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C.	Evoli,	http://doi.org/10.5281/zenodo.2360277 (2018)
• Energetic	particles	and	

completely	ionized	nuclei	from	
outer	space.

• Many	orders	of	magnitude	in	
energy	and	flux	(low-E:	direct	
detection,	high-E:	Extensive	Air	
Shower)	

• A	power	law	several	features	
(knee	&	ankle	à different	origin).

• At	TeV,	charged	CRs	are	confined	
by	the	galacticmagnetic	field.
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Galactic	Charged	CRs	Composition

A.	Castellina	and	F.	Donato,	CRs	Review	(2012)
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Timeline	of	Recent	“TeV”	γ-Rays	and	CRs	Experiments

AMS-02	
e±:	0.5	GeV–1 TeV	

MAGIC	
γ:	25	GeV-30	TeV

VERITAS	
γ:	50	GeV-50	TeV

HESS	
γ:	10	GeV-100	TeV

HAWC	
γ:	100	GeV-50	TeV

Milagro	
γ:	100	GeV-50	TeV

PAMELA	
e±:	1	GeV–400	GeV

CTA
γ:	20	GeV-300	TeV

Fermi
γ:	20	MeV-300	GeV

AGILE
γ:	15	keV-30	GeV

INTEGRAL
γ:	20	keV-8	MeV

DAMPE
e±:	5	GeV-10	TeV		

CALET
e±:	1 GeV-20	TeV		

ISS-CREAM
e±:	5	GeV-10	TeV		

BACCUSCREAM

ATIC

BESS-Polar

TIGER Super-TIGER

Voyager	I/II,	ACE/CRIS,	…

20202015201020052000
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Altitude ~	400	km
Inclination ~	51°
Period ~	93	min
Construction	 1998	- …
Dimensions	 73	⨉109	m2

Weight	 420	t

From	May	19th 2011	active	on	ISS,	operating	continuously	since	then.
AMS	has	collected	>	150	billion	cosmic	rays	up	to	today.

With	such	a	statistics	the	most	rare	components	of	the	cosmic	rays	are	visible.

AMS-02	on-board	of	the	International	Space	Station
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Launch 16/5/2011	
(STS-134,	Endeavour)

Construction 1999	- 2010
Dimensions 3	⨉4	⨉5	m³
Weight 8.5	t
Power 2500	W

The	prototype,	AMS-01,	flown	for	
10-days	on-board	of	the	shuttle	
Discovery	in	1998 showing	the	
feasibility	of	AMS-02.

AMS-02:	the	Alpha	Magnetic	Spectrometer 5



The	Tracker	Thermal	Control	System

TTCB

Mechanically	pumped,	double-phase	CO2 cooling	system

H
X

PUMP
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LOWER	
EVAPORATOR

UPPER	
EVAPORATOR

Some	problems	started	in	2014,	
became	problematic	in	2019



The	Upgraded	Tracker	Thermal	Pump	System

TTCB

Mechanically	pumped,	double-phase	CO2 cooling	system

H
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PUMP
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LOWER	
EVAPORATOR

UPPER	
EVAPORATOR

A	new	pump	block,	UTTPS	(Upgraded	
Tracker	Thermal	Pump	System),	designed	

and	realized	in	the	last	5	years.	



Active Response Gravity Offload System (ARGOS)

Neutral Buoyancy Lab (NBL)

95	simulations
(ARGOS	+	NBL)	with	7	
astronauts involved.

Extending	AMS-02	Lifetime:	Astronauts	Training



Instrumentation

SpX-18
25/07/’19

Soyuz 59S
20/07/’19

HTV-8
24/09/’19

TanegashimaCape CanaveralBaikonur

NG-12
02/11/’19

Wallops Flight Facility

UTTPS
Astronauts:

Luca	Parmitano,
Drew	Morgan,

Alexander	Skvortsov

Extending	AMS-02	Lifetime:	Shipping



L.	Parmitano	on	the	robotic	
arm,	transporting	the	UTTPS

2/12/’19

Extending	AMS-02	Lifetime:	UTTPS	Installation



Luca	Parmitano	(Commander,	ESA	🇮🇹),	
Andrew	Morgan	(NASA	🇺🇸)	
EVA	#1:	15	Nov.	2019,	take	access
EVA	#2:	22	Nov.	2019,	cut	the	tubes
EVA	#3:	2	Dec.	2019,	install	UTTPS
EVA	#4:	25	Jan.	2020,	activation

Extending	AMS-02	Lifetime:	UTTPS	Installation
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Multiple	and	Independent	Measurement	of
Charge	(Z),	Energy	(β,	p,	E)	and	Charge	Sign	(±).

AMS-02	separates	hadrons	from	leptons,	matter	from	anti-matter,	
chemical	and	isotopic	composition	from	fraction	of	GeV	to	multi-TeV.	

AMS-02:	a	TeV	Multi-Purpose	Spectrometer

Transition	Radiation	Detector
(TRD)

lepton/hadron,	Z

Silicon	Tracker

±Rigidity,	Z

Electromagnetic	Calorimeter
(ECAL)

lepton/hadron,	energy	(e±,γ)

Time-of-Flight	(TOF)

Z,	β

Permanent	Magnet
B	=	1.4	kG

Ring	Imaging	Cherenkov
(RICH)

Z,	β
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Matter Antimatter

AMS	is	able	to	identify	1	positron	from	106 protons,
unambiguously	separate	positrons	from	electrons	up	to	a	TeV.
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AMS-02	separates	hadrons	from	leptons,	matter	from	anti-matter,	
chemical	and	isotopic	composition	from	fraction	of	GeV	to	multi-TeV.	

13AMS-02:	a TeV	Multi-Purpose	Spectrometer



AMS-02	Lepton/Hadron	Identification
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AMS-02	Chemical	Composition	Measurement 15



Galactic	Disk

ISS

p,	He
Χ	+	Χ

e+,	p,	D,	…

Source

e+,	p,	D,	…

Collisions	of	dark	matter	particles	(ex.	neutralinos)
may	produce	a	signal	of		e+,	p,	D,	…	that	

can	be	detected	above	the	background	from	the	
collisions	of	primary	CRs	on	interstellar	medium

Indirect	Search	of	Dark	Matter	with	CR	Anti-Matter
16



Collisions	of	Dark	Matter	particles	(ex.	neutralinos) may	produce	a	signal	of		e+,	p,	D	…
detected	above	the	background	from	the	collisions	of	CRs	on	interstellar	medium	(ISM)

To	calculate	the	secondary	production	of	e+ and	p-bar	we	need
• The	cosmic	ray	fluxes	of	their	“parents”	(p,	He)	
• Production	cross-section
• Behaviour	of	their	propagation	in	the	Milky	Way	(B/C,	B/O,	Be/B,	…)

Indirect	Search	of	Dark	Matter	with	CR	Anti-Matter
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?

Positrons	from	
Cosmic	Ray	Collisions

AMS	(1.9	million)	

Model	based	on	positrons	from	
cosmic	ray	collisions.
Astrophysical	Journal	729,	106	(2011)

AMS	Positron	Flux
M.	Aguilar	et	al.,	PRL	122 (2019)	0411012
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Energy	[GeV]

Positrons	from
Cosmic	Ray	
Collisions

Pulsars
or

Dark	Matter

Collisions Pulsars	or	Dark	Matter
!"# $ = $&

$'& ()($' $+⁄ ).)	+	(1 $' $&⁄ .1234(−$' $1⁄ )

The	cutoff	energy	Es =	810
+310 GeV	

is	established	with	a	
confidence of	more	than	0.9999.	

Es
Pulsars	or	Dark	Matter

AMS	Positron	Flux

M.	Aguilar	et	al.,	PRL	122 (2019)	0411012
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Electrons	(28	M)	

Positrons	(1.9	M)

AMS	Electron	Flux

M.	Aguilar	et	al.,	PRL	122 (2019)	101101	

!"# $ = &($) )* $+ $*⁄ -* + )/ $+ $/⁄ -/

bPower	
law a Power	

law
Solar	&

low-energy

Electrons	are	primaries,	can	have	some	source	in	common	with	positrons.
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Positrons
from	Dark	Matter

Dark	Matter

Dark	Matter
Electrons

Interstellar	
Medium

Protons,	
Helium,	…

Supernovae

Positrons
from	Collisions

Positrons
from	Pulsars

New	Astrophysical	Sources:	Pulsars,	…

Origin	of	Positrons 21
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The Astrophysical Journal, 772:18 (8pp), 2013 July 20 Linden & Profumo
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Figure 1. Left: the positron fraction from a combination of the Galprop model for the diffuse e± Galactic background (green dotted), along with contributions from
the Geminga (black) and Monogem (red) pulsars, compared with data from PAMELA (green circles), Fermi-LAT (orange triangles) and AMS-02 (blue squares).
Right: the flux of cosmic-ray electrons and positrons from a combination of the same Galprop model (green dotted), with contributions from the Geminga (black
dashed) and Monogem (red dashed) pulsars. These create a total cosmic-ray lepton spectrum (black and red solid respectively), which can be compared with data from
the Fermi-LAT (orange squares) and H.E.S.S. (pink diamond) observations, (right). Note that the diffuse background from Galprop was not tuned to reproduced the
H.E.S.S. data, and we do not attempt to fit those data above 1 TeV.
(A color version of this figure is available in the online journal.)

3. DETECTION OF A COSMIC-RAY
ELECTRON/POSITRON ANISOTROPY WITH ACTS

In the context of diffusive propagation, we estimate the
expected anisotropy from a source at a distance d that injected
e± at a time T (e.g., Grasso et al. 2009) with

∆ = 3
2c

d

T

(1 − δ)E/Eloss

1 − (1 − E/Eloss)1−δ

Npsr(E)
Ntot(E)

, (6)

with Npsr and Ntot the pulsar and total e± spectra. The dipolar
anisotropy ∆ is defined as

∆ = Nf − Nb

Nf + Nb

, (7)

where Nf and Nb are the total number of e± observed during
a selected ensemble of observations pointing within the sky
hemisphere centered on the pulsar (Nf ) and during a second
ensemble of observations with the same collective effective
exposure as the first ensemble, pointing within the opposite
hemisphere (Nb).

It is worth noting that this calculation of the anisotropy
from a single pulsar is overly simplistic, as it ignores several
possible complicating effects. For instance, the corresponding
anisotropy might be washed out by effects such as a local
magnetic field bubble, the pulsar’s proper motion during the
age of e± injection, or significant deviations from the simple
diffusive propagation setup employed to theoretically estimate
the anisotropy (Profumo 2012). On the other hand, anisotropies
in the charged cosmic-ray spectrum can also be induced via
diffusion in the interstellar medium, for instance by local
magnetic field anisotropies (Drury & Aharonian 2008; Giacinti
& Sigl 2012). While this may produce a spurious detection of an
electron/positron anisotropy not due to a nearby primary source,
the two effects may be in principle disentangled in the following
ways. First, any anisotropy induced by anisotropic diffusion
should affect protons and electrons similarly, leading to a strong
correlation between observed anisotropies for both species. In
the case of a nearby e+e− source, which would not produce

many protons due to the strong constraints on primary anti-
proton production, the morphology of the anisotropy would not
be seen in relativistic protons. Second, any anisotropy stemming
from particle diffusion is likely to have an anisotropy which
depends on the scale of the magnetic field inhomogeneities,
while the electron anisotropy from a nearby source will have
an energy dependent anisotropy which scales with the positron
fraction due to that source. In particular, the anisotropy should
disappear above any cutoff energy the primary positron source
would possess. Lastly, inhomogeneities in diffusion parameters
are likely to appear as hotspots (Drury & Aharonian 2008;
Giacinti & Sigl 2012) or streams (Kistler et al. 2012) in the
data, an anisotropic signature from which is distinct from the
dipole-dominated term stemming from nearby sources.

We now turn to the question of how to search for an anisotropy
in the cosmic-ray e± flux with ACTs. The most significant
uncertainty in the determination of the cosmic-ray e± spectrum
with ACTs is the efficiency of cosmic-ray proton rejection. This
is the dominant systematic error because the flux of cosmic-
ray hadrons dominates the lepton flux by several orders of
magnitude. While observations of γ -ray point sources are able to
employ the isotropy of the cosmic-ray signal in order to control
this background, measurements of the cosmic-ray e± flux must
instead determine the hadronic or electromagnetic nature of
each individual observed shower. To this end, the H.E.S.S.
collaboration has adopted a random forest approach (Breiman &
Cutler 2004; Bock et al. 2004) intended to convert information
about the observed shower into a parameter ζ which describes
the extent to which the shower is electron-like. The parameter ζ
is determined in the range of 0–1, with larger numbers indicating
a better fit to Monte Carlo models of electron showers. While
the ζ parameter is highly energy-dependent, in many situations
its discriminating power is significant enough to produce an
electron population which dominates the hadronic background
at high ζ values. We note that even for moderate values of ζ ,
the contribution from heavier nuclei is entirely negligible.

While a proper selection of ζ is important so that the cosmic-
ray e± population produces a reasonable portion of the total
cosmic-ray signal, searches for anisotropy are significantly less

4

T.	Linden	et	al.,	Astrop.	J.	772 (2013)

Positron	Excess	from	Pulsar

Pulsars	spinning	produce	EM	radiation	and	
cosmic	rays	(pair	production).
To	distinguish	from	DM	models:	
à spectral	features	of	e+	and	of	(e+ +	e-)	
à anisotropy of	e+	and	of	(e+ +	e-)	
à no	anti-proton	production

6

Fermi-LAT data (orange triangles) and those recently reported by
AMS (cyan), as well as the predicted limits from 5 and 10 years of
Fermi-LAT observations (orange solid and orange dashed), along
with the predicted limits from 3000 and 5000 hr of H.E.S.S. ob-
servations (maroon solid and maroon dashed), as well as predicted
limits from 1000 and 3000 hours of CTA observations (blue solid
and blue dashed). These limits are compared with the predicted
fluxes for models of the Geminga (black solid) and Monogem (red
solid) pulsars which correctly explain the positron excess observed
by AMS-02. We note that limits from the Fermi-LAT are techni-
cally set based on a minimum energy E, rather than a traditional
E dN/dE, a di erence which is less important given the steeply
falling e± flux.

Fig 2a.), assuming an average zenith angle of 45⇤, and we
take the H.E.S.S. field of view to cover 3.8 10�3 sr. We
additionally consider a future global observation time of
5000h, including new data taken by the H.E.S.S.-II tele-
scope.
We note that this combination provides an e⇥ective ex-

posure at 340 GeV which exceeds that reported by Aha-
ronian et al. (2009) by approximately a factor of 8, pre-
sumably due to additional cuts regarding the nature of
the electron shower and the removal of �-ray point source
contamination. We note that this mismatch is slightly
worse when comparing the 1 TeV calculation with that
of (Aharonian et al. 2008), as additional cuts are made
in this study. In what follows we degrade our calculated
e⇥ective exposure by an ad hoc factor of 5. We note that
this may be overly conservative, as cuts optimized for
this study could allow for a much larger e⇥ective area,
since this analysis is by its nature less susceptible to sys-
tematic errors regarding proton contamination.
In order to calculate the e⇥ect of the ⇥ parameter on

the separation of electrons and protons, we make a cut
of ⇥ > 0.9, and use the values given by (Aharonian et al.
2008) and Aharonian et al. (2009) to calculate the loss of
e⇥ective area after this cut is applied at energies of 1 TeV
and 340 GeV respectively, which correspond to the low
end of the energy range employed in each analysis. Thus,
we assume a relative electron acceptance of 0.38 at en-
ergies below 340 GeV and 0.77 at energies above 1 TeV,
linearly interpolating between these values at intermedi-
ate energies. Finally, using the observed proton back-
ground at ⇥ > 0.9 for each observation, we assume an
irreducible proton background which is 1.73 (0.95) times

larger than the total e± flux at energies of 340 GeV (1
TeV), and again linearly interpolate between these val-
ues.
In order to compare our results with the projected lim-

its from five years and ten years of Fermi-LAT data, we
take the limits from one year of data obtained by Ack-
ermann et al. (2010b) and calculate a best fit power law
to the 95% upper limits of � < 0.30 (E / 1 TeV)1.39

and then reduce the limits by the square-root of the
additional exposure time, in order to extrapolate opti-
mistic results where the exclusion limits are dominated
by statistics only. We note that this result may slightly
improve, in light of new data-taking algorithms such as
Pass-8, which are likely to increase the e⇥ective area to
electron showers (Atwood et al. 2013). We addition-
ally compare our result with the 95% confidence limit
of � < 0.036 measured by AMS-02, though we note that
no energy scaling was provided with this value.
In addition to these H.E.S.S. and Fermi-LAT ob-

servations, we predict observations from the upcoming
Cherenkov Telescope Array (CTA). While the parame-
ters of CTA are unknown, for the purposes of repeata-
bility we assume the following educated guesses for the
relevant parameters. We take the e⇥ective area to be
an order of magnitude greater than the H.E.S.S. tele-
scope, and the field of view to be a factor of (3/2)2 larger,
corresponding to the models suggested in CTA Consor-
tium (2011). Additionally, we note that the multiple
telescopes of CTA greatly enhance its hadronic rejection
capabilities, thus we add an ad hoc factor of two decrease
in the relative hadronic flux for CTA observations. All
other parameters (including the ⇥ cut and the factor of
5 degradation in the e⇥ective exposure seen in H.E.S.S.
observations) are left the same.
In Figure 2 we show the current limits given by 1 year

of Fermi-LAT data, the recently released AMS-02 lim-
its on the e± anisotropy, as well as the projected lim-
its from 3000h and 5000h of H.E.S.S. observations and
from 1000h and 3000h of CTA observations, compared
to the projected anisotropies of the Geminga and Mono-
gem pulsars with the same setup as described in Section
2 and shown in Fig. 1. Note that the observation times
are meant here as total duration of the two ensembles
of observations in the hemispheres towards and opposite
the direction of the pulsar of interest. For example, for
3000 hr, in the notation introduced in the previous sec-
tion, the global duration of the ensemble of observations
yielding Nf,b is 1500 hr each. For all models we assume a
total e± flux given by the best fitting power-law given by
Aharonian et al. (2009). We find that current H.E.S.S.
archival observations have the potential of observing the
anisotropy induced by Monogem, while CTA observa-
tions will be necessary in order to observe any anisotropy
from Geminga. The predicted level of anisotropy from ei-
ther pulsar under consideration here is fully compatible
with the limits from Fermi-LKAT and from AMS-02.

5. THE DIFFUSE GAMMA-RAY BACKGROUND

A serious concern in the identification of the e±

anisotropy stems from the misidentification of the �-ray
background. Unlike hadronic showers, �-ray and electron
showers are nearly identical in nature, with the only ob-
servable di⇥erence pertaining to a slightly di⇥erent value
of the reconstructed shower maximum (Xmax). How-

pulsar and up-scattering the cosmic microwave
background (CMB) photons. Geminga was pre-
viously detected at tera–electron volt energies by
theMilagro observatory, with a flux and angular
extent consistentwith theHAWCobservation but
with lower statistical significance (13). Here we
show that the HAWC observation of the spectral
and spatial properties of these sources can be used
to constrain their contribution to the positron flux
at Earth (Fig. 1B).
A diffusion model of the spatial and spectral

morphology (12) is fit to the gamma-ray fluxN as

a function of angle q from the source and gamma-
ray energy E as

d2N
dEdW

¼ N0
E

20TeV

! ""a

# 1:22
p3=2qdðEÞ½qþ 0:06qdðEÞ(

e½"q2=qdðEÞ2 ( ð1Þ

using amaximum likelihood technique.N0 is the
flux normalization at 20 TeV, and W denotes a
solid angle. The diffusion angle qd is proportional
to the square root of the diffusion coefficient D,

and both varywith energy. Themodel values from
the fit are given in Table 1. The spectral indices a
and observed fluxes are similar to those of other
tera–electron volt PWNe (14), but the luminos-
ities are lower, primarily because of their nearby
distance and larger apparent size. The energy
range is estimated by increasing (decreasing) the
minimum (maximum) energy of an abrupt cutoff
in the power law spectrum until the significance
of the fit decreases by 1s.
Assuming that all theobservedgamma-ray emis-

sion at tera–electron volt energies is produced
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Earth

PSR B0656+14

Geminga

Fig. 1. Spatial morphology of Geminga and PSR B0656+14. (A) HAWC
significance map (between 1 and 50 TeV) for the region around Geminga
and PSR B0656+14, convolved with the HAWC point spread function and
with contours of 5s, 7s, and 10s for a fit to the diffusion model. R.A., right
ascension; dec., declination. (B) Schematic illustration of the observed

region and Earth, shown projected onto the Galactic plane. The colored
circles correspond to the diffusion distance of leptons with three different
energies from Geminga; for clarity, only the highest energy (blue) is shown
for PSR B0656+14. The balance between diffusion rate and cooling effects
means that tera–electron volt particles diffuse the farthest (fig. S1).

Table 1. Pulsar parameters, values of parameters from the model fitting to the observed extended gamma-ray emission, and assumed parameters
of our model. Pulsar parameters are from (15).

Geminga PSR B0656+14

Pulsar parameters
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

(Right ascension, declination) (J2000 source location) (degrees) (98.48, 17.77) (104.95, 14.24)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

tc (characteristic age) (years) 342,000 110,000
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

T (spin period) (seconds) 0.237 0.385
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

d (distance) (parsecs) 250þ120
"62 288þ33

"27.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

dE/dt (energy loss rate due to pulsar’s spin slowing) (×1034 ergs per second) 3.26 3.8
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

Model values
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

q0 (qd for 20-TeV gamma ray) (degrees) 5.5 ± 0.7 4.8 ± 0.6
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

N0 (×10−15 photons per tera–electron volt
per square centimeter per second)

13:6þ2:0
"1:7 5:6þ2:5

"1:7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

a 2.34 ± 0.07 2.14 ± 0.23
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

D100 (diffusion coefficient of 100-TeV electrons from joint fit of two PWNe) (×1027 square centimeters per second) 4.5 ± 1.2 4.5 ± 1.2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

D100 (diffusion coefficient of 100-TeV electrons from individual fit of PWN) (×1027 square centimeters per second) 3:2þ1:4
"1:0 15þ49

"9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

Energy range (tera–electron volt) 8 to 40 8 to 40
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

Luminosity in gamma rays over this energy range (×1031 ergs per second) 11 × (d/250 pc)2 4.5 × (d/288 pc)2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

Assumed parameters
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

L0 (initial spin-down power) (×1036 ergs per second) 27.8 4.0
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

We (total energy released since pulsar’s birth) (×1048 ergs) 11.0 1.5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

RESEARCH | REPORTS

EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

e– +	e+e+

e– +	e+ anysotropy	
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7	years	Update	of	M.	Aguilar	et	al.,	PRL	117	(2016)	0911003

New	data,	please	refer	to	the		
forthcoming	AMS	publication
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Secondary	Antiprotons	from	Cosmic	Ray	Collision
tuned	with	AMS	B/C	data	

A.	Reinert	and	M.	Winkler	JCAP	055 (2018)	

7	years	Update	of	M.	Aguilar	et	al.,	PRL	117	(2016)	0911003

New	data,	please	refer	to	the		
forthcoming	AMS	publication

28AMS	Anti-Proton	Flux



The	Anti-Proton/Anti-Deuteron	Connection

A.	Cuoco	et	al.,	Phys.	Rev.	Lett.	118 (2017)

Several	authors	reported	an	allowed	anti-proton	excess	at	low	energy,	
with	different	significances,	that	can	be	explained	a	dark	matter	signal.

This	signal	can	give	a	detectable	anti-deuteron	signal.	
Anti-deuteron	search	with	AMS-02	is	on-going.

CuKrKo

M.	Korsmeier	et	al.,	Phys.	Rev.	D	97 (2018)
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It	is	one	of	the	original	purposes	of	AMS-02The	standard	Big	Bang	model	requires	matter and	antimatter
to	be	equally	abundant.

Heavy	Anti-Matter	Search

As	of	today	a	clear	mechanisms	required	for	the	
matter/anti-matter	asymmetry	has	been	found.

Neither	has	a	single	anti-nucleus	been	seen	in	cosmic	rays.
Anti-helium	(and	anti-nuclei)	search	with	AMS-02	is	on-going.
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Matter	created	in	nucleosynthesis	processes
(big	bang,	stellar,	supernova	explosion,	neutron	star	collision)

is	accelerated	by	 the	supernova	shockwaves	
(other	scenarios	are	also	possible	…)

O

He

C

p

M.	Ackermann	et	al.,	
Science	339	(2013)	6121

p	+	p	à π0 +	…

(FERMI)

γ γ

e-

31
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AMS	Proton	Flux
7	years	update	of	M.	Aguilar	et	al.,	PRL		114 (2015)	171131	

New	data,	please	refer	to	the		
forthcoming	AMS	publication
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7	years	update	of	M.	Aguilar	et	al.,	PRL	115 (2015)	211101	

AMS	Helium	Flux

GALPROP

AMS (125 M)

33

New	data,	please	refer	to	the		
forthcoming	AMS	publication
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AMS	p/He	Flux	Ratio
7	years	update	of	M.	Aguilar	et	al.,	PRL	115 (2015)	211101	
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p/He	=	const.

p/He	=	(R/45GV)-0.3

New	data,	please	refer	to	the		
forthcoming	AMS	publication

34



AMS	Carbon	Flux
7	years	update	of	M.	Aguilar	et	al.,	PRL	115 (2015)	211101	

AMS (14 M)

GALPROP

35

New	data,	please	refer	to	the		
forthcoming	AMS	publication
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AMS	Oxygen	Flux

AMS (12 M)

GALPROP

7	years	update	of	M.	Aguilar	et	al.,	PRL	115 (2015)	211101	

36

New	data,	please	refer	to	the		
forthcoming	AMS	publication
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Helium
Carbon
Oxygen

M.	Aguilar	et	al.,	PRL	120	(2018)	021101

Above	60	GV,	these	three	spectra	have	identical	rigidity	dependence.	
They	deviate	from	a	single	power	law	at	about	200	GV	and	harden	identically.	

AMS	He,	C,	O	Spectral	Indices

γ	=	dlogɸ/dlogR
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AMS	Primary	Fluxes	at	High-Z

New	data,	please	refer	to	the		
forthcoming	AMS	publication

38

M.	Aguilar	et	al,	accepted	on	PRL	(2020)	



AMS	Primary	Fluxes	at	High-Z

New	data,	please	refer	to	the		
forthcoming	AMS	publication

M.	Aguilar	et	al,	accepted	on	PRL	(2020)	
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Cosmic	rays	primaries are	mostly	produced	at	astrophysical	sources	(ex.	e-,	p,	He,	C,	O,	…),
secondaries (ex.	Li,	Be,	B,	…)	are	mostly	produced	by	the	collision	of	cosmic	rays	with	the	ISM.

Secondary	Cosmic	Rays

Galactic	Disk

ISS

primary

secondary

Cosmic	rays	are	commonly	modeled	as	a	relativistic	gas	diffusing	into	a	magnetized	plasma.
Diffusion	models	based	on	different	assumptions	predict	a	Sec/Pri	ratio	asymptotically	proportional	to Rδ.	

With	Kolmogorov	turbulence	model	a	δ	=	-1/3	is	expected,	while	Kraichnan	theory	leads	to	δ	=	-1/2.

40



If	the	hardening	is	related	to	propagation	
properties	in	the	Galaxy	then	a	stronger	
hardening	is	expected	for	the	secondary
with	respect	to	the	primary cosmic	rays.

If	the	hardening	in	CRs	is	related	to	the	
injected	spectra	at	their	source,	then	
similar	hardening	is	expected	both	for	
secondary and	primary cosmic	rays.

C.	Evoli	(2019)

Cosmic	Ray	Propagation 41
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Lithium
Beryllium
Boron

Helium
Carbon
Oxygen

Deviate	from	single	power	law	above	200	GV.	Secondary	hardening	is	stronger
AMS	favors	the	hypothesis	that	the	flux	hardening	is	an	universal	propagation	effect.

M.	Aguilar	et	al.,	PRL	120	(2018)	021101

AMS	Primary	and	Secondary	Nuclei	Spectral	Indices 43



H
C

Fe
He

Effective	propagation
distance	∝ R −Δ/2		A−1/3	

R	~	1	GV

Probing	Non-Homogeneous	Diffusion:	AMS	3He/4He

M.	Aguilar	et.	al.,	Phys.	Rev.	Lett,	123 (2019)	181102
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The	secondary	10Be	beta-decays	with	
t1/2 =	1.4	My	through	10Be	à 10B	+	e- +	ν.

The	Be/B	ratio	rigidity	dependence	is	
related	to	the	cosmic	rays	confinement	
time (or	the	galactic	halo	size	in	diffusion	
models).

Be/B

Cosmic	Ray	Clock:	AMS	Be/B	Flux	Ratio
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M.	Aguilar	et	al.,	PRL	120	(2018)	021101
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M.	Aguilar	et	al.,	Phys.	Rev.	Lett.	121	(2018)	051103

ΦN= (0.090±0.002)	× ΦO+
(0.62±0.02)	× ΦB

Nitrogen	2.2	M

Abundances	at	Source:	AMS	Nitrogen	Flux

Also	tested	with	C	flux,	revealing	a	secondary	component	of	about	20%	at	4	GV	and	less	than	5%	at	2	TV.
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(http://solarcyclescience.com/forecasts.html#Cycle24Prediction)

Not	a	Sunspot

Image	Credits:	APOD	15	July	2019

AMS-02
On-orbit re
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47Solar	Physics	and	Space	Weather	with	AMS-02



Estimated
Dose	

NASA	Flux	
Estimates	
before	AMS

Space	travel	needs	CRs	fluxes	measurement	up-to	high-Z,	as	a	function	of	time	and	energy.

Radiation	Effects	and	Protection	for	Moon	and	Mars	Missions
T.A.	Parnell	et	al.,	Proceedings	of	6th	Conference	on	Engineering,	and	Operations	in	Space

Z

%
 C

on
tr

ib
ut

io
n

48Solar	Physics	and	Space	Weather	with	AMS-02

Mars



B.Bertucci - 36th ICRC

34
Time dependent structures in e+/e- fluxes
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Time dependent structures in e+/e- fluxes
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Solar	magnetic	field	
polarity	reversalA<0 A>0
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Solar	modulation	charge	sign	dependence

e+,	e- and	e+/e- Dependence	with	Time	



M.	Aguilar	et.	al.,	Phys.	Rev.	Lett,	121 (2018)	051101Time dependent structures in p/He
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Solar	modulation	mass	dependence



AMS	has	been	operating	in	the	Space	Station	since	May	2011	performing	precision	
measurements	of	cosmic	rays	and	revealing	new	details	about	origin	and	propagation	of	
all	CRs	species.

With	its	unprecedented		statistics	and	accuracy,	AMS	has	an	unique	capability	to	detect	
antimatter	in	cosmic	rays	and	study	its	properties.

AMS	is	the	only	operating	spectrometer	in	space,	and	will	continue	to	collect	and	analyze	
data	for	the	lifetime	of	the	Space	Station.
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Please	visit

For	more	details	about	our	detector,	
analysis,	and	physics	results

https://AMS02.space


