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We discuss the origin of the anti-helium-3 and -4 events possibly detected by AMS-02. Using up-
to-date semi-analytical tools, we show that spallation from primary hydrogen and helium nuclei
onto the ISM predicts a 3He flux typically one to two orders of magnitude below the sensitivity of
AMS-02 after 5 years, and a 4He flux roughly 5 orders of magnitude below the AMS-02 sensitivity.
We argue that dark matter annihilations face similar difficulties in explaining this event. We
then entertain the possibility that these events originate from anti-matter-dominated regions in the
form of anti-clouds or anti-stars. In the case of anti-clouds, we show how the isotopic ratio of
anti-helium nuclei might suggest that BBN has happened in an inhomogeneous manner, resulting
in anti-regions with a anti-baryon-to-photon ratio 7 ~ 10731. We discuss properties of these
regions, as well as relevant constraints on the presence of anti-clouds in our Galaxy. We present
constraints from the survival of anti-clouds in the Milky-Way and in the early Universe, as well
as from CMB, gamma-ray and cosmic-ray observations. In particular, these require the anti-
clouds to be almost free of normal matter. We also discuss an alternative where anti-domains are
dominated by surviving anti-stars. We suggest that part of the unindentified sources in the 3FGL
catalog can originate from anti-clouds or anti-stars. AMS-02 and GAPS data could further probe

this scenario.
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1. Introduction

The origin of cosmic ray (CR) anti-matter is one of the many conundrums that AMS-02 is
trying to solve thanks to precise measurements of CR fluxes at the Earth. Strikingly, AMS-02 has
recently reported the possible discovery of eight anti-helium events in the mass region from 0 to
10 GeV/c? with Z = 2 and rigidity < 50 GV [2]. Six of the events are compatible with being
anti-helium-3 and two events with anti-helium-4. The total event rate is roughly one anti-helium
in a hundred million heliums. This preliminary sample includes one event with a momentum of
32.6+2.5 GeV/c and a mass of 3.81 4 0.29 GeV/c?> compatible with that of anti-helium-4. Earlier
already, another event with a momentum of 40.3 4+ 2.9 GeV and a mass compatible with anti-
helium-3 had been reported [3]. In this proceeding, we discuss various possibilities for the origin
of AMS-02 anti-helium events. Should these events be confirmed, their detection would be a break-
through discovery, with immediate and considerable implications onto our current understanding
of cosmology. The discovery of a single anti-helium-4 nucleus is challenging to explain in terms of
known physics. The paper is structured as follows. Section 2 is devoted to a thorough re-evaluation
of the secondary astrophysical component from spallation within the coalescence scheme. In par-
ticular, we provide the first estimate of the 4He flux at the Earth coming from the spallation of
primary CR onto the ISM. A discussion on the possible limitations of our estimates and on the DM
scenario is also provided. We then discuss the implications of the anti-helium observation. We
essentially suggest that the putative detection of 3He and “He by AMS-02 indicates the existence
of an anti-world, i.e., a world made of anti-matter, in the form of anti-stars or anti-clouds. In sec-
tion 3, properties and constraints on anti-clouds and anti-stars are presented. Finally, we draw our
conclusions in sec. 4.

2. Updated calculation of d, 3He and “He from spallation onto the ISM

As for any secondaries, the prediction of the 3He flux at Earth is the result of two main pro-
cesses affected by potentially large uncertainties: i) the production due to spallation of primary CR
onto the ISM and ii) the propagation of cosmic rays in the magnetic field of our Galaxy, eventually
modulated by the impact of the Sun. To deal with propagation, we adapt the code developed in
Refs. [4, 5]. We model the Galaxy as a thin disk embedded in a 2D cylindrical (turbulent) magnetic
halo and solve semi-analytically the full transport equation for a charged particle. We include all
relevant effects, namely diffusion, diffusive reacceleration, convection, energy losses, A annihila-
tion and tertiary production. All details on our treatment of propagation can be found in Ref. [1].
Here we review the computation of the source term for anti-nuclei in the coalescence scenario.

The spallation production cross-section of an anti-nucleus A from the collision of a primary
CR species i onto an ISM species j can be computed within the coalescence scenario as follows:
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where 6%/ is the total inelastic cross section for the ij collision, and the constituent momenta are
taken at k, = k, = ka/A. By is the coalescence factor, whose role is to capture the probability for
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A anti-nucleons produced in a collision to merge into a composite anti-nucleus. It is often written

4 pd N\ oy
By =~ 2.2
A < 3 3 > mIZJ niza ( )

where pgoq 1s the diameter of a sphere in phase-space within which anti-nucleons have to lie in

as

order to form an anti-nucleus. The coalescence factor B, is a key quantity which can be estimated
from pp-collision data, as has been done recently by the ALICE collaboration [6] for anti-deuteron
and anti-helium. We use the values measured at low transverse momentum as these are adequate for
CR spallation, namely B ~ (15+5) x 1072 GeV? and B3 ~ (24 1) x 10~ GeV*. We extrapolate
these values to pA and AA collisions. There is no measurement of B, yet available. Hence, we
make use of eq. 2.2 in order to extract the coalescence momentum (common to each species in
the coalescence model) from the B3 measurement. This gives a coalesence momentum that varies
between 0.218 GeV and 0.262 GeV. Using the measurement of B;, the coalescence momentum
varies between 0.208 GeV and 0.262 GeV, which is in excellent agreement with the value extracted
from B3. We stress that the fact that the coalescence momenta extracted from both coalescence
factors agree is far from trival. It indicates that the coalescence scenario is much more predictive
and accurate than one might have naively expected from its apparent simplicity. To phrase this
otherwise: from the B, measurement of ALICE, one can predict how many anti-helium-3 ALICE
should measure; this turns out to be in very good agreement with the actual measurement, which
is quite remarkable. The final step is thus to apply eq. 2.2 to the case of anti-helium-4. We find
that B4 varies between 7.7 x 1077 GeV® and 3.9 x 107® GeV®. To impose energy conservation,
we evaluate cross-sections decreasing the available center of mass energy +/s by 2E; for each
subsequent produced anti-nucleon where E;, denotes the anti-nucleon energy in the center of mass
frame of the collision [7]. We assume that anti-neutron and anti-proton production cross-sections
are equals (i.e. isospin symmetry holds).
The secondary source term can then be readily computed as:

oo ij ij 1 3 i
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We assume the density of target hydrogen and helium in the ISM n; to be 0.9 g/cm® and 0.1
g/cm? respectively and make use of the demodulated flux of hydrogen and helium from AMS-02
with Fisk potential 730 MV. To calculate the contribution of the main channel p +p — A + X,
we make use of the recent p 4+ p — p + X cross-section parameterization from ref. [10]. In order
to incorporate other production channels (i.e. from spallation of and onto “He), we make use of
scaling relations derived in ref. [11] and multiply the p + p — p+ X cross section by (ATAP)“/ 3
where Ap and A7 are the nucleon numbers of the projectile and target nuclei. The result of our
computation is plotted in Fig. 1, left panel. A nice feature of the coalescence scenario is that it
naturally predicts, for simple kinematic reasons, a hierarchical relation between the flux of p, d,
3He and “He, where each subsequent nucleus gets suppressed by a factor 107* — 1073, In Fig. 1,
right panel, we show the secondary prediction on anti-helium-3 and -4 compared to the advocated
sensitivity of AMS-02 after 5 years [9]. In principle, we should compare our prediction to the

measured flux, but this one is not available. Still, we can deduce from the claimed ratio of He /He ~
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Figure 1: Left panel: Local source term for the secondary production of d, 3He and #He. The width of the prediction
represents the uncertainty on the coalescence parameter By. Right panel: Predicted secondary flux of 3He and “He
using the upper limit on the coalescence momentum deduced from the ALICE experiment and showing the uncertainty
associated to the MED to MAX propagation model from Ref. [8]. We also show the expected sensitivity from AMS-02
[9].

1078 that this flux is larger by a factor of ~ 10 than the advocated sensitivity of AMS-02 after 5
years around 10 GeV. Hence, we confirm that it is very challenging to explain the potential AMS02
anti-He signal as a pure secondary component. The 3He is typically one to two orders of magnitude
below the sensitivity of AMS-02 after 5 years, and the He is roughly 5 orders of magnitude below
AMS-02 sensitivity. Our results are in very good agreement with Ref. [12] and Ref. [13] when
considering similar values of B4. Note that DM face similar difficulties to explain the events (see
Refs. [14, 12] for a recent reanalysis). Indeed, similarly to secondary production, one expects a
hierarchical relation between the fluxes of p, d, 3He and “He. According to Refs. [14, 12], if DM
is responsible for AMS-02 events, it seems unlikely to observe 3He without seeing a single d or
overshooting p data.

3. 3He and “He as an indication for an anti-world

Motivated by the 3He and #He, in this section we discuss the possibility that extended regions
made of anti-matter have survived in our Galactic environment. The two possible cases that re-
gions of anti-matter are present in our Galactic environment, are i) as ambient anti-matter mixed
with regular matter in the ISM or in the form of anti-clouds; ii) in the form of anti-stars.

Properties of hypothetical anti-clouds: The isotopic ratio of anti-helium can potentially carry
information about the physical conditions (in particular anti-matter and matter densities) within
these regions. Standard big-bang nucleosynthesis (BBN) predicts the presence of many more “*He
events, compared to *He. For normal matter, the isotopic ratio of *“He:*He is roughly 10*:1. Within
CRes, the isotopic ratio is higher since *He can be produced through spallation of “He and, accord-
ing to PAMELA [15], it reaches ~ 5:1 at a few GeV/n. Still, this is much lower than the possible
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measurement from AMS-02. As argued previously, increasing spallation by an order of magnitude
is not realistic as it would affect all secondary species equally and lead to an over-prediction of ps.

: . . . . . 6
Hence, inverting the isotopic ratio requires the 10

presence of anisotropic BBN in regions where o]
107

the (anti)-baryon-to-photon ratio strongly dif-

fers from that measured by Planck [16]. We 2 02_3

therefore re-calculated the BBN yields for a "¢ |

large number of 7m values using the BBN- % 100

code AlterBBN[17] assuming CP-invariance

for simplicity (Similar results are obtained with 1072

the BBN public code PRIMAT[18]). We show

in fig. 2 the number density of H, D and “He _140_14 10-13 0 10012 10-1 10-10 100
normalized to 3He as a function of the (anti- n=ny/ny

)baryon-to-photon ratio 7. The width of the Figure 2: Abundance of H, D and #He with respect to

band features the nuclear rate uncertainties. It
is possible then to obtain the right isotopic ra-
tio (i.e. roughly “He : 3He of 1:3) for 7] ~

that of 3He as a function of the (anti-)baryon-to-photon
ratio 7. The Planck value is represented by the grey
band. The value required by the AMS-02 experiment is

—13
1.3-6>107". shown by the orange band.
We also point out that while 1 from Planck refers to an average over the whole observable Uni-

verse, 7] is based on the isotopic ratio of 4He : 3He and is therefore a local quantity. Depending on
the object from which anti-helium events are originating, it is conceivable that this number varies
from place to place even within our Galaxy such that on average the isotopic ratio of 4He : 3He is
as measured.

Number and density of anti-clouds: One can get information about the anti-cloud regions from
the ratio ¢/ de (integrated over all energies), assuming that it reflects the ratio of the abundance
of He to He in the ISM (i.e. acceleration and propagation of CR are identical for matter and anti-
matter). In Ref. [1], we show that if one assumes that anti-matter forms spherical a number N, of
anti-clouds of radius r¢, one can estimate the number density of anti-baryons in our galaxy

-3
10 6.5n—1 np e -3
ny =~ 10° —10>7N; (1 cm3> <1pc> cm .

This key relation mostly relies on AMS-02 data and knowledge about Galactic properties. The

3.1

only theoretical assumption is that the isotopic ratio of anti-helium is derived from BBN. From
the exotic BBN we have additionally derived that at the time of BBN, 7 /1 = nj/nj, ~ 1073 —
1073, If this ratio still holds today, it would imply that there are Ny ~ 108 — 10'%(rz/1pc)~> anti-
clouds in our Galaxy. The higher end of N is close to the situation where the anti-clouds are
connected in the ISM. However, this probably strongly overestimates the number of such objects,
as cosmological evolution can affect these regions (and in particular the ratio n;/n;) compared
to primordial conditions. More realistically, AMS measured events would originate from a few
highly-dense clouds.

Survival time of anti-clouds: We can gain information about the properties of the anti-matter
regions and in particular constrain the amount of normal matter within them by estimating the
typical lifetime of anti-matter in our Galaxy. The lifetime depends on the relative velocity between
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matter and anti-matter particles, as the annihilation cross-section can be strongly enhanced at low-
velocity. For our estimates, we will follow the parameterization suggested in Ref. [19]. The survival
rate depends on whether anti-matter is in the form of cold clouds, where 7'~ &'(30) K, or in hot
ionized clouds, where T ~ & (106) K. By requiring Tanp > fga1 =~ 2.8 X 10'7s, one gets

n<3.5x10 % em ™, nl <6.1x 1077 cm . (3.2)

for such anti-clouds to survive in our Galaxy. Note that these numbers are independent of the size
and density of anti-matter regions and agrees well with Refs. [19, 20]. We conclude from this short
analysis that anti-matter would survive in our Galaxy only if there is some separation between the
species, in which case it could be a viable candidate to explain the anti-helium events. However,
diffuse anti-matter occupying all the volume of our Galaxy would not survive over the life span
of our Galaxy. Additionally, we can perform the same calculation in the early Universe, splitting
between three periods depending on the annihilation regime. We find

npe 67 \ np 17x 1073\ n 6.3 %1072
I’l;osmo (Z>ZBBN) < 1+2)° I’l;osmo (Zeq<Z<ZBBN) < \/m s I’l;osmo (Z<Zeq) < (1+Z)3/2 .

(3.3)
This confirms that anti-matter must have formed in regions where the density of protons was

much lower than the cosmological average (at least ’(10~3) if these regions form just at the start
BBN), such that annihilations only occur at the border of the anti-matter dominated domains. How-
ever, we expect galaxy formation to have mixed up partially the species. Hence, it makes the exis-
tence of such anti-clouds rather improbable. It is possible to get even stronger constrains by using
the (non-)observations of gamma-ray from pp—annihilation (see Ref. [1]).

Properties of anti-stars from AMS-02 measurement: An alternative possibility is that the anti-
matter is in the form of stars. This is likely more realistic, since anti-stars would naturally be free
of matter at their heart, and annihilation are limited to their surface. The typical scenario, already
suggested in Ref. [21], and more recently in Ref. [22] is that the anti-star are formed from a very
dense clump within an anti-matter domain, which could have survived since the early Universe.
BBN in a very dense medium would result in the creation of very large amounts of 4He, so that the
anti-star could be largely dominated by 4He. Difficulties associated to this scenario are two fold:
1) a mechanism responsible for the acceleration of “He up to 50 GeV energy is required; ii) the
isotopic ratio 4He : 3He must be inverted during propagation close to the source.

Depending on the answer to point i), the estimate of the number of such objects can largely vary.
A single close-by anti-star might be responsible for the entire anti-helium flux seen by AMS-02.
To quantify, if a fraction f,.. of a single anti-star experienced such an event, the total amount of
anti-helium ejected in the Galaxy would be approximately

— ¢ f%M’_F ~ -9 (47.5/3)(10 kpC)3 Msx facc fﬁ T~ -2 -1
CDE - <Vgal> ( mm >facc ~ 10 ( Vgal > <M®> (108> <1> #He cm™ “s s
34

where fi; represents the fraction of anti-helium-4 within the anti-star. Interestingly, for f7z = 1 and
face = 1078, this is in good agreement with the measured AMS-02 flux in the GeV range. However,
given that CR nuclei stay confined within the magnetic halo over a timescale ranging from ~ 10’
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to 3 x 10® yr, which is short compared to the ~ 10'° yr of existence of our Galaxy, the probability
that such an event occured nowadays is smaller than 3%, and it is therefore more likely that there
exists a population of such stars. If anti-stars are formed in star clusters, conventional acceleration
mechanisms (e.g. SN shock-waves, jets, outflows) can also be responsible for CRs anti-helium at
such energies. We note that massive stars leading to SN explosions are short-lived, and therefore
primordial anti-stars would most likely not survive over the course of the Universe. On the other
hand, a binary of anti-matter white dwarfs would merge giving an anti-matter type la supernova.
Regular white-dwarf mergers occur at a rate per unit stellar mass of 1.4 x 10713 yr~! Mél [23].
Requiring that at least one binary of anti-matter white dwarfs merges over a typical CR diffusion
timescale translates into a minimal stellar population of anti-stars of ~ 2.4 x 10* to 7 x 10° M,
within 10 kpc from the Earth. This is very small compared to the Galactic stellar population which
amounts to ~ 6 x 10! M. In order to achieve point ii), spallation around the source needs to be

efficient enough such as to convert a large amount of “He into He. Given the total cross-section
for p*He interactions as well as the fraction of events going into He+X measured by the Lear
collaboration [24], we estimate that a grammage of order 20 g/cm? would be enough to generate

an isotopic ratio 3He:*He of roughly 3:1. If true, the origin of this grammage woud most likely be
related to the origin of the anti-star itself. Indeed, we expect anti-stars to be surrounded by much
denser material than that around normal stars, as the former are born from large over-densities at a
much earlier time.

Given that a single anti-star could explain AMS-02 data, there is no strong constrain on the presence
of such objects in our Galaxy. Indeed, even if all of the anti-helium-4 is converted to antiprotons, it
would only lead to a handful of events that can easily be hidden within the ~ 10° p events observed
by AMS-02 [25]. Assuming spherical (Bondi) accretion and making use of unidentified source in
the 2FGL Fermi-LAT catalog, Ref. [26] constrained the local environment, within 150 pc from the
Sun, to have N; < 4 x 107N,. The brightest unassociated source from the 3FGL catalog emits
2x 107 8#ycm~2s~! above 1 GeV [27]. From this, we can estimate the distance of the closest anti-
star assuming that its luminosity is sourced by annihilation at its surface. The luminosity associated
to the emission is

2
R; v n
L; = 87R>vn, ~ 10°! : P V#ys~! 3.5
R <10“cm> (300kms1><1cm3 rs o (3-5)

where we assumed that the dominant channel for prompt photon emission is through 7y production

(whose average multiplicity is 2 per annihilation at rest [28]). The minimal distance of such an
object is obtained by requiring

Lz Rs % n
< 2x 10 % yem 27! = d: > 6% 10" : L :
a2 =7 Trem s =26 107 cm ) \ 300kms 1/ \ Tem = ) ™

(3.6)
Hence, it is possible that an anti-star whose main source of emission is annihilation at its surface

lies in a close-by environment ~ ¢(1 pc) away from the Sun.

4. Discussion and conclusions

In this work, we have studied the implications of the potential discovery of anti-helium-3
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and -4 nuclei by the AMS-02 experiment. Using up-to-date semi-analytical tools, we have shown
that it is impossible to explain these events as secondaries, i.e., from the spallation of CR protons
and helium nuclei onto the ISM. The 3He is typically one to two orders of magnitude below the
sensitivity of AMS-02 after 5 years, and the 4He is roughly 5 orders of magnitude below AMS-02
reach. It is conceivable that 3He has been misidentified for “He. Still, we have argued that the
pure secondary explanation would require a large increase of the coalescence momentum at low
energies, a behavior that goes against theoretical considerations and experimental results. The DM
scenario suffers the same difficulties. Hence, we have discussed how this detection, if confirmed,
would indicate the existence of an anti-world, in the form of anti-stars or anti-clouds. Needless to
say, the successful creation and survival of such objects within a coherent cosmological model is
far from obvious. Here we just mention that there are many scenarios discussed in the literature
[20, 22, 29], including the Affleck-Dine mechanism [30], which would lead to the formation of
“bubbles” of matter and anti-matter with arbitrarily large values of the baryon-asymmetry locally.
Depending on the relation between their mass and the corresponding Jeans mass, these bubbles can
then lead to the formation of anti-star-like objects, either through specific inflation scenarios with
large density contrast [31, 32] on scales re-entering the horizon around the QCD phase-transition,
ie., T ~ (100 MeV), or from peculiar dynamics of the plasma within the bubble, as described
for instance in Ref. [21]. Given the strong implications of the discovery of a single anti-helium-
4 nucleus for cosmology, important theoretical and experimental efforts must be undertaken in
order to assess whether the reported events could be explained by a more mundane source, such
as interactions within the detector, or another source of yet unkown systematic error. Still, this
potential discovery would represent an important probe of conditions prevailing in the very early
Universe and should be investigated further in future work.
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