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Secondaries cannot explain anti-‘He

o The coalescence scenario predicts a hierarchy in the flux of anti-nuclei pa+1=10-4da
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Secondaries cannot explain anti-‘He

o The coalescence scenario predicts a hierarchy in the flux of anti-nuclei Pa+1=104Pa

o AMS measured no anti-De, 6 anti-3He and 2 anti-4He.
o AMS sensitivity after 18yrs: ¢(anti-He) /o(He) ~ 5*10-10 Kounine, ICRC 2011

o AMS measurement: ¢p(anti-He) /p(He) ~ 10-8: 20 times above the claimed sensitivity!
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All (recent) predictions agree!

107 1073

Blumas 1704.05431  BalGeV]

o Blum++ 2017: AMS (5yrs) could detect~1 or 2 events if B3 = 10*B3 from Alice!
AMS has detected ~6 events. probability -> 0.
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All (recent) predictions agree!
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o Blum++ 2017: AMS (5yrs) could detect~1 or 2 events if B3 = 10*B3 from Alice!
AMS has detected ~6 events. probability -> 0.

o Korsmeier++ 2017: ~1-2 orders of magnitude below measurement.
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All (recent) predictions agree!
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o Blum++ 2017: AMS (5yrs) could detect~1 or 2 events if B3 = 10*B3 from Alice!

AMS has detected ~6 events. probability -> 0.

o Korsmeier++ 2017: ~1-2 orders of magnitude below measurement.

o Same conc|u5|ons in Clre|||++ 1401 401 7 Herms++1 61 O 00699 etc
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What could be wrong? (1)

o The coalescence scenario could be wrong:
® Using the anti-De measurements we can predict what the anti-3He coalescence
factor should be: very good agreement with what is measured by ALICE

Py € [0.218,0.262] GeV ple e [0.208,0.262] GeV

® \We have assumed a constant coalescence factor: could there be resonances?
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What could be wrong? (2

o The measurements could be problematic:
® Sensitivity to anti-De is much worse than that to anti-3He: did we miss them?
® The mass of the anti-4He could have been mis-reconstructed.

® Of course, the sign could be wrong...

I — L E—— —— S———
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32.6+2.5 GeV/c

- (negative)
0.9930+0.0007¢c
Mass 3.81% 0.29 GeV/c?
‘He Mass 3.73 GeV/c?
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What about Dark Matter?

o The Dark Matter explanation suffers from very similar issues! Anti-He produced via
coalescence of anti-proton and anti-neutron.
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What about Dark Matter?

o The Dark Matter explanation suffers from very similar issues! Anti-He produced via
coalescence of anti-proton and anti-neutron.

1/ p@ )\, . dN%®
o (Ep. ) = § (mDM) (00

o Coalescence factor can change: very different kinematic + non-nuclear material.
It leads to typically smaller values of Ba.
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Dark Matter 1s at odds with AMS02 events
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o The Dark Matter flux peaks at low kinetic energy compared to background.

o AMS should see associated anti-De and anti-proton: Most of the parameter space is
ruled out by anti-proton. -> see talk by M. Korsmeier
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Anti-helium as a probe of an anti-world

“Production of anti-helium or heavier anti-nuclei in the interaction of ordinary matter in space is totally negligible;
therefore observation of single anti-helium in space would constitute a strong arqument in favor of such anti-matter
domains.”

A. Kounine, proceedings of the ICRC 2011
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“Production of anti-helium or heavier anti-nuclei in the interaction of ordinary matter in space is totally negligible;
therefore observation of single anti-helium in space would constitute a strong arqument in favor of such anti-matter
domains.”

A. Kounine, proceedings of the ICRC 2011

o It has already been noted that observation of a single antihelium-4 could indicate the
presence of anti-objects.
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Anti-helium as a probe of an anti-world

“Production of anti-helium or heavier anti-nuclei in the interaction of ordinary matter in space is totally negligible;

therefore observation of single anti-helium in space would constitute a strong arqument in favor of such anti-matter
domains.”

A. Kounine, proceedings of the ICRC 2011

o It has already been noted that observation of a single antihelium-4 could indicate the
presence of anti-objects.

o Theoretically, anti-objects could be in a diffuse form (e.g. anti-clouds) or in a
compact form (e.g. anti-stars).

o Questions: i) How can such objects be produced?
i) Can such objects survive in our galaxy and in the early universe?
iii) How many of these objects do we need to explain the measurements?

iv) What are the constraints on the presence of such objects?
e.g. Dolgov&Silk 1993, Bambi& Dolgov 2007, Dolgov++ 0806.2986, Dolgov++ 1309.2746, Blinnikov++ 1409.5736
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Anti-helium as a probe ol an anti-world

PNESEE

“Production of anti-helium or heavier anti-nuclei in the interaction of ordinary matter in space is totally negligible;

therefore observation of single anti-helium in space would constitute a strong argument in favor of such anti-matter
domains.”

A. Kounine, proceedings of the ICRC 2011

o It has already been noted that observation of a single antihelium-4 could indicate the
presence of anti-objects.

o Theoretically, anti-objects could be in a diffuse form (e.g. anti-clouds) or in a
compact form (e.g. anti-stars).

o Questions: i) How can such objects be produced?
i) Can such objects survive in our galaxy and in the early universe?
iii) How many of these objects do we need to explain the measurements?

iv) What are the constraints on the presence of such objects?
e.g. Dolgov&Silk 1993, Bambi& Dolgov 2007, Dolgov++ 0806.2986, Dolgov++ 1309.2746, Blinnikov++ 1409.5736

Today | will discuss points ii), iii) and iv)
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Anti-matter 1in the universe

o From BBN and CMB we know
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Antl matter m the umverse

o From BBN and CMB we know

o homogeneous, baryo-symmetric universe + Standard Model

ng/n, =ng/n, ~ 10718

Where does the observed baryon asymmetry comes from?
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Anti-matter 1n the universe

o From BBN and CMB we know

o homogeneous, baryo-symmetric universe + Standard Model

ng/n, =ng/n, ~ 10718
Where does the observed baryon asymmetry comes from?

o Three types of cosmological baryon asymmetry:
i) B is homogeneous, the universe is 100% matter dominated;
ii) average [ is O but there are very large domains of matter and anti-matter;
iii) B is not spatially constant: there are lumps of antimatter in a matter dominated

universe. e.g. Bambi&Dolgov 2007

Given the large anti-matter flux measured by AMS-02 in our galaxy, we focus on scenario iii)
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Clouds of anti-matter in our galaxy?

o Anti-clouds in our galaxy could explain AMS-02 events.
o How many of them? What are their densities? What volume would they occupy?

o AMS-02 measurements can help us answer these questions.
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- Clouds of anti-matter in our galaxy?

o Anti-clouds in our galaxy could explain AMS-02 events.
o How many of them? What are their densities? What volume would they occupy?

o AMS-02 measurements can help us answer these questions.

Assumption: acceleration and propagation of Cosmic Rays are identical for matter
and anti-matter.
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Clouds of anti-matter in our galaxy?
o Anti-clouds in our galaxy could explain AMS-02 events.
o How many of them? What are their densities? What volume would they occupy?

o AMS-02 measurements can help us answer these questions.

Assumption: acceleration and propagation of Cosmic Rays are identical for matter
and anti-matter.

¢He 5 NHe

dme  Nme <nH_eVH_e

nHeVHe
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Clouds of anti-matter in our galaxy?
o Anti-clouds in our galaxy could explain AMS-02 events.
o How many of them? What are their densities? What volume would they occupy?

o AMS-02 measurements can help us answer these questions.

Assumption: acceleration and propagation of Cosmic Rays are identical for matter
and anti-matter.

¢He 5 NHe

o

o Measured by AMS-02: 10-8

dme  Nme <nH_eVH_e

nHeVHe
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Clouds of anti-matter in our galaxy?
o Anti-clouds in our galaxy could explain AMS-02 events.
o How many of them? What are their densities? What volume would they occupy?

o AMS-02 measurements can help us answer these questions.

Assumption: acceleration and propagation of Cosmic Rays are identical for matter
and anti-matter.

¢He NHe nHeVHe> e o

g R

o Measured by AMS-02: 10-8 o what we want to learn

dme  Nme <nH_eVH_e
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Clouds of anti-matter in our galaxy?
o Anti-clouds in our galaxy could explain AMS-02 events.
o How many of them? What are their densities? What volume would they occupy?

o AMS-02 measurements can help us answer these questions.

Assumption: acceleration and propagation of Cosmic Rays are identical for matter
and anti-matter.

¢He NHe nHeVHe> e o

g R

o Measured by AMS-02: 10-8 o what we want to learn

dme  Nme <nH_eVH_e

o Are there small, very dense objects or large, very dilute anti-domains?
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Anisotropic BBN and the 1sotopie ratio

o Standard BBN predicts in the ISM: N(*He)/N(3He)~104. Within CRs, the ratio
decreases to ~5 because of spallation.
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Anisotropic BBN and the 1sotopie ratio

o Standard BBN predicts in the ISM: N(*He)/N(3He)~104. Within CRs, the ratio
decreases to ~5 because of spallation.

Problem: observed isotopic ratio is 0.3.
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Anisotropic BBN and the 1sotopie ratio

o Standard BBN predicts in the ISM: N(4He)/N(3He)~104. Within CRs, the ratio
decreases to ~5 because of spallation.

Problem: observed isotopic ratio is 0.3.

o Solution: anisotropic BBN! if n is not homogeneous, there could be pockets
dominated by antimatter with very low density.
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Amsotroplc BBN and the 1sot0plc ratlo

S Standard BBN predicts in the ISM N(4He)/N(3He)~1 04 Within CRs, the ratio
decreases to ~5 because of spallation.

Problem: observed isotopic ratio is 0.3.

o Solution: anisotropic BBN! if | is not homogeneous, there could be pockets
dominated by antimatter with very low density.

2

10_4 TTTTTT T T UL T T T T T T T
104 1013 10712 101! 10710 1079 .
n=ny/ny produced with AlterBBN

Arbey 1106.1363

Correct isotopic ratio if anti-n = 103 n
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Some implications of the BBN calculation

N(*He NP
Sl g L

o This immediately predicts density ratio: NCEE). o e

o We predict ~ 104 primary anti-proton and ~0.1 De event.

This is potentially detectable with AMS-02!
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Some implications of the BBN calculation

N(*He NP
Sl g L

o This immediately predicts density ratio: NCEE). o e

o We predict ~ 104 primary anti-proton and ~0.1 De event.

This is potentially detectable with AMS-02!

o Moreover, we know in the ISM: np=10ngy.. AMS-02 therefore implies:

Ve ,, MHEVEE | 108 <@> (ﬁ> ~ 10~

n

¢He Nye VHe D VM
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Some implications of the BBN calculation

N(*He NP
Sl g L

o This immediately predicts density ratio: NCEE). o e

o We predict ~ 104 primary anti-proton and ~0.1 De event.

This is potentially detectable with AMS-02!

o Moreover, we know in the ISM: np=10ngy.. AMS-02 therefore implies:

Ve ,, MHEVEE | 108 <@> (ﬁ> ~ 10~

n

¢He Nye VHe D VM

o If we assume anti-clouds are spherical with radius 1 parsec (arbitrary)

-3
n. ~ 10° — 1005N1 e e cm™S.
4 “\1cecm3/\1pc
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Some implications of the BBN calculation
st e e et vl e

o This immediately predicts density ratio: Yo =22 2 vems ©

o We predict ~ 104 primary anti-proton and ~0.1 De event.

This is potentially detectable with AMS-02!

o Moreover, we know in the ISM: np=10ngy.. AMS-02 therefore implies:

PHe ., MHEVEE ., -5 <@> (ﬁ> ~ 10~

n

¢He Nye VHe D VM

o If we assume anti-clouds are spherical with radius 1 parsec (arbitrary)
n
ny = 10° — 106-5Ngl(—p

1 cm—3

A few, very dense anti-clouds could explain AMS events!
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Some implications of the BBN calculation
S R P T T R SR

o This immediately predicts density ratio: Yo =22 2 vems ©

o We predict ~ 104 primary anti-proton and ~0.1 De event.

This is potentially detectable with AMS-02!

o Moreover, we know in the ISM: np=10ngy.. AMS-02 therefore implies:

PHe ., MHEVEE ., -5 <@> (ﬁ> ~ 10~

n

¢He Nye VHe D VM

o If we assume anti-clouds are spherical with radius 1 parsec (arbitrary)

n
el
- 1 cm—3

A few, very dense anti-clouds could explain AMS events!

o Question: can such objects survive in our galaxy? can we see them in y-rays?

V. Poulin - LUPM & JHU 12 UCLA-03/27/19




Survival rate in our Galaxy

o Our Galaxy exists since roughly #,; ~ 2.8 x 10" s.

o antiproton can annihilate with proton in the ISM at a rate: 7, = (n,(0,5v))
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Survival rate in our Galaxy

o Our Galaxy exists since roughly #,; ~ 2.8 x 10" s.

o antiproton can annihilate with proton in the ISM at a rate: 7, = (n,(0,5v))

o Depending on temperature, the thermally averaged cross-section times velocity
IS
1.5 x 1071 em? /s T > 10 K,

(oppv) = 4 10710 (K)Y2 em3 /s 1010 K > T > 101 K,

10719 cm3 /s 10K > T.
Steigman 1976
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Survival rate in our Galaxy

o Our Galaxy exists since roughly #,; ~ 2.8 x 10" s.

o antiproton can annihilate with proton in the ISM at a rate: 7, = (n,(0,5v))

o Depending on temperature, the thermally averaged cross-section times velocity
IS

10710 (K)Y% em3/s 100 K > T > 104 K,

10719 cm3 /s 10K > T.

1.5 x 1071 em? /s T > 10 K,
(opp V)

Steigman 1976

o Are anti-clouds cold (T<104K) or hot and ionized (T>1010)?

o Requiring tann > tgaileads to

s < 8.5 > 0= np® < 6.1x 107 cm™.
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Survival rate in our Galaxy

o Our Galaxy exists since roughly #,; ~ 2.8 x 10" s.

o antiproton can annihilate with proton in the ISM at a rate: 7, = (n,(0,5v))

o Depending on temperature, the thermally averaged cross-section times velocity
IS
1.5 x 107 cm? /s T > 10" K,

(oppv) = 4 10710 (K)Y2 em3 /s 1010 K > T > 101 K,

10719 ecm? /s 10* K> T.
Steigman 1976

o Are anti-clouds cold (T<104K) or hot and ionized (T>1010)?

o Requiring tann > tgaileads to

s < 8.5 > 0= np® < 6.1x 107 cm™.

Anti-clouds cannot survive unless there is a segregation between matter and anti-matter
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Survival rate in the Early Universe

o In many scenarios, anti-regions will be produced in the early universe. The same
calculation can be performed at that epoch.

o The hubble time before matter-radiation equality (zeq>3500) is 5y ~ 5 X 10"°(1 +2)™* s

o Before BBN (z>10¢), annihilation happens in the relativistic regime. The constraint
on the local proton density from requiring tann>ty is:

local
np

CcOSIMMo
np

67

= Z) = 1 (zgpy) < 1.9 X 107° n5%™(z5p))

(Z > ZBBN) < <
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Survival rate in the Early Universe

o In many scenarios, anti-regions will be produced in the early universe. The same
calculation can be performed at that epoch.

o The hubble time before matter-radiation equality (zeq>3500) is 5y ~ 5 X 10"°(1 +2)™* s

o Before BBN (z>106¢), annihilation happens in the relativistic regime. The constraint
on the local proton density from requiring tann>ty is:

local
np

CcOSIMMo
np

67

= Z) = 1 (zgpy) < 1.9 X 107° n5%™(z5p))

(Z > ZBBN) < <

o Below z.q, the constraint relaxes to

ey 6.3 x 1072
(z < Zzgq) < 4+ 2P

CcOoSMmo
np
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Survival rate in the Early Universe

o In many scenarios, anti-regions will be produced in the early universe. The same
calculation can be performed at that epoch.

o The hubble time before matter-radiation equality (zeq>3500) is #; ~ 5 x 10"°(1 +z)™* s

o Before BBN (z>10¢), annihilation happens in the relativistic regime. The constraint
on the local proton density from requiring tann>ty is:

local
nP

cOoSMmo
np

67

= Z) = 1, (zgpn) < 1.9 X 107° n5%™(zpp\)

(Z > ZBBN) < <

o Below z¢q, the constraint relaxes to

o 6.3 x 1072
(z <2zeq) < 4+ 2P

CcOoSMmo
Ry

If anti-domains were formed before BBN,
there must be less than 1 baryon per 108 anti-baryons within them!
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y-Ray constraints

o Annihilations lead to y-rays that can be detected.
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y-Ray constraints

o Annihilations lead to y-rays that can be detected.

o There are three types of searches that can provide strong constraints:
i) searches for distinctive spectral features such as a gamma-ray line;

ii) searches for morphological features localized on the sky, either from extended or
point sources;

iii) searches for a continuous spectrum of gamma-rays extending over large area on
the sky (e.g. extragalactic y-ray background).
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y-Ray constraints

o Annihilations lead to y-rays that can be detected.

o There are three types of searches that can provide strong constraints:
i) searches for distinctive spectral features such as a gamma-ray line;

ii) searches for morphological features localized on the sky, either from extended or
point sources;

iii) searches for a continuous spectrum of gamma-rays extending over large area on
the sky (e.g. extragalactic y-ray background).

o Type i) and iii) can provide very strong constraints on the overlap of matter/anti-
matter region. Type ii) could explain some unassociated sources in the 3FGL catalog.

V. Poulin - LUPM & JHU UCLA-03/27/19




Constraints from a y-ray line

o y-ray constraints can be much stronger than the survival rate. Let’s see for instance
the case of a line from pp — 7%, ny, oy, n'y, ¢y, v7.

Ackermann++ 1506.00013
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Constraints from a y-ray line

o y-ray constraints can be much stronger than the survival rate. Let’s see for instance
the case of a line from pp — 7%, ny, oy, n'y, ¢y, v7.

o These processes produce line with energy between 0.66 GeV and 0.933 GeV.
Decay of mesons will lead to continuum below the proton mass. We ignore this for
simplicity.

Ackermann++ 1506.00013
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Constraints from a y-ray line

o y-ray constraints can be much stronger than the survival rate. Let’s see for instance
the case of a line from pp — 7%, ny, oy, n'y, ¢y, v7.

o These processes produce line with energy between 0.66 GeV and 0.933 GeV.
Decay of mesons will lead to continuum below the proton mass. We ignore this for
simplicity.

o Using the FermiLAT data and the largest region “R180", we calculate

: IRlSO d7 dO p};g;)v =
D i IRISO < 6.8x 107 "cm™%s~
5 dQ

Ackermann++ 1506.00013
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Constraints from a y-ray line

o y-ray constraints can be much stronger than the survival rate. Let’s see for instance
the case of a line from pp — 7%, ny, oy, n'y, ¢y, v7.

o These processes produce line with energy between 0.66 GeV and 0.933 GeV.
Decay of mesons will lead to continuum below the proton mass. We ignore this for

simplicity.
o Using the FermiLAT data and the largest region “R180", we calculate

: IRlSO d7 dO p};g;)v o
d i IRISO < 6.83x 107 "em™?s~
5 dQ

Ackermann++ 1506.00013

o We assume clouds homogeneously distributed in the disk, with a small thickness of
0.1 kpc perpendicular to the disk.

o FermilAT allows to set (in the case of a cold cloud) 7> <107'° — 2x 10 cm™.
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Constraints from a y-ray line

o y-ray constraints can be much stronger than the survival rate. Let’s see for instance
the case of a line from pp — 7%, ny, oy, n'y, ¢y, v7.

o These processes produce line with energy between 0.66 GeV and 0.933 GeV.
Decay of mesons will lead to continuum below the proton mass. We ignore this for

simplicity.
o Using the FermiLAT data and the largest region “R180", we calculate

: IRlSO d7 dO p};g;)v o
d i leSO < 6.83x 107 "em™?s~
5 dQ

Ackermann—++ 1506.00013

o We assume clouds homogeneously distributed in the disk, with a small thickness of
0.1 kpc perpendicular to the disk.

o FermilAT allows to set (in the case of a cold cloud) 7> <107'° - 2x 10 cm™.

FermiLAT can be used to improve constraints by 2 orders of magnitude!
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Anti-stars in the galaxy?

o The anti-cloud scenario is very predictive but severely constrained: it requires
anisotropic BBN and strong segregation mechanism that persists today.

An object of one solar-mass would survive if formed atz < 1016
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Anti-stars in the galaxy?

o The anti-cloud scenario is very predictive but severely constrained: it requires
anisotropic BBN and strong segregation mechanism that persists today.

o Alternatively, anti-domains could have formed compact objects: naturally free of
normal matter! Annihilations only occur at the surface of these objects.

An object of one solar-mass would survive if formed atz < 1016

o Moreover, anti-stars could lead to high-energy cosmic rays (anti-SN? Flares?).
o How many of them? What mass & composition? What is the acceleration mechanism?

o Additionally we wish to know how these are formed, and what are the constraints
on such objects.
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AMSO02 anti-stars must be primordial

o Normal stars and anti-stars seem to have very different properties: one cannot simply
re-scale the anti-helium flux to deduce the typical population of anti-stars.

o Normal stars form from a helium-4 rich medium and have little helium-3.

o Very light stars (sub-solar mass) formed from a medium poor in anti-helium-4,
could explain the isotopic ratio. Another sign of anisotropic BBN?
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could explain the isotopic ratio. Another sign of anisotropic BBN?

Anti-stars cannot form from a anti-cloud because it would not survive in the early universe:
they have to be primordial!
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AMSO02 anti-stars must be primordial

o Normal stars and anti-stars seem to have very different properties: one cannot simply
re-scale the anti-helium flux to deduce the typical population of anti-stars.

o Normal stars form from a helium-4 rich medium and have little helium-3.

o Very light stars (sub-solar mass) formed from a medium poor in anti-helium-4,
could explain the isotopic ratio. Another sign of anisotropic BBN?

Anti-stars cannot form from a anti-cloud because it would not survive in the early universe:
they have to be primordial!

o Primordial anti-stars could form from very dense clumps in anti-matter dominated
region. Such object

o ldea similar to the formation of primordial black holes but now from strong iso-
curvature perturbations at small scales: almost no constraints!

o This scenario was already suggested over 25 years ago! Dolgov&Silk 1993
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High-energy cosmice rays from anti-stars

o Even if such objects were created in the early universe, it is unclear how they can
lead to high-energy cosmic rays.

o Do they lead to supernovae explosion that accelerate the surrounding medium? Do
they experience solar flares? Could there be thermo-nuclear explosions from
annihilations at the surface?
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High-energy cosmice rays from anti-stars

o Even if such objects were created in the early universe, it is unclear how they can
lead to high-energy cosmic rays.

o Do they lead to supernovae explosion that accelerate the surrounding medium? Do
they experience solar flares? Could there be thermo-nuclear explosions from
annihilations at the surface?

o Parametrically we can estimate that from a single event occurring at a given time:

" M- 3 - S
e ( c > (fHeM* > — 10_9< (47/3)(10 kpc) > (M* > ( face ) <fi ) —
Val M Val My )\ 10-8 1
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High-energy cosmic rays from anti-stars

o Even if such objects were created in the early universe, it is unclear how they can
lead to high-energy cosmic rays.

o Do they lead to supernovae explosion that accelerate the surrounding medium? Do
they experience solar flares? Could there be thermo-nuclear explosions from
annihilations at the surface?

o Parametrically we can estimate that from a single event occurring at a given time:

> A 3 - Byt
= <L> <fHeM* > s 10_9< (47/3)(10 kpc) > (M* ) < e ) <fi ) —
Val M Viat My ) \ 10-8 1

If 10-8 of the mass of a single anti-helium star of 1Msun is ejected in the galaxy,
it can explain AMS-02 events!
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High-energy cosmic rays from anti-stars

o Even if such objects were created in the early universe, it is unclear how they can
lead to high-energy cosmic rays.

o Do they lead to supernovae explosion that accelerate the surrounding medium? Do
they experience solar flares? Could there be thermo-nuclear explosions from
annihilations at the surface?

o Parametrically we can estimate that from a single event occurring at a given time:

> A 3 - Byt
= <L> <fHeM* > s 10_9< (47/3)(10 kpc) > (M* ) < e ) <fi ) —
Val M Viat My ) \ 10-8 1

If 10-8 of the mass of a single anti-helium star of 1Msun is ejected in the galaxy,
it can explain AMS-02 events!

o Helium would escape the galaxy in 108 yrs ~ 10-3ty,: there might be a population of
stars!
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A coherent scenario for AMS-02 anti-stars

o “Standard” supernovae from massive stars are short-lived compared to tg.: they
would require anti-stars to form again from a cloud. This is excluded!
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A coherent scenario for AMS-02 anti-stars

o “Standard” supernovae from massive stars are short-lived compared to tg.: they
would require anti-stars to form again from a cloud. This is excluded!

o One likely scenario: binary of (long-lived) white dwarfs can lead to type la

supernovae! Measurements of such events indicate a rate: 1.4 x 10~ 3yr~1m!
Badenes&maoz 1202.5472
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A coherent scenario for AMS-02 anti-stars

“Standard” supernovae from massive stars are short-lived compared to tg.i: they
would require anti-stars to form again from a cloud. This is excluded!

- One likely scenario: binary of (long-lived) white dwarfs can lead to type la

supernovae! Measurements of such events indicate a rate: 1.4 x 10~ 3yr~1m!
Badenes&maoz 1202.5472

 Requiring one such event over one CR diffusion time scale leads to a total anti-
star mass of
Y M:=10"-10"°)" M.

If anti-stars are heavier than 0.6Msun, producing the correct isotopic ratio requires
spallation around the anti-star.
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A coherent scenario for AMS-02 anti-stars

- “Standard” supernovae from massive stars are short-lived compared to tga: they
would require anti-stars to form again from a cloud. This is excluded!

- One likely scenario: binary of (long-lived) white dwarfs can lead to type la

supernovae! Measurements of such events indicate a rate: 1.4 x 10~ 3yr~1m!
Badenes&maoz 1202.5472

 Requiring one such event over one CR diffusion time scale leads to a total anti-
star mass of

ZMg =105 - 10‘6ZM*

If anti-stars are heavier than 0.6Msun, producing the correct isotopic ratio requires
spallation around the anti-star.

- We can compute the grammage required to inverse the isotopic ratio from the

result of the LEAR coll ration m ring p*4 3
esult of the collaboration measuring p“He — “He + X Balsirncs 1955

We find that it requires 20g/cm2- For comparison: this represents 1/50th of our
atmosphere.
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How to see an anti-star

o Normal matter falling onto the anti-star could lead to characteristic annihilation
spectra (line and continuum below the proton mass).

o Within 150 pc from the Sun, non-observation of such event from Bondi accretion
leadsto N: <4 x 10N, . Von Ballmoos, 1401.7258
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o Normal matter falling onto the anti-star could lead to characteristic annihilation
spectra (line and continuum below the proton mass).

o Within 150 pc from the Sun, non-observation of such event from Bondi accretion
leadsto N: <4 x 10N, . Von Ballmoos, 1401.7258

o We can check the 3FGL catalog for un-associated sources: the brightest source can be
used to estimate the closest distance at which an anti-star could be.
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How to see an anti-star

o Normal matter falling onto the anti-star could lead to characteristic annihilation
spectra (line and continuum below the proton mass).

o Within 150 pc from the Sun, non-observation of such event from Bondi accretion
leadsto N: <4 x 10N, . Von Ballmoos, 1401.7258

o We can check the 3FGL catalog for un-associated sources: the brightest source can be
used to estimate the closest distance at which an anti-star could be.

o Luminosity from annihilations to pions and subsequent decay

2
Rs v .
L: = 8zR2vn, ~ 10°! T
& <1011 cm> <300km 5 > < lcm‘3> :
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How to see an anti-star

o Normal matter falling onto the anti-star could lead to characteristic annihilation
spectra (line and continuum below the proton mass).

o Within 150 pc from the Sun, non-observation of such event from Bondi accretion
leadsto N: <4 x 10N, . Von Ballmoos, 1401.7258

o We can check the 3FGL catalog for un-associated sources: the brightest source can be
used to estimate the closest distance at which an anti-star could be.

o Luminosity from annihilations to pions and subsequent decay

2
Rs v .
L: = 8zR2vn, ~ 10°! T
& <1011 cm> <300km 5 > < lcm‘3> :

*

o Assuming isotropic emission, the 3FGL constrains: <2x%x 10 %ycm2s~]

Ardz
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How to see an anti-star

o Normal matter falling onto the anti-star could lead to characteristic annihilation
spectra (line and continuum below the proton mass).

o Within 150 pc from the Sun, non-observation of such event from Bondi accretion
leadsto N: <4 x 10N, . Von Ballmoos, 1401.7258

o We can check the 3FGL catalog for un-associated sources: the brightest source can be
used to estimate the closest distance at which an anti-star could be.

o Luminosity from annihilations to pions and subsequent decay

2
Rs v .
L: = 8zR2vn, ~ 10°! T
& <1O11 cm> <300km 5 > < lcm‘3> :

*

o Assuming isotropic emission, the 3FGL constrains: <2x%x 10 %ycm2s~]

Ardz

Rx v n
@ fore: « dvz GX10'° .
S ceie \/< 1011 cm) (3001{111 s—1 > < 1cm—3> =
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How to see an anti-star

o Normal matter falling onto the anti-star could lead to characteristic annihilation
spectra (line and continuum below the proton mass).

o Within 150 pc from the Sun, non-observation of such event from Bondi accretion
leadsto N: <4 x 10N, . Von Ballmoos, 1401.7258

o We can check the 3FGL catalog for un-associated sources: the brightest source can be
used to estimate the closest distance at which an anti-star could be.

o Luminosity from annihilations to pions and subsequent decay

2
Rs v .
L: = 8zR2vn, ~ 10°! T
& (1011 cm) (300km 5 > < lcm‘3> :

*

o Assuming isotropic emission, the 3FGL constrains: <2x%x 10 %ycm2s~]

Ardz

Rs Vv n
S fore:  de> 65¢ 108 -
fno N \/< 1011 cm) <300km 51 > ( 1cm—3> -

There could be an anti-star at ~ 1pc from us!

V. Poulin - LUPM & JHU 21 UCLA-03/27/19




Conclusions

o AMS-02 has tentatively measured 6 anti-3He and 2 anti-*He: These events cannot be
explained by the standard spallation and coalescence scenario. Dark Matter faces
similar difficulty.
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explained by the standard spallation and coalescence scenario. Dark Matter faces
similar difficulty.

AMS-02 (tentative) discovery has major consequences for our understanding of the early
universe: it is far from trivial to explain these events.
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o AMS-02 has tentatively measured 6 anti-3He and 2 anti-*He: These events cannot be
explained by the standard spallation and coalescence scenario. Dark Matter faces
similar difficulty.

AMS-02 (tentative) discovery has major consequences for our understanding of the early
universe: it is far from trivial to explain these events.

o Anti-clouds with a different anti-BBN can produce the correct isotopic ratio.

o These clouds cannot survive unless they are almost free of normal matter along cosmic
history: segregation mechanism?
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Conclusions

o AMS-02 has tentatively measured 6 anti-3He and 2 anti-*He: These events cannot be
explained by the standard spallation and coalescence scenario. Dark Matter faces
similar difficulty.

AMS-02 (tentative) discovery has major consequences for our understanding of the early
universe: it is far from trivial to explain these events.

o Anti-clouds with a different anti-BBN can produce the correct isotopic ratio.

o These clouds cannot survive unless they are almost free of normal matter along cosmic
history: segregation mechanism?

o Alternatively, primordial anti-stars could be formed in the early universe from
strong iso-curvature perturbations at small scales.

o Depending on the (unknown) acceleration mechanism, it is conceivable that a single
near-by (~1pc) anti-star contributes to the AMS-02 observation.
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CMB constraints

o From Planck data we have: ;‘z/i <8.1x1073(1 + Z)6J sis o1

ann

° ° . ° d2E
o The annihilation rate is: 5V ) L2, =

dvdr | _
bb—ann

o This leadsto 13 < 1.35x10%¢m™ on cosmological scales: ok for AMS02.

o Similarly, for anti-stars we find (assuming annihilation to pion injects energy).

d’E Rx V )
= 87tR2vn mcin: ~ 1080 Ts I x - .
dvdr | Pilseit X 1011 ¢cm / \ 30km s—! / \ 2 x 10~7cm3

o And therefore n; < 10%*(1 + 2)°Mpc ™3
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