Multiwavelength view of halos
aroundpulsars « « o

it AN~
: "

_‘_ _
RS lini

Fellowship for Innovation at INFN Istituto Nazionale di Fisica Nucleare

B Do .
;\' ' Q’._ ‘O :o-‘.’

X

. ™ N - h . \‘ ,h‘ oY
i by .. - . \--,. i [ = | ' i v "\'? y /.- .‘. .- . ‘-- >4 '.
. i _ ® : a @ @.[1(1 & C I_\_/‘.EJ_ : .i.j/: \ v IR
l?r ‘ . da " .' ‘. '° r Ji. & F ;ﬁ;. e
e i - e Rt
e BTNy



Overview of the talk

1. Detection of a y-ray halo around Geminga with the Fermi-LAT data and implications for the
positron flux MDM, S. Manconi, F. Donato, PRD 100, 123015 (2019)

2. Evidences of low-diffusion bubbles around Galactic pulsars MDM, S. Manconi, F. Donato
PRD 101, 103035 2020

3. Prospects for the detection of synchrotron halos around middle-age pulsars MDM, S.
Manconi, F. Donato Astro2020

- Inverse Compton Scattering (ICS) halos (gamma rays)
- Angular extension at GeV and TeV.
- Proper motion effect.
- Constraining the positron excess.
» Current results on ICS halos at GeV and TeV energies.
- Synchrotron halos (from radio to X rays)
- Angular extension at radio and X-ray energies.
- Current limitations for current X-ray and radio observations.

-+ Prospects for detection by current and future experiments.



- 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
been suggested as possible interpretations.
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y rays produced by inverse Compton scattering (ICS)
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1n-1
10!

.
E,=10"GeV ) Dy= 1:10P sem?/s

10° 100

d [kpc]
Be6s [deg]

0

10t 102 108 10 0t 102 108 10
T [kyr] T [kyr]

X ATNF catalog pulsars

5 Di Mauro, Manconi, Donato PRD 101 (2020) 10, 103035



Vr [km/s]

- The average pulsar proper motion is around 200 km/s

(Faherty et al. 2007).

- At GeV the proper motion is not relevant only for d>a
few kpc and T<a few hundreds kyr.

- At TeV the effect is much smaller.
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DEC [deg]

See talk by Silvia
Manconi on December 2

- 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.

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

A New Population of Ultra-High-Energy Gamma-Ray Sources Detected by HAWC
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D. Avila Rojas.? ILA. Avala Solares,” V. Baghmanyan,” E. Belmont-Moreno.” S.Y. BenZvi,* C. Brisbois,”
K.S. Caballero-Mora,"" T, Capistrdan,'" A. Carraminana,’' S. Casanova,” U. Cotti.* J. Cotzomi,'”

S. Coulific de Ledn, ' E. De la Fuente,** 1 C. de Leén,* S, Dichiara,'® B.L. Dingus,? M.A. DuVernois,'®
J.C. Diaz-Vélez,'3 ¥ R.W. Ellsworth,” K. Engel.? C. Espinoza,® H. Fleischhack, ! N. Fraija,}* A. Galvin-Gimez,1®

=101 2 3456789101
VTS

8382818079787776 7574737271 7069 68 67 66 65

-101 2 3 456 7 8 91011
=
vTS

Recent results from HAWC

83828180797877767574737271 70 69 68 67 66 65 43424140393837363534333231302928272625242322212019181716151413121110 ¢

1]

434241403938373635343332313029282726252423222120191817161514131211109 8 7 6 5

I



‘i

1

o

‘U—]h

)
-

A New Population of Ultra-High-Energy Gamma-Ray Sources Detected by HAWC

A U. Abeysekara,! A. Albert.? R. Alfaro,” J.R. Angeles Camacho,” J.C. Arteaga- Veldzquez.! K.P. Arunbabu,’

D. A

?

S. C
J.C. Diaz

° euw C ]2030

& 6-

838281807978777675°

3828180797877 76 75"

M 1
ois, "

s, 16

15

r~ " -
A7,

-—0.8

1c)1825-23%, ¢ j1809-193

16 ’é .

1514131211100 8 7 6 5
]

p|pmax

yc )1825-13%

‘o

T T TTIT| ‘ .
103
1514131211109 8 7

Ee [GeV] /)
/TS

6 5

10



E’®, [GeV/cm?/s]

Predictions for the e* flux from Gemlnga usmg HAWC data

. Tunlng the model with HAWC data (above 10 TeV) IS not pOSSIble 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.

- It covers the entire sky every 3 hours o l%

- It is observing the sky since more than 10 years.
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See talk by Silvia

vanconi on becemter2| 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 1026 cm2/s with 5=0.33.
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Di Mauro, Manconi, Donato

ICS Y-ray and pOSitron flux PRD 100, 123015 (2019)

See talk by Silvia
Manconi on December 2
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Manconi on December 2
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vant on esember2| 1CS y-ray and positron flux
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Brigh

- We select pulsars from the ATNF with the brightest predicted ICS halo
above 1 TeV.

-+ Most of them are already detected by HAWC!!

PSR l b d | T g ol Oes Name Class
[deg] | [deg) | kpe] |[kyr]| lerz/s] |[[(TeV em?s)~']| deg]

JI826-1256 | 18.56 [-0.38 | 1.55 | 14 |36-10°° 25-10°"%  |0.39 | ZHWC J1825-134 UNID
J202143651| 75.22 | 0.11 | 1.80 | 17 |34-10°°] 16-107" |0.82 |2HWC .l‘2019+367\ UNID
J1813-1246 | 17.24 | 244 | 2.63 | 43 62-10%¢| 86.107 [0.60| 2HWC J1812:126 | UNID
J1907+0602| 40.18 [-0.89 | 2.57 | 20 |28-10*| 67107 |0.64 |2HWC J1908+063  UNID
J0633+1746(195.13| 4.27 | 0.19 [ 342 [33-10*'| 58-10"" |6.54 | GEMINGA PWN |TEV HALO
B0656+14 [201.11] 826 [0.20 | 111 [38-10*| 34-107" |4.71 |2HWC J0700+143 TEV HALO
E1951 432 | 68.77 | 282 | 3.00 | 107 |3.7 - 10°° 30-107~4 0.46 undetected ‘umlutccted
J1811-1925 | 11.18 |-0.35|5.00 | 23 |64-10*°| 28-107"  [0.30| 2HWC J1809-190 UNID
B1823-13 | 18.00 |-0.69|3.61 | 21 [28-10°°| 26-107" |0.41| 2HWC J1825-134 UNID
1103542025] 56.05 [-0.05 | 4.60 | 21 [47.10%] 25.100"  |0.32 | SNR G054.1400.3| PWN
J1954+2836] 65.24 | 0.38 |1.96 | 69 [1.1-10%| 23-107" |0.77 |2HWC J1955+285| UNID
JI809-1917 | 11.09 | 0.08 | 3.27 | 51 [18-10°°] 1.5-107™  |0.47| 2HWC J18)9-190 | UNID
J1838-0655 | 25.25 |-0.20[6.60 | 23 [56-10°°| 1.3.107" |0.22| 2HWC J1837-065 | PWN
J18564+0215) 36.01 [ 0.06 |6.22 | 21 [16-10%| 12.107% |0.23 |2HWC J18574027 UNID
J1958+2846| 65.88 [-0.35 1.5 | 22 [34-10°%| 12-107™ [0.79 [2HWC J1955+285  UNID
J1740+41000| 34.01 {20.27(1.23 | 114 |23-10°°| 1.1-107" |1.15 undetected | undetected
J19134+1011] 44.48 |-0.17| 4.61 | 160 |29 -10°¢| 91.107%  |0.27 |[2HWC J19124099  SHELL
J1837-0604 | 25.96 | 0.27 |4.77 | 34 (20-10%| 86-107" [0.32| 2HWC J1837-065 | UNID
J1907+40631| 40.52 [-0.48 | 3.40 | 11 [53-10*°*| 69-10  |0.41 |ZHWC J1908+063 UNID
J19284+1746( 52.93 | 0.11 |4.34 | 83 [16-10°°] 65-107"  |0.30 | 2HWC J1928+177| UNID
J0633+0632(20500(-003 135 | 50 [12.10%°| 58.10°% |1.14 HAWC J0635+070 TEV HALO
J1851-0952 | 21.90 [-0.13 | 3.68 | 128 [1.1-10%| 56-107%  |0.39 | 2HWC J1831-098 | FPWN
J1828-1101 | 20.50 | 0.04 [4.77 | 77 [16-10°°| 53-107* |0.28 | 2HWC J1831-098 | UNID

15 Di Mauro, Manconi, Donato PRD 101 (2020) 10, 103035




Is HESS detectlng ICS halos’?

+ Source detected by HESS and classified in TeVCat as PWN or

Unid.

- We have a list of 27 sources.
- We use HESS flux maps in HGPS”.

- We extract the source surface brightness that we use to calculate
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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 cm2/s at 1 TeV.

- The diffusion coefficient around PWNe is about 2 orders of magnitude lower than the
value found from CR data.

- We find that the size of the ICS halo is on average 35 pc.
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X rays produced by synchrotron (sync) radiation

Radio telescopes (GHz)

Future experiment concepts
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Synchrotron halos calculation

Flux of photons for Sync.

o0

QSIC’SynC(E% 9) — /E dEM(E, O)PIC,SYHC(E, E'y)

M(E. ) :/AQ dﬂ/()oodrNe(E,fr)

Synchrotron power

dN, Sync 1 dEsync dEsync o V3e2B

dE.,dt  hE, dvdt dvdt — mec?

G(x)

Aharonian et al. 2010
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Synchrotron flux from Geminga

* e* that produce the ICS emission at 10 TeV (10 GeV) have the peak of
Sync flux at roughly 0.1 keV (0.1 eV).

-+ The sync halos at X-ray energies are not affected so much by proper
motion.

- Surface brightness for the synchrotron emission from Geminga and a
Geminga-like extended halo placed at d = 2.5 kpc from the Earth.
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For sources within a few kpc, sync. halos are at least of the size

Extension of Geminga sync. halo

of one degree at radio and X-ray energies.

This makes the detection of these halos very challenging with

current X-ray and radio telescopes.

Extension [deq]
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Extension of sync. halos

- We ranked the pulsars from the ATNF catalog according to the
sync. flux in the XMM energy range.

- Most of the extensions are of the order of 0.3-0.6 deg.

Name GLON | GLAT d age Edot s
(deg] [deg] kpe | kyr [ 10°%erg/s | [deg]
J2229+6114 | 106.647 | 2.949 3 10.5 22.5 0.45
B0833-45 263.552 | -2.787 [ 0.28 | 11.3 6.92 4.18
J1418-6058 313.325 | 0.135 1.89 | 10.3 4.95 0.67
J1826-1256 18.556 | -0.377 | 1.55 | 14.4 3.58 0.84
J1813-1246 17.244 2.445 263 | 43.4 6.24 0.47
J2021+4+3651 | 75.222 0.111 1.8 | 17.2 3.38 0.72
B1706-44 343.098 | -2.686 | 2.6 7.5 3.41 0.52
J1935+42025 | 56.051 | -0.053 | 4.6 | 20.9 4.66 0.27
J0940-5428 277.01 -1.292 | 0.38 | 42.2 1.93 3.27
J190740602 40.182 -0.894 | 2.37 | 19.5 2.83 0.55
J1112-6103 201.221 | -0.462 4.5 327 4.53 0.27
J1524-5625 323.0 0.351 3.38 | 318 3.21 0.37
J1747-2958 359.305 | -0.841 | 2.52 | 25.5 2.51 0.52
B1823-13 13.001 | -0.691 | 3.61 | 21.4 2.84 0.35
J1016-5857 284.079 | -1.88 | 3.16 21 2.58 0.41
B1757-24 D.254 -0.882 3.8 15.5 2.99 0.35
B1951+32 68.765 2.823 3.0 107 3.74 0.4
B1046-58 287.425 | 0.577 2.9 | 20.3 2.01 0.45
J1105-6107 290.49 | -0.846 | 2.36 | 63.3 2.48 0.52
J1803-2137 8.395 0.146 44 | 15.8 2.22 0.3
J1809-1917 11.094 0.08 3.27 | 51.3 1.78 0.38




Current observations of pulsars and PWNe in X rays

44'00"

+17°42'30" |
t
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X-ray observations compared to halo size and HAWC data
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AMEGO, with a field of view of 2.5 sr and a spatial resolution of
the order of 2 deg, is ideal to detect these halos.

Astro2020 Science White Paper

Prospects for the detection of synchrotron
halos around middle-age pulsars

Multi-Messenger Astronomy and Astrophysics

Principal Author:

Name: Mattia D1 Mauro

Institution: NASA Goddard Space Flight Center and Catholic University of America, Department
of Physics

Email: mdimauro@slac.stanford.cdu

Co-authors:

Name: Manconi Silvia. Donato Fiorenza

[nstitution: Dipartimento di Fisica, Umversita degh Studi di Torino and Isttuto Nazionale di
Fisica Nucleare. Italy

Email: manconi@ to.infn.it, donato @to.infn.it
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Most promising pulsars

Considering an efficiency for the conversion of energy into electrons and
positrons pairs of 1% we find that AMEGO should be able to detect about 30

synchrotron halos from middle-age pulsars.

Name | [deg] | b[deg] | age [kyr] | dist [kpc] E lerg/s]
B1055-52 | 285.984 | 6.649 535 0.09 301 -103
JO633+1746 | 195.134 | 4.266 342 0.19 3.25 - 10%
J1813-1246 | 17.244 | 2.445 43 2.63 6.24 - 103°
B1951+32 | 68.765 | 2.823 107 3.0 3.74 - 10%°
J1105-6107 | 290.49 | -0.846 63 2.36 2.48 - 103°
B0656+14 | 201.108 | 8.258 111 0.29 3.81-10*
B0906-49 | 270.266 | -1.019 112 1.0 4.92 - 10%
J1809-2332 7.39 -1.995 68 0.88 4.3 -10%
J1044-5737 | 286.574 | 1.163 40 1.9 8.03-10%
JI1112-6103 | 291.221 | -0.462 33 4.5 4.53-10°%°
J1459-6053 | 317.886 | -1.791 65 1.84 9.09 - 10%°
J1954+42836 | 65.244 | 0.377 69 1.96 1.05 - 10°%°
J1524-5625 | 323.0 0.351 32 3.38 391 .1036
J1732-3131 | 356.307 | 1.007 111 0.64 1.46 - 10%
J1028-5819 | 285.065 | -0.496 90 1.42 8.32-10%
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Conclusions

Several ICS halos have been already detected at TeV energies by IACTs
and HAWC.

The first ICS halo has been detected also at GeV energies.

We showed the limitations of detecting halos at GeV and TeV
energies.

At lower energies Sync halos are challenging to find due to their size
that is much larger or comparable with X-ray telescopes field of view.

The future AMEGO experiment is designed to have a large field of view.

AMEGO could detect tens of these halos produced by Synchrotron
radiation.

AMEGO could thus provide key information to estimate the
contribution of PWNe to the positron excess.
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Cosmic-ray et accelerated by PWNe

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

- A NS has huge magnetic fields (10°-1012 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.
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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.
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Geminga has a proper motion of 211 km/s which implies this pulsar

Gemings pulsar

moves about 70 pc across its age.
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S

VA

Source name RA (7} Dec () Extension >| F (107" |/T€ > |nearest 2HWC| Distance to VTS >
56 TeV () |phcm™2 s7')| 56 TeV source 2HWC source(”)|100 TeV
eHWC J05344-220|| 83.61 4 0.02 | 2200 = 0.03 PS 1.2 + 0.2 12.0 JO5344-220 0.02 4.44
eHWC J1809-193 |(272.46 £+ 0.13|-19.34 £ 0.14] 0.34 £+ (.13 Zlfg'; 6.97 J1809-190 0.30 4.82
eHW( J1825-134 ||276.40 + D.06|-1337 £ 006|036 + 005| 46 + 05 145 J1825-134 0.07 7.33
eHWC J1839-057 |[279.77 £ 0.12| -5.71 £ 0.10 | 0.34 £ 0.08 1.5 £ 0.3 7.03 J1839-065 0.96 3.06
eHWC J1842-035 ||280.72 £ 0.15| -3.51 + 0.11 | 0.39 + .09 | 1.5 + (.3 €.63 J1844-032 0.44 2.70
eHWC J18750+001 ||282.59 £ 0.21| 0.14 £ 0.12 | 0.37 £ 0.16 l.lfg:g 0.31 J1849+001 0.20 3.04
eHWC J1907+063||286.91 £ 0.10| 6.32 £ 0.09 | 0.52 £ 0.09 | 28 £ 0.4 104 J1908+063 0.16 7.40
cHWC J2019+368 ||304.95 + 0.07| 36.78 = 0.04 | 0.20 + 0.05 |  1.6*03 102 | J2019+367 0.02 4.85
eHWC J2030+412||1307.74 £ 0.0941.23 = 0.07 | 0.18 £ 0.06 | 0.9 = (0.2 €.43 J20314+415 0.34 3.07
Source VTS |Extension (°) do (10 ' TeV em® s) ! p Eeut (TeV) PL diff
cHWC J1825-134 [41.1 0.53 % 0.02 2.12 £ 0.15 2.12 &+ 0.06 61 + 12 7.4
Source VTS |Extension (?) do (1071 TeV cm® s) 7! o 3 Pl diff
eHWC J1907+063 |37.8 0.67 = 0.03 0.95 £ 0.05 2.46 = 0.03 0.11 £ 002 |6.0
eHWC J2019+-368 |32.2 0.30 £ 0.02 0.45 £ 0.03 2.08 £ 0.06 0.26 £ 005 |8.2
T 10
N
5
a
L-, 10-12
w
2
- —— eHWC )1825-134
W 1012 eHWC J1907+063
---— eHWC J2019+368
—— Crab Nebula

== ———7 ———
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We removed sources close to our sources of interests.

AT

b [deg)

190

Fl.ux (E >"1 TeV) [1/cm?/s)

s HESS)1809-193

HESS/1912+101

We selected sources detected mainly by HESS because they released flux maps.

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.
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