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- Satellite experiments as well as Cherenkov telescope arrays are measuring
with unprecedented precision and in a wide energy range the spectrum and
anisotropy of CRs.

- The interpretation of this rich dataset is one of the main challenge in
Astroparticle Physics.

- This is important to study the emission mechanism of Galactic sources and
explore new Physics such as dark matter particles.
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Primary CRs

Secondary CRs

-4+ Supernova remnants (SNRs) are
believed to be the major
accelerators of charged particles up
to very high energies, via a first-
type Fermi mechanism.

Pulsar wind nebulae (PWNe),
rapidly spinning neutron stars with
a strong surface magnetic field, are
considered to be among the most
powerful sources of electrons and
positrons in the Galaxy.

v

- Secondary production: secondary
CRs originate from the spallation
reactions of primary CR species
with the interstellar material.

Origin of cosmic rays (CRs)

Crab Nebula pulsar
wind nebula optical
(HST, NASA/ESA)

Cassiopea A
supernova remnant
optical (HST, NASA/
ESA)

p&n Proton interaction
\ with helium



CR acceleration mechanism in SNRs

- The acceleration of Galactic CRs takes place after the explosion of
a supernova (10°1 erg).

- A supernova (SN) shell is generated right after the explosion and
expands in the ISM at 10% of the speed of light.

- CRs are accelerated up to very-high-energy in the SN shell through
the Fermi mechanism (known also as diffusive shock acceleration).




Fermi mechanism (diffusive shock acceleration)

https://www.youtube.com/watch?v=C3ue/cEocvl



CR e* acceleration in PWNe

- The engine of a PWN is a pulsar, i.e. a rapidly spinning neutral star (NS).

- A NS has huge magnetic fields (109-10"2 G) which produce wind of particles
extracted from the NS surface.

- This wind shines from radio to gamma rays and after a few kyrs interact with the
SNR reverse shock.

- The pulsar proper motion and the interaction with the SNR reverse shock
generate a relic PWN and a bow shock components.
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Interstellar
material




CR e* acceleration in PWNe

- The engine of a PWN is a pulsar, i.e. a rapidly spinning neutral star (NS).

- A NS has huge magnetic fields (109-10"2 G) which produce wind of particles
extracted from the NS surface.

- This wind shines from radio to gamma rays and after a few kyrs interact with the
SNR reverse shock.

- The pulsar proper motion and the interaction with the SNR reverse shock
generate a relic PWN and a bow shock.

14

Declination (J2000)
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Crab nebula




Propagation of CRs in the Galaxy

- After CR particles are accelerated from the source, they travel in the Galaxy
and they do what is called propagation.

- CRs lose energy through the interaction with the Galactic magnetic fields
and inverse Compton scattering with the ISRF.

- Charged CRs are also deflected by the Galactic magnetic fields (diffusion).




Propagation of electrons and positrons

Current conservation equation:

DN = Q(E,z,t)

IN —V - {K(E)VNY} + 05 {‘Z—f/\/} — Q(E, z, 1)

The source term Q is the number of electrons and positrons
emitted from the Galactic source (SNRs or PWNe).
The operator D takes into account the phenomenon of the
propagation:

energy losses dE/dT=b(E)

diffusion K(E) due to the motion of CRs in the irregularities
of the Galactic magnetic field.
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Deriving propagation parameters

- The propagation zone is modeled as a cylinder of radius Rdisk=20 kpc, a vertical
half-height of L=1-15 kpc and a disk, which has a vertical extent of zdisk=0.1 kpc.

R
1 GV

- These parameters and the diffusion k() = 8K, (
CR data (e.g., B/C ratio).

- The diffusion has been derived to be of the order of 1028 cm?/s at 1 GeV and
be stronger along the spiral arms.

)5 ~ K,¢* are derived by fitting

B/C

I AMS-02 B/C data | \\{-.
......... B/C best fit in sample \\_\ i "e,] ]
propagation uncertainties A b
A
el ‘ et aaal sl
10’ 10° 10°
R [GV]
) Ko (kpc"" Myr~') L (kpc) V. (kms™') V, (kms™)
0.408 0.0967 13.7 0.2 31.9
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electron

Compton scattering Recoil /

Target

Incident electron .-

photon

at rest/," \\q)
A’i v 1

Ap—Ai=AA= L(l —co0s0)

m,c

Scattered
photon

Ay

The differential cross section for Thomson scattering is:

do
r_12 2
o 2r0(1 + cos“0)
ro = Classical electron radius
2 —
= ¢ 2818x10 °m
4n80mec2
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Inverse Compton scattering

Incident Photon

Electron

Scattered Photon

Thomson limit: low photon energy, €« mc-
€lmaz = 4’725

Electron energy 0.5 GeV

Waveband Frequency (Hz) Scattered Frequency (Hz)
170 and Waveband
Radio 107 10+ = UV
Far-infrared 3 x 1012 3 x 1018 = X-rays
Optical 4 x 1014 4 x 1021 = 1.6MeV = ~-rays
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Electron energy loss for ICS

n(€)BB =
m2(he)® exp 77 — 1
100
A - | » Teme =2.7 Kand Ecve= 2.3 104 eV
%- e Tr=20Kand Er=2.4103¢eV
:3 i o TsL=5000K and Es.= 3.5 101 eV
10-2 a s asssul

1074 1072 1072 107" 10° 10°
w [eV]
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Other Electron energy losses

Radio Charged particle
waves (proton or electron)

Magnetic Synchrotron radiation

field

dE\ 4 0 B\*°( E \°
- - ) = —orcUpy?*B* ~2.53 x 10718 [ — —— ) GeVs™!
(dt) g TevB Y o uG) \Gev) 7777
Radio waves
nrumiano

* Bremsstrahlung: This process, also called braking radiation, occurs when
an electron or a positron is accelerated by the electric fields associated with
Interstellar ions or nuclei.

* lonization losses: Relativistic charged particles moving through a material
medium interact with electrons belonging to atoms in that same material:
the interaction thus excites or ionises the atoms.

* Coulomb scattering: Coulomb collisions in a completely ionised plasma

are dominated by scattering off the thermal electrons.
15
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At energy > 100 GeV
b(E) =5 1017 E2



Gamma-ray production from CRs

o 70 04
o TV deca
ISM gas % - \
ﬁ.\ ).
a4
Bremsstrahlung ‘
e

Inverse Fermi-LAT (2008-present)
Compton (IC) 2.471 sr, 20 MeV-1 TeV

InterstellarTx""7 e
Radiation /[~
Field (ISRF)

The study of interstellar emission from distant sources is a powerful
probe for the CR production and propagation in the Galaxy
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e Fermi-LAT has detected 39 SNRs so far (FL8Y).

e 27 of them have been detected as extended.

e SNRs are thought to be the main accelerators of Galactic CRs.

Tycho SNR

Fermi-LAT ApJs, V. 224, N. 1 .



Evidence of hadronic acceleration in SNRs

A direct signature of acceleration of high energy protons from SNRs is
provided by gamma rays generated in the decay of neutral pions (11°)

* p-p collisions create 0 mesons which usually quickly decay into 2y
each having an energy of 67.5 MeV.

 The LAT team published evidence for the characteristic pion-decay feature
in the gamma-ray spectra of two SNRs, IC 443 and W44
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—or most of the SNRs detected in gamma rays both the hadronic and
eptonic mechanism can explain the spectrum.

t Is Important to have also X-ray and radio data to try to disentangle
between the two mechanisms.
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Positron Flux

Origin of CR positrons

- Positrons are emitted through the secondary mechanism (CRs ISM —> X e*).

- An excess of positrons above 10 GeV with respect to the secondary
production has been measured by different experiments.

- Annihilation or decay of dark matter particles and emission from PWNe have
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been suggested as possible interpretations.

Preliminary Data.
Please refer to the AMS

forthcoming publication in PRL.

Model based on
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HAWC results for Geminga and Monogem PWNe

HAWC detected an extended emission from Geminga and Monogem PWNe
for E>5 TeV.

Interpreted as ICS emission from e* and e~ accelerated from the PWN.

* In the vicinity of the PWN, the diffusion coefficient D must be about 500
times smaller than the average in the Galaxy.

10° : , r
5 5 *
Geminga« 10' L : |
D @ g _
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24 Science 358 (2017) no.6365, 911-914



https://doi.org/10.1126/science.aan4880

1.2

1.0

Surface Brightness [107%? TeV cm~? s~} deg~?]

Geminga and Monogem surface brightness

HAWC measured the surface brightness, i.e. the flux in different annuli

around the source.

Using the surface brightness data we can find the diffusion coefficient around

these two PWNe.

In the vicinity of the PWN, the diffusion coefficient D must be about 500
times smaller than the average in the Galaxy.
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Geminga and Monogem surface brightness

- HAWC measured the surface brightness, i.e. the flux in different annuli
around the source.

- Using the surface brightness data we can find the diffusion coefficient around
these two PWNe.

 In the vicinity of the PWN, the diffusion coefficient D must be about 500
times smaller than the average in the Galaxy.

Geminga PSR B0656+14
Pulsar parameters
(Right ascension, declination) (J2000 source location) "~~~ (degrees) (9848 1777)  (104.95 14.24)
T (Characteristic age) ! (Vars) 342000 110000
L e — (seconds) . 0237 0385
A(GISANCE) | oo (PAISETS) o220 2885
dE/dt (energy loss rate due to pulsar's spinslowing) ~~ ~~~~~ ~~  (x10®ergspersecond) 326 38 ..
Model values
00 (Bq for 20-TeV gammarray) (degrees) o) 5507 4806
No (x10"*® photons per tera—electron volt 42, _
................................................. 1025 cm?/s at 1 GeV e squre centimeterperseconay 357 5655
OO o . 4O 1 0 AT 25 - 3 0 Y2 N
Dy (diffusion coefficient of 100-TeV electrons from joint fit of two PWNe) §(x10°’ square centimeters per second) 4512 4512 t
D00 (diffusion coefficient of 100-TeV electrons from individual fit of PWN) {(x10%” square centimeters per second) ~~~ 3.2%6 ~ 15% &
B e L T o o e R TR 22 SO B P — o
ITBUIEEE, SRR o B RO
AssUmed parameters e ——
Lo (initial spin-downpower) e (x10®ergspersecond) 278 40 ..
W, (total energy released since pulsar’s birth) (x10*® ergs) 11.0 15

26 Science 358 (2017) no.6365, 911-914
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Predictions for the e* flux from Gemlnga usmg HAWC data

. Tunlng the model with HAWC data (above 10 TeV) IS not pOSS|bIe to
have a precise prediction for the AMS-02 positron excess.

We should use y-ray data between 10 GeV to 1 TeV.
Fermi-LAT is ideal for this scope:
- It detects y rays between 100 MeV to TeV.

t covers the entire sky every 3 hours

t is observing the sky since more than 10 years.

10—6,
loband y, =23
— Best fit yo=2.3
loband y.=2.0
—— Best fit y = 2.0 10"
— Hawc diffuse template E """""
L1077 @
5 5
> ~ 1074
8 3
~ S
m -S
H 10 \
HAWC energy range ——= G15Y.=2.0 g
y rays e Gtneas T Eiasyess
— K15 Yo=2.3 ¢  AMS- 02
10_9 '1 Y > T YTy 3 B B | rrnn'4 LR S S S R R R " 10‘6 / ‘
10 10 10 10 10 10° 10! 102 10° 104 10°
E [GeV] E [GeV]
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- Geminga has a proper motion of 211 km/s
which implies this pulsar moved about 70

pc across its age.

- We have implemented this effect in our

model.

- Our analysis is unique in y-ray astronomy
because we search for a source that is
moving across the sky in y rays.
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Analysis of Fermi-LAT data

- We have performed an analysis of 115 months of Fermi-LAT data for E>8 GeV.
Our model with the pulsar proper motion is preferred at least at 40 significance.

We find a 7.8-11.8 o significance emission from Geminga with a diffusion D(1
GeV)= 2.3 10?6 cm?/s with 5=0.33.
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Analysis of Fermi-LAT data

- We have performed an analysis of 115 months of Fermi-LAT data for E>8 GeV.

- Our model with the pulsar proper motion is preferred at least at 40 significance.

- We find a 7.8-11.8 o significance emission from Geminga with a diffusion D(1
GeV)= 2.3 10?6 cm?/s with 5=0.33.
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Conclusions and open questions

Conclusions:

SNRs accelerate CRs.

Geminga (and Monogem) are confirmed to produce e* and e-and so they
contribute to the e* excess.

The diffusion around Geminga and Monogem is two orders of magnitude
smaller than the average of the Galaxy.

Open questions:

It is still not clear what is the dominant mechanism that produces gamma
rays in CRs.

Do all PWNe produce e* and e-and at which efficiency?
Are all PWNe embedded in a low-diffusion bubble?
How large is the low-diffusion bubble?

Should we include in the propagation of CRs the presence of these
bubbles?

32



What’s next?

In order to answer the open questions, we need to find more
ICS halos.

We have to find a promising list of pulsars to analyze.

We can inspect the gamma-ray energy and pulsar

characteristics (distance, age) that are more promising to
detect ICS halos.

We calculate the extension and the flux of ICS halos around
Galactic pulsars.

OExT d(I),Y

: g7 sin 6d6

<I>,6YS% = 27
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If D is larger than 1027 cm?/s
most of ICS halos would be
undetectable by IACTs and
HAWC.

In the Fermi-LAT energy range
even with a low D, most of the

pulsars would have a very
extended ICS halo.

If we will find an extension for
the halos of the order the
degree at TeV energies D
must be of the order of 1046
cm?/s.

0
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An other interesting question is: how many ICS halos current
and future gamma-ray experiments could detect?

We took the pulsars in the ATNF catalog and we calculate the
predicted gamma-ray flux.

We focused the results on HESS, HAWC and CTA.

— 7
200- HESS s
---- HAWC 7
1754 —— CTA S/
~--=- Nget HGPS |
150 - det /./

Nget 2ZHWC




Effect of the size of the low-diffusion bubble on the ICS halo extension
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Contribution of PWNe to the positron excess

We can now use the results for D and the constraints for the size of the low-

diffusion bubble to provide predictions for the PWNe contribution to the positron
excess.

We calculate this with different values of .
Increasing rp lowers the high-energy part of the flux.

With an efficiency of 10% and a spectrum index of 1.9 PWNe can explain entirely
the positron excess.

10-1 PWNe simulation: T>20 kyr, ye =1.9, n=0.1, 2 zone with K15 and best fit Dg
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oncluion o

PWNe are among the major acceleration of CRs in the Galaxy.
An excess of positron is present above 10 GeV.

Analyzing HAWC and Fermi-LAT data we found that Geminga is
probably one of the major contributor of the positron excess.

Around PWNe there could be low-diffusion bubbles with D=10%"
cm?/s at 1 TeV and a size of at least 35 pc.

PWNe can explain entirely the positron excess with an efficiency
of about 10%.

In order to confirm this hypothesis we need to analysis Fermi-
LAT, HESS and HAWC data.

More will hopefully come in the future....
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Gamma rays produced by IC calculatlon

Yy rays from IC:

o, (E,, Q) = /E dEe/O dr/o 2 deN;
Electrons and positrons emitted by a PWN
1 x — xg|?
x, E,t) / dto 71')\2 ot E)) 3 €Xp (— )\(to,t,E)z) Q(E(to))

Q(E,t) = L(t) (%?)_7 exp ( E]ét))

dN
€' dfdt (f, Ee’E’Y)

Spectrum of IC y rays produced by an electron.

dN, 3orem2ct dN | 1 (T'eq)?

E. E.) = _ 1 B
deds & Fer Er) AE2c  de _quog“q“ 24" +21+r (1 Q)_
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- We calculated the flux for burst-like and continuous and

for different values for 19 (0.1, 1.0, 12 kyr).

- We tested Genolini et al. 2017 propagation mode.

- Magnetic field of 5 uG.
- |SRF models from Porter 2006 and Genolini 2016.
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Probability

Null hypothesis TS distribution

- We took our ROI and simulated the model (without the Geminga and

Monogem ICS templates).

- We ran 1000 simulations with Fermipy and re-launched our analysis.
- The TS distribution of the two ICS are compatible with the chi-

[
o
-

square distribution.

- - 30 significance |]

15

20

Probability
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We made previously an analysis with templates for the ICS that are

spherically symmetric.
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Geminga has a proper motion of 211 km/s which implies this pulsar

Gemings pulsar

proper motion

moves about 70 pc across its age.
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Effect of proper motion for Geminga and Monogem

_/df [TeV/cm? [s/deg? ]

dd

619—13

Monogem on the other hand is much younger and has a proper

motion of 50 km/s.

We implemented the Geminga pulsar proper motion in our

calculation by changing its position rg

with vptg where vy is the pulsar transverse velocity

Geminga

-50 0 50
dy [pc]

100
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Off. FSSC IEM

Alt: |[EM used in the first

SNR catalog

GC: IEM model of the
Fermi-LAT analysis of the

GC

IEM T gGeminga D(();(?"""ga T Smg:ion T §GMonogem DMU"08¢-‘1"
[10%° cm?/s] [10%° cm? /s

Off. 65 2.1%:% 28 25 > 2
Alt. 1 104 2.6% 073 30 3 > 1
Alt. 2 92 26708 22 14 >3
Alt. 3 87 355 24 16 > 4
Alt. 4 102 8572 20 26 > 3
Alt. 5 111 2.47¢¢ 51 12 > 2
Alt. 6 143 2.67% 43 10 > 3
Alt. 7 128 2.8% 53 41 12 > 10
Alt. 8 134 3.5 39 25 > 8
GC 71 1.670% 35 8 > 1
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We performed

Other tests

other two tests.

Systematics of the PSF (5% at 10 GeV) can generate residuals in the
directions of extremely bright sources.

We ran the analysis using Geminga halo templates (with efficiency
and D free to vary) in the direction of the following sources:

Vela PSR, 3C454.3, PSR J1836+5925, PSR J1709-4429 (>100

MeV)

PG 1553+113 and Mkn 421 (>10 GeV).

We find
We run the

a TS of at most 2.
analysis with a 50x50 deg? ROI finding results for TS and

D that are perfectly compatible with the one reported before.

In addition to t
Isotropic temp
there is a wea

nose checks the correlation coefficient between the
ate and the Geminga ICS halo that is -0.28 meaning that

K anti correlation between them.
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HESS flux maps

”We selected sou»rces detected malnly.by H ESS Vbecause they released ﬂux maps h

- The flux is provided for a correlation radius of 0.1 and 0.2 deg and in maps with a
pixel size of 0.02 deg.

- We removed sources close to our sources of interests.

fe-12 le-12

1.50
- ‘ . . 119y O wonr Q0
™~
. IS £
~20040 . 4 L4
— i
- 0386 *— —_ 4o =
o .225 ; o S
) v W
i) 2 =B 2
L <250 . -0022 ',_\‘ “ 2.900 'l-\‘
-2.75 w w
. v x
~3.00 0629 2 ones 2
™ [T
-3.25 v c11an0 18
HESS)1708-493 HESS)1809-193
- 147
-1236
342.00342.25342.50342.75343,00343.25343.50343,.75344.00 10.0 10.5 11.0 11.5 12.0
I [deg] I [deg]
le-1) le-14
FE 3 z 92 z
~N ™~

E £

U (¥)

— —

— —
g 13 — sea
o > o >
-1 )

(7] ()
= = > -
0 032 ™ - 196 ™

A A

W W

* x

-0s30 3 172 3

u. U

HESS)1857+026 HESS)J1912+101
-1913 -5 40
35.0 355 36.0 36.5 37.0 435 44.0 445 45.0 45.5
I [deg] I [deg)

49



Testing the flux maps

Since the maps contain redundant information for the flux, we need to
demonstrate they can be reliably used for spatial source extension analysis.

We calculate the extension using a gaussian shape and compare it with HESS
catalog.

Most of the our results are compatible within 10.
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Results for the diffusion

coefficient around PWNe

We find a diffusion coefficient around the PWNe of our sample of 8 1026 cm?/s at 1 TeV.

There is no clear difference between ‘old

"and ‘'young’ pulsars.

The diffusion coefficient around PWNe is about 2 orders of magnitude lower than the

value found from CR data.
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T [kyr]

Results for the size of the ICS halos

We find that the size of the ICS halo is on average 35 pc.

The trend with the age is compatible with models of PWN evolution.

The size of the low diffusion bubble should be larger than that.
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We also tried to use the results for the flux released in the HESS catalog to find
the efficiency.

However, gamma-ray data above hundreds of GeV are produced by electrons
and positrons spectrum above 1 TeV.

The efficiency values we find are heavily affect by extrapolations.

We need to analysis Fermi-LAT data to constrain more effectively the efficiency.
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Consequences for the propagation of CR electrons

The presence of a low-diffusion bubble might affect significantly the propagation
of electrons in the Galaxy.

A size rn,>100 pc makes the total volume of low-diffusion bubble around Galactic
pulsars to be at least few % of the total propagation volume.
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