance [34] is indicated as a
red line. The standard BBN 1o value for = (6.140 + 0.058) x
10719 [24] is represented as a gray vertical line. The error bars are
smaller than the width of the lines.

these at fixed values of #, which may well, of course, be
diluted by the mixing of r-process chemical enrichment.
In particular, the nearby ultrafaint dwarf galaxies
Reticulum II and Tucana III are fascinating laboratories
for studying the evolution of and enrichment by the first
stars in the Universe. Unlike typical dwarfs, their r-process
history demonstrates a lack of complete mixing of super-
novae ejecta with the ambient gas in its early gas-rich phase
as compared to most other dwarfs [50]. In Fig. 3, we
highlight the comparison of abundances obtained with
AlerBBN at high # to metal-poor stars observed in the
dwarf galaxy Reticulum II [42] (purple areas) and in
Tucana III [48] (orange areas). In these galaxies, which
are highly dark-matter-dominated, there are hints of an
enrichment in r-process elements, which in the absence of
the most established astrophysical explanation, namely
neutron star binaries [51], could possibly correspond to
a primordial component. A test of this would be to look for
neutron-capture signatures that anticorrelate with the most
common r-process product, europium, and that is relatively
unenhanced in our inhomogeneous BBN models,2 as
highlighted in Fig. 4. Europium suffers from an observable

*We had to specifically extract the europium data from the
complete set of AlterBBN data, since its abundance does not
exceed the lower cutoffs we had set.
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bias due to its very low abundance in metal-poor stars,
unless it is enhanced as in Reticulum II or Tucana III; thus,
the comparison between different metal-poor star popula-
tions may be flawed.

V. CONCLUSIONS

While the horizon size is of order 10° My, at the onset of
BBN, when the neutron abundance is frozen in an epoch of
T ~ 1 MeV, Ref. [22] notes that extreme curvature fluc-
tuations on horizon scales could form rare PBHs in this
mass range provided the initial conditions are highly non-
Gaussian, so that extreme perturbations that affect BBN
only occur in rare inhomogeneous patches of the universe.
Such scales are important, as they provide PBHs of masses
that are capable of seeding SMBHs observed at z < 10
when such seeding may be needed [17], and could even
simultaneously accelerate galaxy formation. Mergers of
these IMBHs will be detectable by LISA. We argue that a
corollary, if confirmed as PBHs—for example, by the red-
shift dependence of the merger rate—will be the possible but
rare neutron-capture signatures in the oldest stars.

If sufficiently anomalous in terms of rare elements, the
much later formation of stars in these regions may reflect
primordial contamination by unusual abundance patterns.
Of course, this depends on the possible effects of radiation

damping, not significant for isocurvature fluctuations, and
of gas mixing throughout galactic evolution. Hence, we
suggest looking at either extremely metal-poor components
of dwarf galaxies, which have mostly not undergone
mergers, or the halo stars that most likely formed in
now-merged dwarf building blocks.

Any r-process enhancement is a signature of inefficient
mixing at the epoch of the events, whether core-collapse
SNe or neutron star mergers, that sourced the r-process
elements. Hence, we suggest targeting the metal-poor
dwarf spheroidals Reticulum II and Tucana III as ideal
candidates for our proposed signatures.

Another test of our hypothesis would be to look for
neutron-capture signatures that anticorrelate with the most
common r-process product, europium, which is relatively
unenhanced in our inhomogeneous BBN models, com-
pared to other neutron-capture elements.
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