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le rayonnement le plus énergétique
a gamma en énergie le plus large
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L'Astrophysique gamma — pourgout?
2 rmonnamenf 2 pus émr@émuz (il brend un fiers dv Sp@cm

Trevor WEEKES
(1940 - 2014)
One of founders of VHE
gammar-ray astronomy

B ——

Trevor Weekes (Fermi Summer School 2012)

Why do we study elephants when
birds are easier to find and more plentiful?
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L'AStmphSSLq’ue 9Amma — pourqous?

Les rayons gamma proviennent des reigions les plus vicieries de l'univers
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\'Aefrop%ys\abue garma. - o connextion irlandaise

LA PREMIERE SOURCE DES HAUTES ENERGIES (1989):

. détectée par
Whipple £n |48

(apres de |

nombr euses .. confirmee
années de prochdinement
développement du par CAT et
technique) HEGRA

LA NEBEULEUSE DE CRABE: THE CRAB NEBULA
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La Né%\euse a\e Crabei

1004 AD: OBSERVATIONS DES ANASAZI INDIANS
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La Né‘w\euse o\e Cm‘vei

Le reste de supernova était detecte en 1844 par Lord Rosse - un homme
Irlandais. Son assistant a produit un “sketch” de nébeuleuse qu’ils ont vue et cela
rassamblait a la griffe d’un crabe - donc ils |’ont appelé “The Crab Nebula” ...
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La Né‘w\euse o\e Cm‘vei

mais ... je me demande si ils avaient eu un melilleur télescope ...
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Comment produire les rayons gamma?

Nucleor Nen-nucleor

hucgear oecay efectron-positron
anniigation
heutraf pion decay
S P bremsstranfung /
i synchrotron
Inverse Compton
scattering

3N

magnetic field

l ES ES ES ES Yo

space —
b
0
0
®
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Comment produire les rayons gamma?

L'idée centrale: champ magnexique o e

/ choque / P

il faut un moyen d'accelerer des particules chargées - dans
une source astrophysique - puis c'est eux qui permettent la
production des rayons gamma,

clectron

l 25 ES ES ES Yo >

magnetic field X~Ta)

... et comme c¢a, on peut étudier et (nieux) comprendre les
meéchanisms d'accéleration
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Etat du ciel aux hautes énergies: 2005 (avant 3¢me gén)

T \
/

+90°
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11—

/
\ ) )
\ \

a la fin de ma these - nous avions 15 sources de hautes énergies
(pas grace amoill) - le 3éme génération était préte a démarrer

——

e
38

/r

-90

Deirdre HORAN — journée de découverte astro-gamma, — LLR / Ecole Polytechnique



Etat du ciel aux hautes énergies: 2005 (avant 3¢me gén)

For the current status of
the TeV sky, go to TeVCat:

6 http://tevecat.uchicago.edu
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http://tevcat.uchicago.edu

Elat du ciel au TeV a@?owd’hu?:

Source Types

6 Ext W
6 gm RRRRRRRRRRR
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6 DA
® L, 150
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_ 75
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8 91 93 9% 97 99 01 03 05 07 09 11 13 15 17
Au moment de rédaction de cet exposé: on a 210 sources aux TeV
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Et maintenant?

Maintenant chaque nouvelle source n'est pas
"une grande nouvelle”
et on est vraiment dans I'ére de
faire des études détailees
des sources de rayons gamma
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Quelfes sont les sources de rayons gamma?
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Quelfes sont les sources de rayons gamma?

Y MASSTVE STAR CLUSTERS
/ ) SUPERBUBBLES
] | LGLOBULAR CLUSTER

NON- IDENTIFTESS NG 2LATENDED TEV AL

NOYAUX ACTIFS DE GALAXTES

/

GALAXTES A FLAMBEES D 'ETOTLES

NEBULEUSES DE PULSARS

VESTIGES DE SUPERNOVAE
PULSARS 3 /
BINARTFS )
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Les Noyaux Actifs de Galaxies (NAGS)
CARACTERISTIQUES

« le noyau central est plus lumineux que le
reste de la galaxie

- ils émetlent a travers le spectre entier:

radio .. ke\ . MeV . TeV
=non thermique

* MasS (08 V\/l\gok_ed’

- jets relativistiques .. 1
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Les Blazars
CHARACTERISTIQUES

« <0% des NAGs

- le jet point "vers” nous

- emission tres variable

- spectral energy distribution

!

e ———
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Les Blazars VARIABILITE
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L.eS Blazars

» leptonic models provide good fits to many blazars

| es modeles de l'emission des Ylazars

- K-ray and gamma-ray emission often correlated - a fact naturally explained by SSC models
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Cosmology - Extragalactic Background Light

 The extragalactic background light; is the second largest energy resevoir in the universe (after the cosmic
microwave background radiation field)

- Tt comprises the accumulated emission from stars and dust that have lived at all ages of the universe
- Tt occupies the region of the spectrum from TR through op ical to the UV (~0.1- 1000 pm)
- Because of the strong foreground emissions from our solar system and galaxy - it's difficult to measure directly

b\){ gamma-ray photons pair produce with the EBL photons and therefore get absorbed

PAIR PRODUCTION
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Cosmology - Extragalactic Background Light

Gamma-ray photons pair produce with the EBL photons and therefore 931' absorbed!

-4

no. photons
no. photons

no. photons

| | — —enerqy
—
[ncreasing distance

The further away the object
we detect, the more its TeV
photons are absorbed by the
EBL - this results in a break
in the spectrum
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Plan Galactique vu par HESS

(c) F. Acero & H. Gast




Star Lifecycle

Life Cycle of a Star

e

— s L - @»

Dwarf
Red Giant Planetary Nebula

“*

Neutron Star
Stellar Nebula . — — \
Massive Star @

Red Supernova
Supergiant P Black Hole




Plan Galactique vu par HESS
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HESS COLLABORATION (2018), AGA, 612, 1

Galactic Physics: H1E.S.S. Galactic Plane Survey

2018: “HESS GlacTic Plane Survey™ esf sori:
- preMiére publication 2005 (4 sources) .. MdiNteNant 18 sources

8
Composite

pinary

36
Not firmly identified

https:/www.mpi-hd. mpg.de/htm/HESS/hgps/

Deirdre HORAN — journée de découverte astro-gamma, — LLR / Ecole Polytechnique



Milieu Interstellaire (ISM)
non choqué
Choc frontal

MIS choqué
Discontinuité
de confact

Choc en retour

Vestiges de supernova

Ejectas
non choqués

"H.E.S.S. (2016) RX J1713.7-3946, E > 25(
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Des atoiles a neutrons

Neutron Star

The Earth White Dwarf

HTTPS:/FUTURISM COM/NEUTRON-STARS-BIG-THINGS-IN-SMALL-PACKAGES/
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| es Pulsars

PSR B0835-45
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- Emission pulsée au TeV D 2
- Physique proche du pulsar s

100
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HESS Collab. 2018



Nébuleuse a vent de pulsar (PWN)

//universe-review.ca/F08-starl4.htm

https

« Optical

Radio

Structure of the Crab Nebula

1 Unusually bright pulsar
near the center powers

everything

|

5 Shock waves
transform
stellar leftovers
into subtle,
visible filaments
that encase the
system

Avtronomy: Roen Kelly

oy

2 Pulsar’s strong
magnetic field

accelerates and
energizes nearby
electrons

3 p 4 Synchrotron nebula
Lit-up electrons, pushes against the remains
called a "synchrotron of progenitor star, creating
nebula,” fill much shock waves

of the inside



Dec, (|2000)}

Nébuleuse a vent de pulsar (PWN)
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Les binaires

L5 5037 The firsl gamma-ray binary defected - now There are & pamma-ray binaries
— ORrbital period 3902 +/- 0005 days
— CoNgists of a coMpact object (pulsar?) ORbitiNg a Massive star
— gaMMa-Ray €MIsSION is VaRriable but cyclic
obsevvey
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Galactic Physics: Binary systems

L5 5037: The firsl gamma-ray binary defected - now There are 6 pgamma-ray binaries
— ORrbital period 3902 +/- 0005 days
— CoNgists of a coMpact object (pulsar?) ORbitiNg a Massive star
— gaMMa-Ray €MIsSION is VaRriable but cyclic
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OBSERVATION OF TeV GAMMA RAYS FROM THE CRAB NEBULA USING THE
ATMOSPHERIC CERENKOV IMAGING TECHNIQUE

T. C. Weekes,! M. F. CawLey,? D. J. FeGan,® K. G. Giees,' A. M. Hirras® P. W. Kwok,'! R.C. Lawms,*
D. A. LEwis,® D. MacoMB,® N. A. PORTER,? P. T. REYNOLDS,'*? AND G. VACANTI®
Received 1988 August 1; accepted 1988 December 9

ABSTRACT

The Whipple Observatory 10 m reflector, operating as a 37 pixel camera, has been used to observe the
Crab Nebula in TeV gamma rays. By selecting gamma-ray images based on their predicted properties, more
than 98% of the background is rejected; a detection is reported at the 9.0 o level, corresponding to a flux of
1.8 x 107" photons cm? s~* above 0.7 TeV (with a factor of 1.5 uncertainty in both flux and energy). Less
than 25% of the observed flux is pulsed at the period of PSR 0531. There is no evidence for variability on
time scales from months to years. Although continuum emission from the pulsar cannot be ruled out, it seems
more likely that the observed flux comes from the hard Compton synchrotron spectrum of the nebula.

Subject headings: gamma rays: general — nebulae: Crab Nebula — pulsars — radiation mechanisms

L. INTRODUCTION

The observation of polarization in the radio, optical, and
X-ray emission from the Crab Nebula is usually taken as con-
firmation of the synchrotron origin of the radiation and is a
strong indication of the presence in the nebula of a reservoir of
relativistic electrons with energies up to 1 TeV. The presence of
the radio pulsar, PSR 0531, near the center of the nebula pro-
vides a source for the on-going injection of relativistic electrons
into this reservoir. The collision of the synchrotron-radiating
electrons with synchrotron-radiated photons within the nebula
incvitably results in a hard photon spectrum (at some level)
that extends from the X-ray into the gamma-ray energy range;
the shape of the spectrum mirrors that of the soft photon spec-
trum but with greatly reduced intensity. The Compton syn-
chrotron model of the nebula was first developed by Gould
(1965) and was refined by Ricke and Weekes (1969) and by
Grindlay and Hoffmann (1971). A strong flux of gamma rays
was predicted with maximum luminosity in the 0.1-1.0 TeV
cnergy range. The gamma-ray flux level depends on the
strength of the nebular magnetic field, which is a free param-
eter in the model and is little constrained by observations at
other wavelengths. However, based on equipartition argu-
ments, it is estimated to be ~1072 G.

The observation of a flux of 0.14 TeV gamma rays from the
Crab Nebula was reported by the Smithsonian group using the
atmospheric Cerenkov technique (Fazio et al. 1972); based on
observations that spanned 3 years, this detection was still only
at the 3 ¢ level. This demonstrates both the weakness of the
source and the lack of sensitivity of the technique. The detec-
tion of TeV gamma rays from the Crab Nebula is a confirma-
tion of the Compton synchrotron model and gives a direct
measure of the magnetic field. This measurement, which was
conservatively interpreted as an upper limit, implies an average
magnetic field of 3 x 10™* G, or a radially symmetric (1/r) field
with By = 1 x 107* G at a distance of 0.1 pc from the pulsar
(Grindlay 1976).

' Harvard-Smithsonian Center for Astrophysics.
* St. Patrick’s College, Maynooth.

? University College, Dublin.

# University of Leeds.

* Jowa State University.
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Subsequent to the discovery of PSR 0531 in the nebula, TeV
gamma-ray observations concentrated on the pulsar because
greater sensitivity could be achieved by the assumption of syn-
chronization of the gamma-ray emission with the periodic
radio emission. Several detections were reported at very high
energies (Grindlay 1972; Jennings et al. 1974; Grindlay,
Helmken, and Weekes 1976; Porter et al. 1976; Erickson,
Fickle, and Lamb 1976; Vishwanath 1982; Vishwanath et al.
1985; Gupta et al. 1977; Gibson et al. 1982b; Dowthwaite et al.
1984; Tumer et al. 1985; Bhat et al. 1986), but the statistical
significance was not high, and upper limits were also presented
which appeared to be in conflict with the reported fluxes
(Helmken et al. 1973; Vishwanath et al. 1986; Bhat et al. 1987).
At energies above 1 TeV there were also reports of emission
from the direction of the Crab (Mukanov 1983; Boone et al.
1984; Dzikowski et al. 1981; Kirov et al. 1985), but, because of
the limited angular resolution and the absence of accurate
timekeeping, it was not possible to identify the source of the
observed signal with the nebula or the pulsar. Again there may
be conflicting upper limits (Craig et al. 1981; Watson 1985). At
100 MeV energies (which are accessible to study by spark
chambers on satellites), both a pulsed and steady component
were detected (Kniffen et al. 1977; Hermsen et al. 1977; Clear
et al. 1987); at 1 GeV the strength of the unpulsed component
(which might originate in the nebula or near the pulsar) is 0.25
times that of the pulsed flux.

Using a refined version of the atmospheric Cerenkov tech-
nique, we here report the detection of gamma rays above
0.7 TeV from the Crab Nebula at a high level of statistical
significance; over the epoch 1986-1988 we find no evidence for
variability, and the observed flux is in agreement with that
reported previously in 1969-1972 and in an earlier observation
utilizing this same technique in 1983-5 (Cawley et al. 1985a;
Gibbs 1987). The observed gamma-ray flux is only 0.2% of the
cosmic-ray background. A periodic analysis using the known
radio period of the pulsar indicates that less than 25% of the
observed signal is pulsed. The detection of such a weak flux
from a steady (nonpulsed) source with a significance of 9 stan-
dard deviations () is a milestone in the development of
ground-based gamma-ray astronomy. It demonstrates the
power of using atmospheric Cerenkov shower imaging to dis-
tinguish gamma-ray-initiated air showers from those gener-

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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ADNSTRACT

Conteat, The Crab aebuls was obwerved with the HESS stercoscophs Chenenkov telescope array between October 2000 and January 2008 for
& ootal of 229 b (afer data quality sclection). This period of tese pantly overlappad with e commasiomng phae of e expereneal; ob-
wrvition were made with three operational Selescopes (n late N0 and with e complete 4 telescope armay In Jaoary-Febrvary 2004 and
October 2004-Jasuary 2005,

Al Otwervations of fhe Crab achuls are dscossed and used as an examplio 9 detadl the fax and spectral analysls procedures of HESS. The
rewalin are werd W evaduate the sysiermatic anvertastion in HESS Mun sseawurernenia

Mathods The Crad nebula data are analysed ining sandand HESS analysis procedures, which ane descrided in detall. The fhax and spectrum of
wyrays from the source are calculated on ran-Sy-ren and monthly time-scales, and a comection |s applied for long-term varations n He detector
sexpativity. Coenpatiscen of the mresserad Bus aed spectruss over the observation persod, aloeg with the resulis from a suenber of iffesent aralysin

procedures are usnd 1o estimate sySematc uncenalnties in the measurements,

FAosatts. The dats, taken ot 4 e of sceith angles between 45" and 657, dhow o clear vggaal with over 7500 excen evesis. The

y specinen is

erergy
found o follow a poser law with an exporental cumol!, with photon index | = zwgoo\.um«mm “ (143 % 2.1,,) TeV between

440 GeV and 80 TeV. The clwervel integral

M above | TeVis (226 ¢ 008, ) % 10 e ¥ a0

. The estitsaled sysletratic ersor on he Mus

measurement s estenased %0 de 20M%, while the estimated syssematic error on fhe spectral dope n 011,
Kay words, gamma rays observations - ISM: iadividual obgects: Crab nebolla - BSM: supemova recnmanes

1. Introduction

The Crab sepemova remsant (SNR) s an exceptionally well
stodied object, with exteasive observations of the sysiem ex.
isting across the estire accessible spectram. At & dtance of
2000 parsecs, wilh an age of 950 years, it Is & prototypical ceatre-
filled SNR. or plerion, &s defined by Weller & Panagia (1980).
Within the supersova remnant lies the Crab pulsar, with & rota-
|iondwwdof33mwammmo(l, Sx
10" erg +°'. This eaergy source powers a surousding sys-
¢hmnmhsln.uupohmuknmemmnuen¢tomn-
dio 10 hard X-ray wavelengths (Wilse 1972), indicating e
noa-thermal ceigin of the radiation detecied. The total energy
avallable from de pulsar 1o power e system s of the onder

Artch puty ished by EDP Sclence

of 10 erg. Ths Is believed to be the power source for produc.
tion of very high eacrgy (VHE) yooays.

The rotational energy of the pulsar s thought o be mostly
caeried awny by a relstivistic wind of electrons and positrons,
Interaction of this wiad with e seercunding medivm causes

a standing sermunation shock wave (Rees & Gura 1974, Kenrel
& Coronitl 1988). Electiron accelenstion may be due to a Fermi.
type process (Achterberg et al, 2000) or o deiven neconnec-
tion of the alsersating magnetic fickd st this termisation shock
(Corcads 1590; Michel 1954). The imteraction of accelermed
cloctrons with ambient photon fickds (= this case mostly sya-
chrotrun photons) can produce VHE yraps via the mwverse
Comgeon process.

The Crab nebula was discovered st VHE energles in 1589
(Weekes et al. 1989) and emission has beea confinmed by a
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%s%oparﬁd@ / Exotic ¥ %ysfics - Dark Moatter Searches

o We know that there was 2 |arge amount of dark matter in the early universe

« We see it in the BAO - it comprses ~277% of the tolal energy budget of the
universe

- We see it astrophysically today e.g. galaxy rotation curves
We know that there has to be some associated with it and that
that particle must be enough to have survived since the early
universe

i.e. it desn't interact (much) with normal matter
+ One possibility is the WIMP - it is its own antiparticle (only interacts weokly)
* When this annhiliates with itself, it produces gamma rays

» |t clusters in dense astrophysical environments

Deirdre HORAN — journée de découverte astro-gamma, — LLR / Ecole Polytechnique



c}@s%opaﬁ?de / Exotic ¥ hysﬁcg - Dark MoaHer Searches

Galactic center:
Satellites:

Good statistics but source
Low background ,

confusion/diffuse background

and good source ID, Milky Way halo:

but low statistics Large statistics but

diffuse background

Spectral lines: Extragalactic:
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No astrophysical : ,
uncertainties, good ?;u| dtstrop.cwjyr?mg
source ID, but low Galaxy clusters: bdic - d HeE
. . ‘ ackgroun
statistics Low background
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» The assumption of Lorentz Invariance is one of the founding principles of Modern physics

» Certain theories that attempt fo provide a unified model of quantum gravity predict that the
vacuum could have an

» Thus photons with different energies would travel at different velocities becoming more
pronounced as we approdch the Flanck Energy (101 (reV)
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» The assumption of Lorentz Invariance is one of the founding principles of Modern physics

» Certain theories that attempt fo provide a unified model of quantum gravity predict that the
vacuum could have an effective refractive index

» Thus photons with different energies would travel at different velocities becoming more
pronounced as we approdch the Flanck Energy (101 (reV)

To search for The signature of , our Tesl sources should
have The following properties:

emil of The hiphesT energjes (effect of vacuum dispersion more pronounced)

lie o a very large disfonce firom us (Time delay will be larger)

exhibiT rapid variobility (or only emit over o very shor Time period) go That we
“know™ (aesume) phofons were dll emifed of The come Time
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» The assumption of Lorentz Invariance is one of the founding principles of Modern physics

» Certain theories that attempt fo provide a unified model of quantum gravity predict that the
vacuum could have an effective refractive index

» Thus photons with different energies would travel at different velocities becoming more
pronounced as we approdch the Flanck Energy (101 (reV)

To search for The signature of , our Tesl sources should
have The following properties:

emil of The hiphesT energjes (effect of vacuum dispersion more pronounced)

lie o a very large disfonce firom us (Time delay will be larger)

exhibiT rapid variobility (or only emit over o very shor Time period) go That we
“know™ (aesume) phofons were dll emifed of The come Time

ConsTramTs So far have come form The N@N defection of differences m The arrival
Tmes o’F Pho’foﬂé’ ﬁ”om &isfanf 3amma—ray bU&TSTS
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Next-genera‘cion TeV instruments, such as the

Cherenkov

elescope Array (C

A)

wil enable us to observe many sources and source classes

as a function of redshift with high statistics so that we can
disentangle the effects of

dispersion internal to a paritcular source or source class

and

dispersion due to vacuum birefringence

Deirdre HORAN — journée de découverte astro-gamma, — LLR / Ecole Polytechnique



