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LETTERS

An anomalous positron abundance in cosmic rays
with energies 1.5–100GeV
O. Adriani1,2, G. C. Barbarino3,4, G. A. Bazilevskaya5, R. Bellotti6,7, M. Boezio8, E. A. Bogomolov9, L. Bonechi1,2,
M. Bongi2, V. Bonvicini8, S. Bottai2, A. Bruno6,7, F. Cafagna7, D. Campana4, P. Carlson10,M. Casolino11, G. Castellini12,
M. P. De Pascale11,13, G. De Rosa4, N. De Simone11,13, V. Di Felice11,13, A. M. Galper14, L. Grishantseva14,
P. Hofverberg10, S. V. Koldashov14, S. Y. Krutkov9, A. N. Kvashnin5, A. Leonov14, V. Malvezzi11, L. Marcelli11,
W. Menn15, V. V. Mikhailov14, E. Mocchiutti8, S. Orsi10,11, G. Osteria4, P. Papini2, M. Pearce16, P. Picozza11,13,
M. Ricci17, S. B. Ricciarini2, M. Simon15, R. Sparvoli11,13, P. Spillantini1,2, Y. I. Stozhkov5, A. Vacchi8, E. Vannuccini2,
G. Vasilyev9, S. A. Voronov14, Y. T. Yurkin14, G. Zampa8, N. Zampa8 & V. G. Zverev14

Antiparticles account for a small fraction of cosmic rays and are
known to be produced in interactions between cosmic-ray nuclei
and atoms in the interstellar medium1, which is referred to as a
‘secondary source’. Positronsmight alsooriginate inobjects such as
pulsars2 and microquasars3 or through dark matter annihilation4,
which would be ‘primary sources’. Previous statistically limited
measurements5–7 of the ratio of positron and electron fluxes have
been interpreted as evidence for a primary source for the positrons,
as has an increase in the total electron1positron flux at energies
between 300 and 600GeV (ref. 8).Herewe report ameasurement of
the positron fraction in the energy range 1.5–100GeV.We find that
the positron fraction increases sharply overmuch of that range, in a
way that appears to be completely inconsistent with secondary
sources. We therefore conclude that a primary source, be it an
astrophysical object or dark matter annihilation, is necessary.

The results presented here are based on the data set collected by the
PAMELA satellite-borne experiment9 between July 2006 and February
2008.More than 109 triggers were accumulated during a total acquisi-
tion time of approximately 500 days. From these triggered events,
151,672 electrons and 9,430 positrons were identified in the energy
interval 1.5–100GeV. Results are presented as positron fraction—that
is, the ratio of positron flux to the sum of electron and positron
fluxes,w ezð Þ= w ezð Þzw e{ð Þð Þ—and are shown in Table 1. The
apparatus is a system of electronic particle detectors optimized for
the study of antiparticles in the cosmic radiation (Supplementary
Information section 1). It was launched from the Bajkonur cosmo-
drome on 15 June 2006 on board a satellite that was placed into a 70.0u
inclinationorbit, at an altitude varyingbetween350 kmand610 km.A
permanentmagnet spectrometer with a silicon tracking system allows
the rigidity (momentum/charge, resulting in units of GV), and sign-
of-charge of the incident particle to be determined. The interaction
pattern in an imaging silicon-tungsten calorimeter allows electrons
and positrons to be separated from protons.

The misidentification of protons is the largest source of back-
ground when estimating the positron fraction. This can occur if
electron- and proton-like interaction patterns are confused in the

calorimeter data. The proton-to-positron flux ratio increases from
approximately 103 at 1GV to approximately 104 at 100GV. Robust
positron identification is therefore required, and the residual proton
background must be estimated accurately. The imaging calorimeter
is 16.3 radiation lengths (0.6 nuclear interaction lengths) deep, so
electrons and positrons develop well contained electromagnetic
showers in the energy range of interest. In contrast, the majority of
the protons will either pass through the calorimeter as minimum
ionizing particles or interact deep in the calorimeter.

This is illustrated in Fig. 1,which showsF , the fractionof calorimeter
energy deposited inside a cylinder of radius 0.3 Molière radii, as a
function of deflection (rigidity–1). The axis of the cylinder is defined
by extrapolating the particle track reconstructed in the spectrometer.
For negatively-signed deflections, electrons are clearly visible as a
horizontal band with F lying mostly between 0.4 and 0.7. For
positively-signed deflections, the similar horizontal band is naturally
associatedwithpositrons,with the remainingpoints,mostly atF , 0.4,
designated as proton contamination (see Supplementary Information
sections 2 and 3 for additional details concerning particle selection and
background determination).

Figure 2 shows the positron fraction measured by the PAMELA
experiment compared with other recent experimental data. The
PAMELAdata covers the energy range 1.5–100GeV,with significantly
higher statistics than other measurements. Two features are clearly
visible in the data. At low energies (below 5GeV) the PAMELA results
are systematically lower than data collected during the 1990s, and at
high energies (above 10GeV) the PAMELA results show that the
positron fraction increases significantly with energy.

Measurements of cosmic-ray positrons and electrons address a
number of questions in contemporary astrophysics, such as the nature
and distribution of particle sources in our Galaxy, and the subsequent
propagation of cosmic rays through the Galaxy and the solar helio-
sphere. Positrons are believed to be mainly created in secondary pro-
duction processes, that is, by the interaction of cosmic-ray nuclei with
the interstellar gas. The solid line in Fig. 2 shows a calculation1 based on
such an assumption. Although this calculation is widely used, it does

1University of Florence, Department of Physics, Via Sansone 1, I-50019 Sesto Fiorentino, Florence, Italy. 2INFN, Sezione di Florence, Via Sansone 1, I-50019 Sesto Fiorentino, Florence,
Italy. 3University of Naples ‘‘Federico II’’, Department of Physics, Via Cintia, I-80126 Naples, Italy. 4INFN, Sezione di Naples, Via Cintia, I-80126 Naples, Italy. 5Lebedev Physical
Institute, Leninsky Prospekt 53, RU-119991Moscow, Russia. 6University of Bari, Department of Physics, ViaAmendola 173, I-70126 Bari, Italy. 7INFN, Sezione di Bari, Via Amendola 173,
I-70126 Bari, Italy. 8INFN, Sezione di Trieste, Padriciano 99, I-34012 Trieste, Italy. 9Ioffe Physical Technical Institute, Polytekhnicheskaya 26, RU-194021 St Petersburg, Russia. 10KTH,
Department of Physics, AlbaNova University Centre, SE-10691 Stockholm, Sweden. 11INFN, Sezione di Roma ‘‘Tor Vergata’’, Via della Ricerca Scientifica 1, I-00133 Rome, Italy. 12IFAC,
Via Madonna del Piano 10, I-50019 Sesto Fiorentino, Florence, Italy. 13University of Rome ‘‘Tor Vergata’’, Department of Physics, Via della Ricerca Scientifica 1, I-00133 Rome, Italy.
14Moscow Engineering and Physics Institute, Kashirskoe Shosse 31, RU-11540Moscow, Russia. 15Universität Siegen,D-57068 Siegen,Germany. 16KTH, Department of Physics and The
Oskar Klein Centre for Cosmoparticle Physics, AlbaNova University Centre, SE-10691 Stockholm, Sweden. 17INFN, Laboratori Nazionali di Frascati, Via Enrico Fermi 40, I-00044
Frascati, Italy.
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Positron excess

Secondary

…

…

…

• e+ from spallation of cosmic ray nuclei on gas

• Energy losses make e± spectrum softer

→ Positron fraction e+/(e+ + e−) should
decrease with energy

Dark matter

Now strongly constrained by γ-rays, p̄, CMB!

Pulsars/PWNe

Abeysekara et al. (2017)

Must be contributing at some level?!
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Secondaries from the source?

Common belief: secondaries from propagation dominate
since the grammage in the ISM is larger than in the source

〈τsrc〉 . τSNR ≈ 104...5 yr

nsrc . 10 cm−3

⇒ Xsrc ≈ 0.2 g cm−2

〈τISM〉 ∼ τesc ≈ 107 yr

nISM ≈ 0.1 cm−3

⇒ XISM ≈ few g cm−2

However, secondaries from source can have a harder spectrum!
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Diffusive shock acceleration with secondaries
Blasi (2009); Blasi & Serpico (2009); Mertsch & Sarkar (2009); Ahlers et al. (2010); Tomassetti & Donato (2012); Cholis & Hooper (2012); Mertsch & Sarkar

(2014); Cholis et al. (2017); Mertsch, Vittino, Sarkar (2021); Kawanaka & Lee (2021)

Primaries

Secondaries

S
p

at
ia

l
d

is
tr

ib
u

ti
o

n

x

f (p, x)

x

f (p, x)

S
p

ec
tr

al
d

is
tr

ib
u

ti
o

n

f (x = 0, p) ∝ p−γ with γ =
3U1

U1 − U2

⇒ E−2 spectrum
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⇒ Harder secondary spectrum
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Secondary nuclei as a check
Mertsch & Sarkar, PRL 103 (2009) 081104

On 17.03.09 14:47, Subir Sarkar wrote:

However one can then ask why other sec-
ondary/primary ratios e.g. Li,Be,B/C,N,O in fact de-
crease with energy [. . . ] So my question would be:
if the same SNRs are also accelerating cosmic ray
nuclei then is the expected secondary/primary ratio
(according to Blasi’s calculation) consistent with the
observations?

Tuned to ATIC data:
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A recent update
Mertsch, Vittino, Sarkar, PRD 104 (2021) 103029
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Further improvements
Ahlers, Mertsch, Sarkar (2009)

Stochasticity

• e± suffer severe energy losses

→ Sensitivity to nearby sources

→ Predictions are probabilistic
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Exposure
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WMAP haze

‘WMAP haze’

Claim by Finkbeiner (2004)

synchrotron free-free dustCMB-subtracted 
WMAP K-band

1. morphology: roughly spherical

2. power: few kJy sr-1

3. spectrum: harder than usual
synchrotron

Dobler & Finkbeiner, ApJ 680 (2008) 1222

Philipp Mertsch Cosmic rays and galactic dust: maverick-style 13 September 2023 11 / 29



Is the WMAP haze real?

Template subtraction assumes
that morphology

is energy-independent

Counter example

Funk et al., ICRC proceedings (2007)
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Is the WMAP haze real?

Template subtraction assumes
that morphology

is energy-independent

Counter example

Funk et al., ICRC proceedings (2007)

Radial distribution of emissivity

exponential source distribution
408 MHz emissivity (scaled)
23 GHz emissivity
difference in emissivity

Agrees with WMAP haze in . . .

• Morphology

• Normalisation

• Spectrum

Mertsch & Sarkar, JCAP 10 (2010) 019
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Fermi-LAT dataIntegrated intensity, E = 1.0− 10.0 GeV
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Inverse Compton model

-
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-

LoopI (geometric), Intensity, E = 6.4− 9.1 GeV
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=

The Fermi bubbles
Su et al. (2010); Ackermann et al. (2013)

Residual intensity, E = 3− 10 GeV

−4 −2 0 2 4 6 8 10

107 E0 × F
(

GeV
cm2 s sr

)

• Hard spectrum

• Sharp edges

• No spectral variation
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Fermi bubbles

Star formation activity
Crocker & Aharonian (2011)

Tidal disruption events
Cheng et al. (2011)

Previous AGN phase
Guo & Mathews, ApJ 756 (2012) 181;

Yang et al., ApJ 761 (2012) 185
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Fermi bubbles

Star formation activity
Crocker & Aharonian (2011)

Tidal disruption events
Cheng et al. (2011)

Previous AGN phase
Guo & Mathews, ApJ 756 (2012) 181;

Yang et al., ApJ 761 (2012) 185

Large-scale turbulence
Mertsch & Sarkar (2011)
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2nd order Fermi acceleration
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Fermi bubbles
Mertsch & Sarkar (2011)
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Simple disk IC template

Fermi 0.5-1.0 GeV IC template
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The elephant in the room

Banksy

some other stuffLoopI (geometric), Intensity, E = 6.4− 9.1 GeV
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Where is Loop I?

to GC

Are the O(1000) other old supernova remnants visible?
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Haslam 408 MHz survey

1 5 10 50 100
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l(l
+
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l/
(2
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2
]

Haslam (before point source subtraction)
Haslam (point source subtracted)

1 Even/odd structure ⇔ symmetry of
Galactic disk

2 On large scales:
less fluctuations

3 On large scales:
power-law behaviour
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GALPROP + turbulence + free-free + pt. sources
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• Synchrotron from turbulent
B-field

• Free-free: thermal
bremsstrahlung

• Unsubtracted point sources:
shot noise

Deficit in angular power
spectrum
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Modelling shells in harmonic space

Assumption: flux from one shell factorises into angular part and frequency
part,

Jshell,i (ν, `, b) = εi (ν)gi (`, b)

Frequency part εi (ν):

• Magnetic field compressed in SNR shell

• Electrons get betatron accelerated

• Emissivity increased with respect to ISM

Angular part gi (`, b):

Assume constant emissivity in thin shell:

a
(i)′
`m ∼ εi (ν)

∫ 1

−1

dz ′ P`(z
′)gi (z

′)
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GALPROP + turbulence + free-free + pt. sources + shells
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• Synchrotron from turbulent
B-field

• Free-free: thermal
bremsstrahlung

• Unsubtracted point sources:
shot noise

• O(1000) shells of old
supernova remnants

Contribute on exactly the right
angular scales
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CMB contamination at high latitudes?

• Correlation between Faraday depth and WMAP7 ILC

• MC simulations: standard deviation of correlation anomalous with p-value < 5× 10−4

Hansen et al., MNRAS 426 (2012) 57; Dineen & Coles, MNRAS 347 (2004) 52
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Anomalies in ILC9 (` ≤ 20)
Liu, Mertsch & Sarkar, ApJL 789 (2014) 29

• Black: Loops I-IV Berkhuijsen, Salter (1971)

• Avergae temperature and skewness:
p-values at 10−2 level

• Distance of clusters from ring: p-value 10−4
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BICEP2

In early March 2014, a man knocked on a
door somewhere in Silicon Valley . . .
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BICEP2

In early March 2014, a man knocked on a
door somewhere in Silicon Valley . . .
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BICEP2: B signal
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Ade et al., PRL 112 (2014) 241101

• Observation of B-mode polarisation of the CMB,
r = 0.2 at & 5σ significance

• Evidence for cosmological inflation

• Foreground contamination excluded
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Anomalies in ILC9 (` ≤ 20)
Liu, Mertsch & Sarkar, ApJL 789 (2014) 29

• Black: Loops I-IV Berkhuijsen, Salter (1971)

• White: S1 Wolleben (2007) and BICEP2 field
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Anomalies in ILC9 (` ≤ 20)
Liu, Mertsch & Sarkar, ApJL 789 (2014) 29

• Black: Loops I-IV Berkhuijsen, Salter (1971)

• White: S1 Wolleben (2007) and BICEP2 field

Added an innocent comment to last paragraph:

• Wolleben loop S1 goes through BICEP field

• Radio loops usually not modelled

• This can affect the significance
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10 minutes in the (cosmo) spot light

• Some coverage by the Washington Post,
New Scientist, Physics World, Die Zeit

• From the facebook thread “Live
Discussion of BICEP Press Conference”:

. . .

. . .

. . .
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How this got resolved

• BICEP2 used some preliminary Planck
polarisation fractions for foreground model

• Some ambiguity as to zero-levels
and cosmic infrared background (CIB)

• Likely some underestimate of foregrounds

R. Flauger, “Simplicity” workshop (2014)
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Planck view of
BICEP2 field:

Joint Planck-BICEP2 analysis
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“r < 0.12 at 95 % confidence”
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Thank you, Subir,
• for giving me the freedom to choose my own projects,

• for giving me exposure with the community,

• for instilling critical thinking in me!
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