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Pulsars
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Pulsars: Discovery by Jocelyn Bell

DEFRAM - PANIS GV 40 A

“I got it on a fast recording. As the chart flowed under the pen | could see that the signal was a series of
pulses . . . 1Y3 seconds apart.” (Deflections are down).

Maxime Regeard 27 November 2024



Maxime Regeard

Pulsars: Discovery by Jocelyn Bell

A PhDthesis with Antony Hewish on a radio telescope
A August 1967, hint of pulsation

A On 28November 1967,they record the first signal from a pulsar
repeating every 1.337 second

A Nicknamed the signal LGM1: Little Green Men 1

A December 21, secondpuslar detected confirmed the astrophysical
source origin

A Hewish received the Nobel Price for the discovery, BUT NOT BELL !

27 November 2024



Pulsars: Whatis it ?

A Understood as a highly magnetised spining neutron star
A Originates from the collapse of a star

A Pulsar (Neutron star):
A Mass ~1.4 Solar mass
A Radius of 10-12 km
A Spin period : few milisecondes to secondes
A High Magnetic field ;p tto p 1 GO p mto p Tt T
(interstellar magnetic field : few * G)

A Electromagnetic radiation at the magnetic poles
A Pulsar are spining NOTpulsating ! Analogous to a lighthouse

A Pulsar Geometry: The light beam has to cross ¢ f Iz ~litve of sight

Maxime Regeard 27 November 2024



Pulsar: Whereis it ?

~3000 pulsars-
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Pulsars: Whereis it ?

~3000 pulsars |

*  Radio (PSR Cat)
-B0*

.75°® -75°
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Pulsars: Whereis it ?

75" 75"

~3000 pulsars
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Pulsars: fun facts

J e Ny ypéatue:

Map using pulsar =
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Pulsars: fun facts

Unknown pleasures »Joy Division

Pulsation of CP 1919 first pulsar
discover by Jocelyn Bell

| Hf coal
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Gamma-ray astronomy
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Gamma-ray astronomy

Penetrates Earth's
Y N Y N
Aimosphere? v
Radiation Type i Microwave Infrared Visible Ultraviolet X-ray Gamma ray

Wavelength (m) 05x107° 1078 10710 10712
Approximate Scale

of Wavelength (MeV)GeVto TeV

Buildings Humans  Butterflies MNeedle Point Protozoans Molecules Atoms  Atomic Nucldi

Frequency (Hz)

104 108 102 10" 1016 1018 1020

Temperature of
objects at which
this radiation is the

mostintense 1 [H: 1Dl!l K 10.000 K 10,000,000 K
length emitted ; 000,
wavelength emitte 9272 °C 173 °C 9,727 °C ~10.000,000 °C

Maxime Regeard 27 November 2024 8



Gamma-ray astronomy

(MeV)GeVto TeV

Maxime Regeard
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Fermi-LAT

Maxime Regeard

27 November 2024

Anticoincidence
Detector (background rejection)

— Conversion Foll

"~ Particle Tracking

Detectors

Calorimeter
(energy measurement)

A Survey telescope (see all sky every ~3h)
A Energy range: 20 MeV »300 GeV

A # of photons decrease with energy
A O limited by the area of detection (1 n?)

10



Fermi-LAT

Anticoincidence
s Detector (background rejection)

— Conversion Foll

Krampouz-LAT ——

o
' | [~ Particle Tracking
Detectors

Calorimeter
(energy measurement)

A Survey telescope (see all sky every ~3h)
A Energy range: 20 MeV »300 GeV

A # of photon decreases with energy
A O limited by the area of detection (1 n?)

Maxime Regeard 27 November 2024 10



Fermi-LAT
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Imaging Atmospheric Cherenkov Telescope (IACT9

7 -ray enters the
atmosphere

Electromagnetic cascade

¢

10 nanosecond snapshot

Maxime Regeard

Primary Y

0.1 km? “light pool”, a few photons per m2.

27 November 2024

Particles from the cascade traveling
faster light in the atmosphere (notin
vaccum!) emit light

Cherenkov light

Analogous to sonic boom




Imaging Atmospheric Cherenkov Telescope (IACT9

gamma ray

A Imaging Cherenkov light gives
information on the incident gamma -ray
photon particle

A Direction from the shape and
triangulation ( when several telescope )

A Shower depth, linked to # of Cherenkov
photons © energy

A Energy range: 10GeVto 100 TeV

A Pointing telescope with FoVof 2-8 deg?

Maxime Regeard 27 November 2024
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IACTson Earth

MAGIC, Canary Island

MAGIC-H

. AFRICA |
ﬁ~ _ .

\

VERITAS, USA

ANTARCTI
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Pulsar in gamma-ray astronomy

Maxime Regeard 27 November 2024



Why pulsars and gamma -ray

A Toproduce gamma-ray at GeVand TeVenergies © accelerate
particles

A Strong magnetic field is a great « tool » to accelerate
particles

A Pulsars are amongst the most highly magnetised
astrophysical sources

A Needs for huge energy pool

A Spin down energy loss through rotation can be as high as
P T erg.st

A Pulsar Wind Nebula (PWN)observed at GeVand TeV.

Maxime Regeard 26 November 2024
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~ 300 pulsars

Maxime Regeard

Pulsars in Gamma-ray: Fermi-LAT 3PC

No gamma rays = Millisecond a
PSC MSPs ¢ RL Young

26 November 2024

[Smith D. et al., 2023]
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Pulsars in Gamma-ray: Fermi-LAT 3PC

Pulse Phase
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Pulsars in Gamma-ray: IACTs

galactic coords

5 pulsars detected by IACTs

2 in the high energy range only < 100GeV. 1

A PSR B170644

A Geminga
AN

3 beyond 100 GeV.

A Crab (upto 1.5TeV)

A Vela (beyond 20 TeV)

® Radio (PSR Cat)

A PSR J15095850 m s ' 75 :

4 VHE PSR
7 HE PSR

HE pulsars:
A Wedetect the tail of the GeVemission as seenin Fermi-LAT data.

VHE pulsars:
A, “andther* ~ NnET |

Maxime Regeard 26 November 2024

-75°
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Two different pulsars at TeV

Crab pulsar Vela pulsar
A power-law tail that extend from GeVto ~ 1TeV A second component, distinct from the GeVone
Pl
‘ T
-10 | 1 [ H.E.S.S. Mono
10 . | Vela Pulsar (P2) | it |
f‘" 4 Fermi-LAT
i
—_ 10—10 :
Tm 10-11 1 000000“,"”
h T Lo-11 Crab Pulsar (P2) %
: i
- 8]
o =
) -
@ 10712 o 1070 CR/IC
o s ] Iy =3 x 107
9 =z 1 Ip:ym* =7 x 107
E M 10713 le:y™ =7 x 107
A Sub-Exponential Cutoff PWL model ‘ B SRIC
Wy 10-13 | —— Smooth Broken PWL model 1 ly Y™ = 1.3 x 105
'¢' Ferm'-LAT 10_14'% —n — ||b:vmax=108
@ LST-1 ] e e y™* =107, [y =10
<4 MAGIC (Ansolfji et al. 2016) Lots A , “
MAGIC (Aleksic et al. 2012) ] . = \ \ B
10-14 ; ; . : . 107! 10° 10! 102 10° 10% 105
Energy [GeV]

Figure 8 from [Abe, K., et al. 2024] Figure 3 from [Aharonian, E, et al. 2023]

Maxime Regeard 26 November 2024


https://arxiv.org/abs/2407.02343
https://www.nature.com/articles/s41550-023-02052-3

Pulsar in gamma-ray astronomy with H.E.S.S.

Maxime Regeard 27 November 2024



Curvature study

The Crab pulsar displays a power -law tail
that deviate from the spectral shape seen
by Fermi-LAT

H.E.S.Sdetects 2 pulsars in the HE range:
A Vela
A PSR B170644

Is the spectral shape of these pulsars
similar to Crab or not ?

Important because the Crab challenges the
traditional emission mechanisms:

A Synchrotron Radiation (SR)

A Curvature Radiation (CR)

Pl

10710 4

=
(=

10°

E2dN/dE (erg - cm~2s~1)

10713 -

10_12 E

Sub-Exponential Cutoff PWL model
Smooth Broken PWL model
Fermi-LAT

LST-1

MAGIC (Ansoldi et al. 2016)

MAGIC (Aleksic et al. 2012)

10~

Maxime Regeard 26 November 2024

Figure 8 from [Abe, K., et al. 2024]
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https://arxiv.org/abs/2407.02343

Analysis method

What we want to do ?
A Determine wether there is curvature or notin the tail of the GeVbump of pulsars

How to do it ?

A Perform alikelihood ratio between a power-law and a log-parabola above different energy
thresholds through a joint analysis of Fermi-LAT and H.E.S.S. Mono data

A First energy threshold is defined as 10GeV° begining of the Crab power -law tail

A Increase this energy threshold as far as the statistics allow it © 15GeV, 20 GeV, etc.

However

A Weare not trying to prove that a log-parabola better described the data in this energy
range.

A Weare using this model because it is the simplest model to describe curvature .

A Power-law and Log-parabola are nested models © assessment of statistics is straight
forward .

Maxime Regeard 26 November 2024 22



Vela: Phasograms

2000 Fermi-LAT > 10 GeV ON OFF

1500 ~

1000

Weighted counts

500

200008 -
H.E.S.S. Mono

198000 ~

196000 -

Counts

194000 -

192000 ~

190000
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Phase
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Vela: FermiLAT »H.E.S.S. Joinffit

Vela Joint Fit = 1GeV

1078 5
] — fit
4+ Fermi-LAT
10-9 - H+ HESS Mono
ol
E 107104
"I' ]
[F ]
2
2,
v 107115
- 3
= ]
=
d
w 4
10712 5 v
10713 4
] T T T T T L | T
100 101 102

Energy [GeV]

Maxime Regeard
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Power-law with exponential cutoff :
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Vela: Curvature study

Vela Fermi-LAT - H.E.5.5. joint-fit = 10 GeV

-9
_ v —— ECPL joint-fit > 1 GeV
Log-parabola: E ] —— LPB joint-fit > 10 GeV
—a—p-log| = = HH Fermi-LAT
¢(E) = ¢y <E£> (EO) 10-10 - 4 HESS Mono
0 Lo 1
. E
%C TIOQW p& pmm  TWIPEYQW wa "
g T8y g 0
pp TR 2
Likelihood ratio: " o
7.3, in favour of the Log-parabola :
1013
101

Energy [GeV]
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Vela: Curvature study

Vela Fermi-LAT - H.E.5.5. joint-fit = 15 GeV

1077 5
. ; —— ECPL joint-fit > 1 GeV
Log-parabola: ] —— LPB joint-fit > 15 GeV
E _a_ﬁ.log(EEO) . 4 Fermi-LAT
107+% 4
E) = — ; H+ HESS Mono
o0 = on(£) e
i ) v vy v IE 10-11 4
%C TIOQ p& pmm TWIPEYQwi wa o E
| o T >
I PP T 3 107121 '
Likelihood ratio: v _
5.7, in favour of the Log-parabola 10713 5
lD—14 . . . : : —

102
Energy [GeV]
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Vela: Curvature study

Vela Fermi-LAT - H.E.5.5. joint-fit = 20 GeV

1077 5
] —— ECPL joint-fit = 1 GeV
Log-parabola: _ —— LPB joint-fit > 20 GeV
£ 4+ Fermi-LAT
E —a—ﬁ-log(E—O) 10‘1”-5 H+ HESS Mono
$(E) = o |- — ]
0 T
.—S 10—11—:
%C TIOQX ¢8t pmm TWCYQW wa 0 j
| v T8 8
I p&8 T 2 1071 x
Likelihood ratio: Lo-13 -
3.1, in favour of the Log-parabola
10—14 ; T T T T T T 1
102
Energy [GeV]
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Vela: Curvature study

Dataset Significance PowerLaw LogParabola
H.E.S.S. X T TR X
FermiLAT (>10GeV) o8, | 181 TBUY % ;g g
FermiLAT (>153eV) o, @ ™ % gg g
Joint (>10GeV) X® | T® 181U T Tp% ﬁ
Joint (>15GeV) vy ,, | 8 1P % g% g
Joint (>20GeV) oP , | T 18 % ggt g

Maxime Regeard

26 November 2024
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PSR B170644: Phasograms

-Fermi—LAT > 15 GeV
| OFF

120 A | ON

=
o
o

80 1

60 1

Weighted counts

40 -

20 1

H.E.S.S. Mono
207000 -

206500 A

Counts

206000 -

S T

205500 -

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Phase

Maxime Regeard 26 November 2024



PSR B170644: Fermi-LAT »H.E.S.S. Joinffit

PSR B1706 Joint Fit > 1GeV
Power-law with exponential cutoff :

1078 5

— fit
4 Fermi-LAT 0O
10—9_5 P{.' HESS Mono %£!O) %0 ¢<6> A @D — !O
E 1010 %P0 pg pmm  TWO Qi wa
o ; 3 p8 T8rY
5 : _ o8t pmm  pHL Qw
glﬂ'”‘; 8 pmm TR
’ 10—12;
10719 5 |
w0 w0

Energy [GeV]
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PSR B170644: Curvature study

PSR B1706-44 Fermi-LAT - H.E.5.5. joint-fit > 10 GeV

10~°
bola: : —— ECPL jointfit > 1 GeV
Log-parabola: : —— LPB joint-fit > 10 GeV
g —a—ﬁ-log(EEO) _ 3 Fermi-LAT
P(E) = ¢y <E—> 10-10 - H4 HESS Mono
0 — ]
’ v 7 Ty IE
% ¢ TOQw vV pmt ™ YQW wa-
| T T 5 10711 5
[ & T R
Likelihood ratio: L
3.8, in favour of the Log-parabola :
1013 4 . . . . .\ |
10! 102

Energy [GeV]
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PSR B170644: Curvature study

Log-parabola:

E —a—ﬁ-log(EEO)
E — S
o6 = on(£)
%C TIOQw v p1m T YQwi
| T® T
I P& PP

Likelihood ratio:
1.8, in favour of the Log-parabola

Maxime Regeard
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PSR B1706-44 Fermi-LAT - H.E.5.S. joint-fit > 15 GeV

1077 5

10710 5

10-11 4

10712 5

—— ECPL joint-fit = 1 GeV
—— LPB joint-fit = 15 GeV
4+ Fermi-LAT
H+ HESS Mono

o

10—13

102
Energy [GeV]
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PSR B170644: Curvature study

Log-parabola:

E —a—ﬁ-log(EEO)
d(E) = ¢ <E_o>
%EC TTIOQX X8 pTT  oB'YQW wa
| vg T
I T pd

Likelihood ratio:
0.8, in favour of the Log-parabola

Maxime Regeard 26 November 2024

29



