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Main activities we’re currently interested into

! GRB as a new mode of stellar collapse (GRB)

! Indirect Dark Matter Searches, signals & backgrounds (IDM)

! Particle cosmology (Cosmo)

! HE astrophysics, notably “diffuse” fluxes (cosmic rays (CR) & gammas, ν)
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WHOM TO TALK WITH (FIRST)

! For CR-related applications: P. Salati, R. Taillet.

! For GRB-related: P. Chardonnet.

! For gamma-rays, population studies, multimessengers:  mostly F. Calore (to minor 
extent P. Serpico, possibly P. Salati)
 
! Indirect dark matter detection: F. Calore, P. Salati, P. Serpico, R. Taillet (probably in 
this order…) 

! Particle cosmology: P. Serpico (minor involvement / expression of interest by F. 
Calore, P. Salati)



GRBS & PAIR INSTABILITY SNAE
✦ Study of pair instability supernovae as GRB engines, both analytics and simulations used

✦  Current & near future focus on phenomenology (X ray and gamma spectra & bolometric 
emission, Amati relation, nucleosynthesis, etc.) as well as cosmological aspects (e.g. significant 
increase in GRB vs. z expected). Implications for future surveys, like THESEUS

Mostly developed in collaboration with Russian colleagues & within the International 
Erasmus Mundus program coordinated by P. Chardonnet
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ABSTRACT

According to theoretical models, massive stars with masses within the 100–250 M⊙ range should explode as pair-instability supernovae
(PISNe). Since the first stars of the Universe are believed to be very massive, these supernovae should play a significant role in the
early stages of its history. But these stars represent the last unobserved population, owing to detection limits of current telescopes.
In this work we analyze pair-instability supernovae explosions using various numerical codes. We evolve series of the configurations
of oxygen cores to establish a range of masses and initial conditions where this type of explosion is possible. We also study the role
of possible instabilities in the propagation of shockwaves during the last stage of the explosion. This investigation could help us to
predict the observational properties of PISNe for future space and ground telescopes.

Key words. stars: Population III – supernovae: general – hydrodynamics – instabilities

1. Introduction

The first stars of the Universe, called Population III stars
(Pop III), are rapidly becoming an important subject of investiga-
tion from the point of view of theory and observations. The for-
mation of these stars hundreds of millions of years after the Big
Bang marks the end of what is called the “Dark Age”. Today’s
telescopes cannot look far enough into the cosmic past, so we do
not have direct observations of how the primordial stars were
formed. This new window is paramount for astrophysics and
cosmology. Population III stars are formed with primordial nu-
cleosynthesis elements and are responsible for the formation of
the first metals in the Universe. The change in chemical compo-
sition also affects the initial mass function of stars. The energy
scattered in the newborn Universe will drastically influence its
history. Certainly, the new generation of instruments will give us
an opportunity to test theoretical ideas about the formation of the
first stars.

To study these stars, we need sophisticated numerical
simulations (Bromm et al. 2003; Bromm & Larson 2004).
Pop III stars also have the potential to produce gamma-ray bursts
(GRBs), which may provide one of the most promising methods
of directly probing the final stages of Pop III stars (Chardonnet
et al. 2010; de Souza et al. 2011).

Among these first-generation stars, an important role was
played by massive stars. The Jean’s mass favors the creation
of very massive objects during star formation by condensing a
nuclear cloud. Numerical simulations predict that Pop III stars
could have masses as high as a few hundred solar masses. As
these stars evolve, physical conditions in the center lead to the
development of specific type of hydrostatic instability through
electron-positron pairs creation (pair instability).

As shown by many numerical simulations (Barkat et al.
1967; Woosley et al. 2002; Waldman 2008), these very mas-
sive stars could end their life, depending on mass, either by pro-
ducing pair-instability supernovae (PISNe), leaving no remnant,

or by collapse to a black hole. In the case of PISNe, the en-
ergy release is tremendous and could possibly be seen with new
telescopes (James Webb Space Telescope, European Extremely
Large Telescope).

In this work we analyze the PISN explosion again. We
present the results of one-dimensional simulations and analy-
sis of the fate of a star depending on physical conditions. Many
recent articles (Chen et al. 2011; Joggerst et al. 2011) address
the problem of multidimensional simulations of a PISN explo-
sion. Such studies are needed to compute light curves and time
of appearance of lines of chemical elements, so they allow us
to predict the observational signatures of these supernovae. We
present 2D simulations of PISN explosion based on the idea of
nonuniform explosion and compare the results with the case of
uniform explosion in stellar core.

2. Pair-instability supernovae
One of the first works that has considered electron-positron
pairs creation inside stars and predicted instability caused by
this process was the paper of Fowler & Hoyle (1964). The
density–temperature relations for massive stars (30 M⊙ and
higher) were computed, using a polytropic structure approxi-
mation and the assumption that a star evolves through series of
quasi-equilibrium states. A variable number of electron–positron
pairs was taken into account by the authors. They discovered that
when the central temperature of a star reaches values ∼2×109 K
intensive creation of electron-positron pairs occurs. It increases
the energy losses by neutrino through a pair annihilation pro-
cess, e+ + e− → νe + νe, and accelerates the contraction, raising
central temperature. The rise of temperature creates new pairs,
and at some point, energy supply from the contraction becomes
insufficient to maintain production of additional pairs. As a re-
sult implosion of the core develops until the temperature reaches
values necessary for explosive nuclear burning.

Instability caused by pair production could also be de-
scribed in terms of thermodynamics. Under the assumption of
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Fig. 3. SN model with central ignition for t = 28 s. Logarithm of density
a) is shown in units of ρc = 2.65 × 105 g/cm3. Temperature b) is shown
in units of Tc = 2.36 × 109 K.

We simulated the explosion by depositing the thermal en-
ergy in the central region in the two variants. In the first case
the energy E = 5 × 1052 erg was uniformly deposited within the
radius re = 0.1 R⊙, which contains 60 M⊙. In the second variant
the energy was inserted by the series of ten ignition bubbles at
t = 0 s. All of the bubbles had different energy values and sizes
distributed in a stochastic way. The bubbles were randomly put
within 0.06 R⊙ of the center. The total energy deposited was also
E = 5 × 1052 erg. This nonuniformity could present some inho-
mogeneities in the core that occur prior to explosion.

Nuclear burning in the center of a star could cause the
development large-scale convection (Arnett & Meakin 2011).
If convection occurs prior to the moment of pair instabil-
ity, the contraction and explosion could be nonsymmetrical.
Inhomogeneities in temperature and density could cause ignition
spots to occur in the core.

The results of computing of the uniform explosion are pre-
sented in Fig. 3. It shows density on a logarithmic scale and
temperature for the moment t = 28 s. The solid line repre-
sents the initial position of the boundary of the core. The shock,
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Fig. 4. SN model with multicore ignition for t = 28 s. Logarithm of
density a) is shown in units of ρc = 2.65 × 105 g/cm3. Temperature b)
is shown in units of Tc = 2.36 × 109 K.

produced by the explosion, is split on two fronts that are prop-
agating through the rarefied matter and heating it. In the central
part of the core, there is a region with a Rayleigh-Taylor insta-
bility. The radius at which this instability occurs is very close
to the value obtained in Chen et al. (2011). The development of
the instability requires more precise computations with a more
physical configuration of the envelope, but we suppose that this
instability could result in the formation of large-scale nonuni-
form structures on a large time scale.

To cure the pathological “carbuncle” behavior that could ap-
pear in a region where the shock is almost but not exactly parallel
to the grid edges, the artificial dissipation was inserted according
to Loh & Jorgenson (2009). This is the reason for the instability
development in Fig. 3 being smoothed near the z-axis.

Figure 4 presents the density and temperature for multicore
ignition. In this scenario the front of the shockwave is not as
smooth as in the previous case. Many fragments of hot mat-
ter appear behind the shockwave. This could lead to disrupt-
ing of the star in many fragments. As a result the light curves
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IMPLICATION IN THESEUS







INTERFACE ACTIVITY: “WIMP HUNTING”

W+, Z, γ, g, H, q+, l+,ν

W -, Z, γ, g, H, q -,l-,ν

ECM ≈  
102±2 GeV New 

X=χ, B(1),… 

New
physics

X

Collider Searches

multimessenger 
approach

Early universe and indirect detection

Direct 
detection 
(recoils 
on nuclei)

GOAL: testing the hypothesis that dark matter is constituted of weakly 
interacting massive particles (at GeV-TeV scale)

• compute signals due to different (classes of) candidates
• assess/uncover relevant astrophysical backgrounds
• cross-checks claimed hints (>1/year...)

In short, what we do:

Where to look and what?

(some efforts on non-WIMP candidates, too)



EX: DWARF GALAXIES IN GAMMAS

satellites of Milky Way with high DM/baryon content 
(1 to 3 orders of magnitude higher than the MW) 

Almost ideal S/N

Best DM bounds from Fermi-LAT come from stacking these objects
7
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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PAST, PRESENT AND FUTURE

Currently using data-driven method (rather than “Galprop prediction”) & some basic 
machine-learning techniques to assess the astrophysical background for these 

searches and its uncertainty. 

F. Calore, P. D. Serpico, B. Zaldivar, in preparation

It has already been a topic for LAPP (HESS)-LAPTh collaboration in the past

 A. Abramowski et al. [H.E.S.S. Collaboration+ A. Goudelis, P. D. Serpico],
“Search for dark matter annihilation signatures in H.E.S.S. observations of Dwarf Spheroidal Galaxies,''

  Phys. Rev. D 90, 112012 (2014)

Master and PhD thesis of Céline Armand (with V. Poireau & F. Calore) mostly 
related to this topic, within HESS and looking ahead to CTA

for the first time within HESS, comparisons with models beyond the simplest 
MSSM SUSY scenarios (extra singlet, some leptophilic models…)



IN GENERAL, NEED TO WORRY ABOUT FOREGROUNDS…
…(outside the community of theoretical particle physicists) also known as 

“interesting astrophysical signals”, carrying a lot of information!

“Diffuse-like” emission from unresolved pulsars 
F. Calore, M. Di Mauro, F. Donato, “Diffuse gamma-ray emission from galactic pulsars,”  ApJ  796,  
(2014)

leptonic interactions with interstellar light T. Delahaye, C. Boehm… 

Diffuse emission from hadronic interaction in the Galactic disk ISM  
T. Delahaye, A. Fiasson, M. Pohl and P. Salati, “The GeV-TeV Galactic gamma-ray diffuse emission I. 
Uncertainties in the predictions of the hadronic component,”   Astron. Astrophys. 531, A37 (2011)

 “Diffuse-like” emission from unresolved AGN 
  M. Di Mauro, F. Calore, F. Donato, M. Ajello and L. Latronico,  “Diffuse gamma-ray emission from misaligned  
active galactic nuclei,’'  ApJ 780, 161 (2014)

  M. Di Mauro, F. Donato, G. Lamanna, D. A. Sanchez and P. D. Serpico, “Diffuse gamma-ray emission from 
unresolved BL Lac objects,’'   ApJ 786, 129 (2014) 



GAMMA-RAY EXCESS FROM GAL. CENTER!
several groups claimed a statistically significant gamma-ray excess over diffuse emission 
model + known astrophysical sources in Fermi-LAT data, eventually confirmed by Fermi

L. Goodenough and D. Hooper, “Possible Evidence For Dark Matter Annihilation In The Inner Milky Way From 
The Fermi Gamma Ray Space Telescope,” 0910.2998
D. Hooper and L. Goodenough, PLB 697, 412 (2011) [1010.2752]
K. N. Abazajian and M. Kaplinghat,  PRD 86, 083511 (2012) [1207.6047]
D. Hooper, I. Cholis, T. Linden, J. Siegal-Gaskins and T. Slatyer,  PRD 88, 083009 (2013) [1305.0830]
C. Gordon and O. Macias, PRD  88, 083521 (2013) [1306.5725]
K. N. Abazajian, N. Canac, S. Horiuchi and M. Kaplinghat, 1402.4090
T. Daylan et al. “The Characterization of the Gamma-Ray Signal from the Central Milky Way: A Compelling 
Case for Annihilating Dark Matter”, 1402.6703 
...
F. Calore, I. Cholis and C. Weniger, “Background model systematics for the Fermi GeV excess,” arXiv:1409.0042
…
M.Ajello et al. [Fermi-LAT Collaboration], “Fermi-LAT Observations of High-Energy γ-Ray Emission Toward the 
Galactic Center,'' ApJ 819, 44 (2016) [1511.02938]
M. Ackermann et al. [Fermi-LAT Collaboration] ”The Fermi Galactic Center GeV Excess and Implications for Dark 
Matter,’' Astrophys  J. 840, 1, 43 (2017)

compatible with a 20-80 GeV with “thermal cross section”~few 10-26 cm3/s
into quarks, preferentially, with slightly steeper than NFW halo profile

A HOT TOPIC CASE STUDY:



INTERPRETING THE GALACTIC CENTER EXCESS

J. Petrovic, P. D. Serpico and G. Zaharijas, “Galactic Center gamma-ray "excess" from an active past of the 
Galactic Centre?,''  JCAP 1410 (2014) 052 [1405.7928]

F. Calore, I. Cholis and C. Weniger, “Background model systematics for the Fermi GeV excess,''
  JCAP 1503, 038 (2015) [1409.0042] 

J. Petrovic, P. D. Serpico and G. Zaharijas, “Millisecond pulsars and the Galactic Center gamma-ray excess: the 
importance of luminosity function and secondary emission,''  JCAP 1502, 023 (2015) [1411.2980]

F. Calore, I. Cholis, C. McCabe and C. Weniger, “A Tale of Tails: Dark Matter Interpretations of the Fermi GeV 
Excess in Light of Background Model Systematics,”  Phys. Rev. D 91, 063003 (2015) [1411.4647]

I. Cholis, C. Evoli, F. Calore, T. Linden, C. Weniger and D. Hooper, “The Galactic Center GeV Excess from a Series 
of Leptonic Cosmic-Ray Outbursts,''  JCAP 1512, 005 (2015)  [1506.05119]

…

➡ Do we understand diffuse background well enough  
(Not for spectral details, yes for establishing the existence)
➡ What about time dependence?
➡ What about an unresolved source population?

LATE NEWS:



SEEMS TO BE DUE TO UNRESOLVED SOURCES
S. K. Lee, M. Lisanti, B. R. Safdi, T. R. Slatyer and W. Xue,
“Evidence for Unresolved Gamma-Ray Point Sources in the 
Inner Galaxy,” Phys.Rev.Lett. 116 (2016), 051103

R. Bartels, S. Krishnamurthy and C. Weniger,
“Strong support for the millisecond pulsar origin of the Galactic 
center GeV excess,'' Phys.Rev.Lett. 116 (2016), 051102

based on ‘pixel-

statistics’ based on wavelet 

transform

Crucial test for this hypothesis: Find them!

F. Calore et al., “Radio detection prospects for a bulge population of millisecond pulsars as suggested by 
Fermi LAT observations of the inner Galaxy,”  ApJ. 827, 143 (2016)

R. Bartels, E. Storm, C. Weniger and F. Calore,
 “The Fermi-LAT GeV Excess Traces Stellar Mass in the Galactic Bulge,’' arXiv:1711.04778
C. Eckner, X. Hou, P. D. Serpico et al.,
“Millisecond pulsar origin of the Galactic center excess and extended gamma-ray emission from 
Andromeda - a closer look,”  arXiv:1711.05127

Extra indirect evidence: morphology traces stellar profiles, 
correlations with other stellar environments…

Implication in survey: MEERKAT - TRAPUM in 2018



CHARGED CR BREAKTHROUGH YEARS
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FIG. 3: As in Fig. 2, but from the nearby pulsar B0656+14. The solid lines correspond to an energy in pairs given by 3× 1047

erg, while the dotted lines require an output of 8 × 1047 erg.

FIG. 4: The positron spectrum and positron fraction from the sum of contributions from B0656+14, Geminga, and all pulsars
farther than 500 parsecs from the Solar System.

high-energy spectra presented here should be considered as a robust prediction, since they depend crucially on the
detailed spectral properties of B0656+14, Geminga or and other nearby, mature pulsars that contribute significantly
to the high energy positron spectrum.

IV. DISTINGUISHING BETWEEN PULSAR AND DARK MATTER ORIGINS OF HIGH ENERGY
COSMIC RAY POSITRONS

The positron fraction reported by PAMELA taken alone is likely insufficient to distinguish between dark matter
and pulsar origins of this signal. In this section we discuss an additional measurement which may help to resolve
this issue. In particular, even after the diffusive propagation of electrons and positrons from pulsars is taken into
account, at sufficiently high energies a small dipole anisotropy should be present in the direction of the dominant
nearby source(s). In a very general way, the anisotropy associated with diffusive propagation can be written as:

δ =
Imax − Imin

Imax + Imin
=

3K|∇(dNe/dEe)|
c (dNe/dEe)

, (11)

where ∇(dNe/dEe) is the gradient of the electron/positron density. The measurement of such an anisotropy in a
statistical significant manner requires a large number of electron/positron events. For example, in order to detect an

This verifies that the detector performance is stable over
time and that the flux above 45 GV shows no observable
effect from solar modulation fluctuations for this measure-
ment period. The variation of the proton flux due to solar
modulation will be the subject of a separate publication.
Figure 2(c) shows that the ratios of fluxes obtained using
events which pass through different sections of L1 to the
average flux are in good agreement and within the assigned
systematic errors; this verifies the errors assigned to the
tracker alignment. Lastly, as seen from Fig. 2(d), the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm; this verifies the systematic errors
assigned from the unfolding procedures and the rigidity
resolution function for two extreme and important cases.
First, at the inner tracker MDR (∼300 GV) where the
unfolding effects and resolution functions of the inner
tracker and the full lever arm (2 TV MDR) are very
different. Second, at low rigidities (1 to 10 GV) where the
unfolding effects and the tails in the resolution functions of
the inner tracker and full lever arm are also very different
due to large multiple and nuclear scattering.
Most importantly, several independent analyses were

performed on the same data sample by different study
groups. The results of those analyses are consistent with
this Letter.
Results.—The measured proton flux Φ including stat-

istical errors and systematic errors is tabulated in Ref. [25]
as a function of the rigidity at the top of the AMS detector.
The contributions to the systematic errors come from (i) the
trigger, (ii) the acceptance, background contamination,
geomagnetic cutoff, and event selection, (iii) the rigidity
resolution function and unfolding, and (iv) the absolute
rigidity scale. The contributions of individual sources to the
systematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 3(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [26]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [27]. Figure 3(b) shows
the AMS flux as a function of kinetic energy EK together
with the most recent results (i.e., from experiments after the
year 2000).
A power law with a constant spectral index γ

Φ ¼ CRγ ð2Þ

where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [25] and shown in Fig. 3(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [28] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore fit
the flux with a modified spectral index [29]

Φ ¼ C
!

R
45 GV

"
γ
#
1þ

!
R
R0

"Δγ=s$s
; ð3Þ

where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 1.8 TV yields a χ2=d:f: ¼
25=26 with C ¼ 0.4544% 0.0004ðfitÞþ0.0037

−0.0047ðsysÞþ0.0027
−0.0025

ðsolÞ m−2sr−1sec−1GV−1, γ ¼ −2.849 % 0.002ðfitÞþ0.004
−0.003

ðsysÞþ0.004
−0.003ðsolÞ, Δγ ¼ 0.133þ0.032

−0.021ðfitÞþ0.046
−0.030ðsysÞ %

0.005ðsolÞ, s ¼ 0.024þ0.020
−0.013ðfitÞþ0.027

−0.016ðsysÞ
þ0.006
−0.004ðsolÞ, and

R0 ¼ 336þ68
−44ðfitÞþ66

−28ðsysÞ % 1ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[25]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with their bin-to-bin correlations accounted for using
the migration matrix Mij. The third (sol) is the uncertainty
due to the variation of the solar potential ϕ ¼ 0.50 to
0.62 GV [30]. The fit confirms that above 45 GV the flux is
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FIG. 3 (color). (a) The AMS proton flux multiplied by ~R2.7 and
the total error as a function of rigidity. (b) The flux as a function
of kinetic energy EK as multiplied by E2.7

K compared with recent

measurements [3–6]. For the AMS results EK ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~R2þM2

p

q
−Mp

where Mp is the proton mass.
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Figure 3: Ratio of the flux between proton and helium data of PAMELA vs. Rigidity. The
shaded area represents the estimated systematic uncertainty. Lines show the fit using one single
power law (describing the difference of the two spectral indices), the Galprop (25) and Zatsepin
models with the original values of the paper (26) and fitted to the data. Details of the models
are presented in Tables S1, S2.

low as 5 GV (green line in Fig. 3). For rigidities R >> φ, the ratio of the two species is

independent of the solar modulation parameter and allows ∆γ for the interstellar spectrum to

be measured in the rigidity range 5-30 GV, where solar modulation effects dominate. Previous

measurements (14–17, 19) did not have the statistical and systematic precision to demonstrate

this decrease in the ratio.

Secondly, as seen in Fig. 4, the PAMELA data show clear deviations from a single power

law model:

The spectrum of protons gradually softens in the rigidity range 30-230 GV. In the rigid-

ity range 30-80 GV, γR
30−80 GV,p = 2.801 ± 0.007 (stat) ± 0.002 (syst), which is lower than

the value fitted between 80-230 GV: γR
80−230 GV,p = 2.850 ± 0.015(stat) ± 0.004(syst). In

the case of helium, γR
30−80 GV,He = 2.71 ± 0.01 (stat) ± 0.002 (syst), which is lower than

γR
80−230 GV,He = 2.77 ± 0.03(stat) ± 0.004(syst). We applied Fisher’s and Student’s t-tests to

the single power law hypothesis in the range 30-230 GV for both protons and helium (see Sec-

tion 5 of the Supporting Online Material (SOM (27)) for details). This hypothesis is rejected at

7

Thanks to CREAM, PAMELA, Voyager, AMS-02… 
still continuing with CALET, DAMPE…



INFERENCES FROM PRECISION DATA
Examples of a long-standing collaboration LAPTh-LAPP-LPSC (& beyond) - CRAC ( © P. Salati)
Lately joining forces notably for positrons

 Y. Génolini, A. Putze, P. Salati and P. D. Serpico,  “Theoretical uncertainties in extracting cosmic-
ray diffusion parameters: the boron-to-carbon ratio,’'   Astron. Astrophys. 580, A9 (2015) 

Y. Génolini, et al. ``Indications for a high-rigidity break in the cosmic-ray diffusion 
coefficient,'' Phys. Rev. Letters, in press [1706.09812]  

 and B/C interpretation

M. Boudaud et al.,   ``A new look at the cosmic ray positron fraction,’'   Astron. Astrophys. 
575, A67 (2015) 
M.~Boudaud et al.,  “The pinching method for Galactic cosmic ray positrons: implications in 
the light of precision measurements,’'   Astron. Astrophys. 605, A17 (2017)

suggesting a propagation origin for the spectral breaks in hadronic CR spectra observed by AMS

antiprotons (officially only theorists…) 



ASSESSMENT OF THEORY ERRORS: LOCAL SOURCE EFFECTS

Fluctuations of cosmic-rays spectrum from local sources

1 Presentation of the problem

The flux of cosmic rays at Earth is the result of the sum of the contribution of a large number

of individual sources. Hereafter we focus on the proton flux which is the best measured one due

to high statistics. We consider a set of proton sources of number N, so that the proton flux can

be written:

 =
NX

i=1

 i (1)

Each individual flux  i depends on the age ⌧i an the distance di of the source, and on

assumptions on the injection laws. Thus, to derive a theoretical expectation for this flux, one

need to know all the couple (⌧i,di) of the sources involved. This is simply impossible, but as the

number of sources is high one can move to a statistical point of view. It is actually possible to

measure p( ), the probability of an individual source to produce a flux  . Then the probability

of the sum  can be calculated as:
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One knows that if the variance of p( ) is finite, then when N tends to infinity the central

limit theorem ensures the convergence toward a Gaussian. For a physical case this convergence

strongly depends on the shape of the probability, an the number N. Unfortunatly the situation is

not so simple(we will explain why in the following), and cannot even been solved by a numerical

calculation of this integral which is prohibitive in term of CPU time. Hereafter we present an

analytical treatment of the problem, trying to to give a general framework on how one can deal

with such cases.

Hereafter we introduce some usefull notations for the following:

We note h i the average flux expected from a continuous distribution of sources in space and

time. Considering that the sources are homogeneously distributed inside a thin disk sandwiched

by a larger di↵usion volume of height L caracterised by a di↵usion coe�cientK, one can calculate

the flux in the steady state regime and find:

h i = Qtot
h L

K
= Qtot ⌧D with: [Qtot] =  .Myr�1. (3)

In this equation  can either be homogeneous to the density of cosmic-rays expressed in

#particle.Gev�1.kpc�3 or to the flux expressed in #particle.Gev�1.m�2.s�1.str�1. For the fol-

lowing reasoning we choose the first option. The total injection rate Qtot can be viewed as Qtot =
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q µs where q is the number of particle injected by one source expressed in #particle.Gev�1, and

µs the density of sources in space and time expressed in #sources.kpc�3.Myr�1. Furthermore

µs = ⌫/(2 h ⇡R2) with ⌫ the rate of SN explosion in the Galaxy which is about 3/century. With

these notations one can write again h i:

h i = Qtot
h L

K
(4)

= q µs
h L

K
(5)

=
q ⌫

2 h ⇡R2

h L

K
(6)

=
q

2 L ⇡R2

⌫
L2

K
(7)

=
2 q

L ⇡2R2

⌫
⇡

4

L2

K| {z }
(8)

= h i N. (9)

In the last line N denotes the number of sources(which depends on the energy), and h i
the average flux from one single source. This last choice for N is explained in Appendix 6.1.

However note that our actual results on the calculation of the probabilities, that will come later,

do not rely on a specific choice for N.

The cosmic-rays flux from a source located at a distance d and which exploded ⌧ Myr ago,

reads in the pure di↵usive regime:

 =
q

(4⇡K⌧)3/2
exp

✓
� d2

4K⌧

◆
=

a

⌧3/2
exp

✓
� d2

4K⌧

◆
. (10)

So a is related to h i by:
a =

1

24
p
⇡

L R2

K3/2
h i (11)

Or more generally without specifying N, one can simply write:

a =
2 ⇡ R2 K

⌫ L (4⇡K)3/2
h i = 1

4
p
⇡

R2

⌫ L
p
K

h i (12)

2 First estimation of the probability

In most of the Galactic cosmic-rays models, one assume the sources to be homogeneously dis-

tributed inside a thin disk sandwiched by a larger di↵usion volume. As discussed before the

discretness of the sources may impact the spectral shape of cosmic-ray flux. Assuming that

the spatial probability to find a source in homogeneous inside the disk, one can compute the

probability pD( ) to measure a flux  from one source, by following the demonstration made
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Overall flux coming from  
N discrete sources

implies power-law pdf p(ψ) with infinite variance

(Central Limit Theorem does not apply, fat-tail distributions!)
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does not necessarily match 
“continuum” average

Actual flux obeys a prob. distribution 
obtained as convolution of single pdfs

It turns out that the diffusive solution

 “Stable Laws” replace Gaussians for some range of N,Ψ 

with current exp. precision,  sizable probability to see deviations from average 
theory predictions, even if the model is correct!

Y. Génolini, P. Salati, P. D. Serpico, R. Taillet, Astron. Astrophys. 600, A68 (2017)



PARTICLE COSMOLOGY
Explore the particle physics diagnostics 
potential of new cosmological windows, like:

• pre-recombination, from BBN to CMB (e.g. 
non-thermal BBN, CMB distortion)

• or post-recombination till the formation of 
the first virialized structures (e.g. reionization, 
intergalactic medium heating, 21 cm 
radiation…) 

• relics from radiation-domination, e.g. phase 
transitions, Primordial Black Holes (PBH)

Links with colliders / BSM physics / 
future searches (e.g. LISA)

1 PhD and 1 postdoc just left,  currently 
mostly done in external collaborations



SOME EXAMPLES
• CMB bounds on relics from the Early universe

‣Change of potential wells / anomalous ISW due to decay 
into relativistic species, or PBH evaporations, or mergers 
(if making sizable DM fraction) 
‣ Injection of e.m. energy, altered reionization/optical 
depth: bounds on annihilating and decaying WIMPs, sterile 
ν’s, evaporating PBH, PBH accretion… sensitive down to 
10-11 of the DM! 

V. Poulin, P. D. Serpico, J. Lesgourgues,  “A fresh look at 
linear cosmological constraints on a decaying dark 

matter component,’' JCAP 1608 036 (2016). 
“Cosmological constraints on exotic injection of 

electromagnetic energy,''  JCAP 1703, 043 (2017)
V. Poulin, P. D. Serpico, F. Calore, S. Clesse and K. Kohri, 

“CMB bounds on disk-accreting massive primordial black 
holes,’' Phys. Rev. D 96, 083524 (2017)

• non-thermal effects on BBN & CMB
‣ precision calculations of energetic particles spectra in the primordial plasma. Effects on photodissociation of 
primordial elements, CMB energy spectrum distortions… links with sterile ν sector?
‣ BBN & long-lived searches at colliders (and/or exotic DM candidates.)

V. Poulin, P. D. Serpico,  "Loophole to the Universal Photon Spectrum in Electromagnetic Cascades and Application to the 
Cosmological Lithium Problem,’’ Phys. Rev. Lett.114 , 091101 (2015) “Nonuniversal BBN bounds on electromagnetically 

decaying particles,” Phys. Rev. D 91,103007 (2015) 
S. Banerjee, G. Bélanger, B. Mukhopadhyaya, P. D. Serpico, “Signatures of sneutrino dark matter in an extension of the 

CMSSM,”  JHEP 1607, 095 (2016)

• Pre-BBN: Exotic Electroweak Phase Transition, Inflation…
If EW sector described by classically conformal dynamics, 1st-order, six massless quark QCD phase transition 
occurs first, which then triggers the electroweak symmetry breaking. Light weakly coupled particles are 
predicted, implications for collider searches. Renewed possibilities for electroweak baryogenesis, altered dark 
matter production, sizable gravitational wave production (LISA?), possibly PBH… 

S. Iso, P. D. Serpico, K. Shimada, “QCD-Electroweak First-Order Phase Transition in a Supercooled Universe,” 
Phys. Rev. Lett.  119, 141301 (2017)


