L’'Univers de haute energie

7/
7
12l 46

:
- Alexis COleer université
Laboratowe APC / Université de Paris PARIS

. coleiro@apc.univ-paris-diderot.fr DIDEROT


mailto:coleiro@apc.univ-paris-diderot.fr

Plan

Coursl I
1. De P’astronomie multi-longueurs d’onde a I’astronomie multi-messager
2. Un (ou deux) exemple(s) marquant(s) et récent(s)

A. Coalescences de deux objets compacts

B. (Jets relativistes des noyaux actifs de galaxies)
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Astronomie multi-longueurs d’onde

Infrared Visible Ultra-violet

1600 1700 1800 1900 1950 -



Astronomie multi-longueurs d’onde
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Astronomie multi-longueurs d’onde
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Astronomie multi-longueurs d’onde
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Astronomie multi-messagers
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Evolution des étoiles massives

Etoiles isolées

Mass accretion

Supernova 1987A Rings

Formation d’une éetoile a neutrons ou
d’un trou noir dans les cas extremes
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Systemes binaires

T~3 Myr, N~10° \/O\/\ @) Two OB main-sequence
N

Plusieurs obstacles a franchir :

e Explosion des supernovae

e Phase d’enveloppe commune

* Faible période orbitale

/4 gt stars
-~
T~104 yr, N~30 - More.massive star (primary)
: .\ overfills Roche lobe. Stable or
\ // unstable nonconservative mass
= exchange
-~
5 / AN Helium-rich star
SRR R NS00 . \  with OB-companion
COX [
v N\ Y,

Primary explodes as
core-collapse SN or ECSN

and becomes a neutron star
or black hole

" Secondary is close to Roche lobe.
T~10 yr, N~100 -~ 4 \  Accretion of stellar wind results
P in powerful X-ray emission

4 Helium core of the secondary
T~10 yr, N~30 with compact companion inside

mass-losing common envelope

T~2-10"yr, N~50 R,,/-T-\J, T~1Myr, N~1000

He- star with compact K4 3 Red (super)giant with
companion surrounded </ % @ 'g > neutron star or black hole
by an expanding envelope ' core (Thorne-Zytkow object)

T ~10 Gyr, N~10°
2 - Single neutron star
a supernova, ~10 yr or black hole

Secondary explodes as

T~10 Gyr, N~106 P Supernova explosion
Binary relativistic disrupts the system.
star Two single neutron
stars or black holes

Merger of components

with a burst of emission
of gravitational waves an

gamma-ray,
53 -4 -1
E~10 erg, ~10 yr



Les sursauts gamma

Cas extréme de la mort des etoiles




OBSERVATIONS OF GAMMA-RAY BURSTS OF COSMIC ORIGIN

Ray W. KLEBESADEL, JAN B. STRONG, AND ROy A. OLsON

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico
Reccived 1973 March 16, revised 1973 April 2

ABSTRACT

Sixteen short bursts of photons in the energy range 0.2-1.5 MeV have been observed between
1969 July and 1972 July using widely separated spacecraft. Burst durations ranged from less than
0.1 s to ~30 s, and time-integrated flux densities from ~10—95 ergs cm—2 to ~2 X 10—4% ergs

cm—2 in the energy range given. Significant time structure within bursts was observed.|Directional
information eliminates the Earth and Sun as sources.l
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=" 20 keV - 100 MeV 10 keV - 50 GeV

Swift
0.3 - 195 keV 5 keV - 300 GeV

INTEGRAL AGILE

~1 GRB / jour détecteée actuellement‘
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Jet collides with
ambient medium
(external shock wave)

‘WHigh-energy

gamma rays

Colliding shells emit
low-energy gamma rays
(internal shock wave)
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Slower
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Low-energy shell

gamma rays

Visible light
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Moteur
central

Prompt
emission

Afterglow

Courte durée donc source probablement de petite taille
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Jet collides with
ambient medium
(external shock wave)
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Jet relativiste
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Jupiter en ~40min
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Jet collides with
ambient medium
(external shock wave)

'NMHigh-energy

gamma rays

Colliding shells emit
low-energy gamma rays
(internal shock wave)

Slower X-rays

Faster shell
Low-energy shell
gamma rays

Visible light

Radio

Moteur
central

Prompt
emission

Afterglow

Blobs de matiére avec des vitesses
différentes (inhomogénéité du jet et
variabilité du moteur central)
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Jet collides with
ambient medium
(external shock wave)
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Jet collides with
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e Brieveté
e Variation rapide de flux

e Quantité d’énergie libérée Colliding shells emit

— source compacte

-

Low-energy
gamma rays

Moteur
central

Quel est le moteur central ??

low-energy gamma rays
(internal shock wave)

Slower g
Faster shell J /
shell

ol

Prompt
emission

Sources d’énergie

Jet collides with
ambient medium
(external shock wave)

'Jwrﬁgh-energy

gamma rays

X-rays

Visible light

Radio

Afterglow
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30
Quel est le moteur central ??

Jet collides with

=\ ’ bient diu

. Brlevete (ex(:grncfl sh:)ncek w:ve}

e Variation rapide de flux

 Quantité d’énergie libérée Colliding shells emit BV ik onecos

low-energy gamma rays
(internal shock wave)

Slower . X-rays
Faster shell M‘ﬁg - {
- &
NV -

gamma rays

Low-enerqgy shell
gamma rays

Moteur
central

Prompt
emission

Sources d’énergie Afterglow

Collapsar lerger Magnétar
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Fotation =02 08 P 1ms
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./
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Etude de I’environnement (galaxie hote)

GRB 990705
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Population stellaire agée
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Etude de I’environnement (galaxie hote)

- w GRB 050509b
£
S * w0
L I s
3 Vi
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® g :
STIS/Clear HST o v
Taux de formation stellaire éleveé Population stellaire agée

Sources plutot jeunes ? Sources plutot vieilles ?



Long gamma-ray burst
(>2 seconds’ duration)

A red-giant
star collapses

— . — onto its core....
A

..becoming so
dense that it
/ expels its outer
ayersina
sUpernova
/_explosion.

Gamma rays

Short gamma-ray burst
(<2 seconds’ duration)

Stars™ in }
a compact
binary system »

begin to spiral
inward....
»

..eventually

N2

colliding.

The resulting torus
has at its center

a powerful

black hole.

»
b

*Possibly neutron stars.
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Connexion GRB long / Connexion GRB court /
supernova (fin de vie J coalescence d’étoiles a ?
d’une étoile massive)

neutrons &




Ondes gravitationnelles
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Ondes gravitationnelles




Ondes gravitationnelles

Au passage d’une onde gravitationnelle: déformation des distances (pas la méme dans
toutes les directions)
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Detection des ondes gravitationnelles

Livingston Hanford

Suspension

pendulaire Reconstruction de la position

de la source par triangulation

= S
/
( "k £ Y
D \
Masse / / LY \
de test

HV %?ﬁ /’. \/
— ;
Séparateur /
. N
Photodétecteur P Sx\——// HL

Source: LIGO/Caltech/T.Lombry
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Signal attendu lors d’une coalescence
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Quelles préedictions observationnelles dans le cas de deux étoiles a
neutrons ?

4) Final ringdown:
damping time T

/\M /V\/\/\ /| 5) Maximum
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Signal electromagnétique attendu (si étoile a neutrons)

on-axis GRB orphan X-ray

A[f\\),rad.o afterglow @

MGRB

Production des éléments au dela du Plomb
« Processus r »

Doit intervenir dans un environnement
dense en neutrons

Rapid neutron Unstable Beta decay to
capture neutron-heavy nucleus new element

Kilonova
(visible / infrarouge)
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17 aolt 2017 a 14h41m04s ...
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+2s

Sursaut gamma court
GRB 170817A
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+2s

+5h

Sursaut gamma court
GRB 170817A

Localisation
(30°2, 42 Mpc)

A 60°
309 HL
HL
OO
IPN
-30°

-60°

Declination

Right ascension x*
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90%

50%
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o s le
L,L;Q Livingston

- a

Objectif : localiser la source le plus rapidement possible...



+2s

+5h

+11h

Sursaut gamma court
GRB 170817A

Localisation
(30°2, 42 Mpc)

Pan-STARRS

-
2009-2014
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Sursaut gamma court

+2s GRB 170817A
+5h Localisation
(30°2, 42 Mpc)
+11h Contrepartie visible
AT2017gfo / NGC4993
+1.2j Spectre

de la kilonova

10

—~

Flux (f,, 1077 ergcm2 s A

b
o

+1.5

125

:+4.5

"Age in days after GW170817

(

1.0 1.2 1.4 1.6
Rest Wavelength (microns)
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Sursaut gamma court

+2s GRB 170817A

Localisation

+5h
(30°2, 42 Mpc)
+11h
+1.2j
+9j Contrepartie

en rayons X

GW170817
®

22 August 2017
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Sursaut gamma court

+2s GRB 170817A

Localisation

+5h
(30°2, 42 Mpc)
+11h
+1.2j
+9j Contrepartie
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Contrepartie
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Confirmation de la présence d’un jet relativiste (février 2019)

Interféromeétrie radio R« 1/D ~1mas
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25 avril dernier...

Coalescence de deux étoiles a neutrons
50% area: 1378 deg?
90% area: 7461 deg?

60°

120

-30°

Pas de contrepartie électromagnétique identifiée:

- localisation ?
- distance ?
- inclinaison du jet relativiste ?



10 mai dernier...

Coalescence de deux étoiles a neutrons (?)

50% area: 31 deg?
90% area: 1166 deg?

0° I | I |
; 21" 18" 15" % ) 12"

-30°

’0}6

-60°

60°

b6
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Mercredi dernier...

50% area: 5 deg?
90% area: 23 deg?

60°

120 gh
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Mercredi dernier...

Coalescence d’une étoile a neutrons et d’un trou noir (?)

50% area: 5 deg?
_________ 90% area: 23 deg?

60° 60°

NSBH
MassGap

30°

Terrestrial
BNS
BBH




Mercredi dernier...
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Mercredi dernier...

GCN Circulars F9 GCN 15 ao(t 2019 4 13:53
LIGO/Virgo S190814bv: Candidates found in initial DESGW search @

A : Alexis Coleiro

TITLE: GCN CIRCULAR

NUMBER: 25336

SUBJECT: LIGO/Virgo S190814bv: Candidates found in initial DESGW search
DATE: 19/08/15 11:39:15 GMT

FROM: M. Soares-Santos at Fermi Lab <marcelle.soares.santos @gmail.com>

Marcelle Soares-Santos, Douglas Tucker, Sahar Allam, James Annis, Alyssa Garcia, Ken Herner, Tamara Davis, Nora Sherman, Robert Morgan, Kathy Vivas,
Chris Lidman, Umang Malik

On behalf of the DESGW team*:

We report initial results of our DECam search for an optical counterpart of S190814bv (LVC, GCN 25324) using DECam. Starting at 2019-08-15 06:32 UTC (9.5h
post merger), we observed 54 sq-deg, covering the 90% localization region provided in the updated sky map released on Aug 14, 2019 22:58:20 UTC.
Observations were performed through clouds which limited the depth of our observations to 20.2 mag (10-sigma point source).

Images were processed by our difference imaging pipeline (Herner et al. 2017; see also Soares-Santos et al. 2015, 2017; Doctor et al. 2018; Morgan et al. 2019
for recent applications) using DES images as templates. We employ a machine learning code (autoscan, Goldstein et al. 2015) to reject subtraction artifacts.
Candidates were initially selected by requiring at least two high signal to noise detections, rejecting asteroids. We then applied catalog-based vetting to reject
variable stars, variable AGNs, and candidates with hosts at redshifts inconsistent with the distance reported by the LVC for S190814bv (276 +/- 56 Mpc). Those
catalogs included Gaia DR2, and DES. The final vetting was done via visual inspection. We matched our remaining candidates using the Transient Name Server to
avoid reporting those previously reported by other groups. In our initial analysis, we find 2 new transient candidates: one hostless and one with a host at marginally
consistent redshift:

NAME TNS_NAME RA DEC DISCOVERY_MJD DISCOVERY_MAG_I| DISCOVERY_MAG_Z
desgw-190814a 2019nmd 12.870848 -22.471377 58710.278 20.59 20.26

desgw-190814b 2019nme 12.635660 -22.226027 58710.278 19.33 19.39

s cartographiques ©2019 Imagerie ©2019 NASA, TerraMetrics Conditions d'utilisation 2000km L_1I
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Mercredi dernier...

GCN Circulars ES GCN 16 ao(t 2019 4 01119 »
LIGO/Virgo S190814bv: des-gw190814b is a moving object @

A : Alexis Coleiro

TITLE: GCN CIRCULAR

NUMBER: 25355

SUBJECT: LIGO/Virgo S190814bv: des-gw190814b is a moving object
DATE: 19/08/15 23:05:10 GMT

FROM: Daniel Goldstein at Caltech <danny@caltech.edu>

D. A. Goldstein (Caltech), D. Perley (LUMU), I. Andreoni (Caltech), and M. M. Kasliwal (Caltech)

report on behalf of the Global Relay of Observatories Watching Transients Happen (GROWTH) collaboration

We processed the public data obtained by the DESGW team described in GCN 25336 using the image subtraction pipeline described in Goldstein, Andreoni et al.
(2019) and Andreoni, Goldstein et al. (2019). By examining the subtractions in the vicinity of the optical counterpart candidate des-gw190814b (GCN 25336), we
observed that the object is moving by 14.3 arcseconds per hour, in the same direction, in both the i- and z-bands. Based on this information it is very likely that this
object is a Solar System Object, and thus is unrelated with the S190814bv gravitational wave event (GCN #25324). The object is not listed in the Minor Planet
Center.

Visual evidence of the object's motion can be seen at this link:

http://astro.caltech.edu/~danny/static/desgw-180814b.001.png

GROWTH is a worldwide collaboration comprising Caltech, USA; IPAC, USA, WIS, Israel; OKC, Sweden; JSI/UMd, USA; U Washington, USA; DESY, Germany;
MOST, Taiwan; UW Milwaukee, USA; LANL USA; Tokyo Tech, Japan; IIT-B, India; IlA, India; LUMU, TTU, and USyd, Australia. GROWTH acknowledges generous
support of the NSF under PIRE Grant No 1545949.

We gratefully acknowledge Amazon, Inc. for a generous grant that funded our use of the Amazon Web Services cloud computing infrastructure to process the
DECam data.

s cartographiques ©2019 Imagerie ©2019 NASA, TerraMetrics Conditions d'utilisation 2000km L_1I
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Pan-STARRS g-band reference

Pan-STARRS z-band reference

UTC 2019-08-16 (1.7 days post-merger)

CFHT MegaPrime/MegaCam g-band,

CFHT MegaPrime/ MegaCam i-band,
UTC 2019-08-18 (3.6 days post-merger)

CFHT MegaPrime/ MegaCam z-band,
UTC 2019-08-21 (6.6 days post-merger)

CFHT MegaPrime/ MegaCam i-band,
UTC 2019-08-19 (4.6 days post-merger)

"

CFHT MegaPrime/ MegaCam i-band,
UTC 2019-08-21 (6.6 days post-merger)
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Le projet SVOM

SVOM = Space-based multiband astronomical Variable Objects Monitor

&  Satellite~ 930 Kg

Payload ~ 350 kg




Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.

Source

iV

Bruit de fond / /

N | Masque /

Detecteur
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Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.
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Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.

‘.”.’."-.’:!E v

-l':l'll'“!

”H‘I..II -.l. 'I'|||

yell” = IF-IIE

|-- -
l"'|' 3!
d“l..ll

T LEHEY '-[ ,

0 20 40 6




Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.
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Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.
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Neutrinos astrophysiques: une nouvelle
fenétre sur I’'univers de haute énergie

/1
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Spectre en énergie des neutrinos

Cosmological v

Solarv
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN
Cosmic v
Cosmogenic
\%
10° 107 1 10° 10° 10° 10" 10" 10'®

ueV. meV eV keV MeV GeV TeV PeV EeV

Neutrino energy
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Cosmological v

Ted Ptrial anti-v

Solar v

Supernova burst (1987A)

__Reactor anti-v

/

—

Background from old supernovae

Atmosphericv

Super Kamiokande
~50 kilotons of water

v from AGN
Cosmicv
Cosmogenic
\Y
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eV keV MeV GeV TeV PeV EeV

Neutrino energy

Supernova 1987A Rings

Sun: with 500 days of
exposure (90°x20°) from

Super-Kamiokande
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Neutrino astronomy needs
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Méthode de détection

Different ways to detect HE v.

One way particularly useful in astronomy:
observation of muons produced in CC interaction of vy,

Detection principle
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Telescopes a neutrinos
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ANTARES

12 line detector completed in May 2008
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ANTARES

12 line detector completed in May 2008
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lceCube

lceCube Lab

- iy S iceTop
- .._ - '-,F'.j _-‘ .A."_-- _-— / 81 st‘m. 0&’\ M‘h
- - - 2 lceTop Cherenkov detector tanks

50m;_ ..- —.‘... .........
\ ------- 2 optical sensors per tank

324 optical sensors

lceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

1450ml

DeepCore
/8 strings-spacing optimized for lower energies

480 optical sensors
Eiffel Tower
L |324m

~

2450 m
2820 m

80

86 lines, completed end 2010
1 km3 instrumented volume
DeepCore: denser (8 strings)
lceTop: air shower detectors

Different media:
different technical
challenges




Premieres détections
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Nous sommes ICl



d= 2,4x1017 km ~ 8 kpc



d=2,4x1077 km ~ 8 kpc
—
1992 10 light days




Loi de la Gravitation




3e loi de Kepler:
T2/ a8 = 4m2/GM = cste
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3e loi de Kepler:
. T2/ a3 = 4112/GM = cste
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3e loi de Kepler:
. T2/ a3 = 4112/GM = cste

1994.32 1995.53
1992.23 iy 1996.25
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Period 15.2 yr 1998.36
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Eccentricity 0.87
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3e loi de Kepler:
a T2/ a3 = 4m2/GM = cste

b
1994.32 1995.53
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_ 5 3 5 Inclination 46° 1999.47

M=4m2x a /(T XG) Eccentricity  0.87

c
o
2
®
=
©
o
Q

= 3.2 x 1036 kg

Semimajor axis 0.119"

2000.47

2002.66 ¥
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3e loi de Kepler:
2 T2/ a3 = 4m2/GM = cste

o
1994.32 1995.53
N 1992.23 iy @ 1996.25
T 1996.43
E 1997.54
= Period 15.2 yr 1998.36
i ) 3 2 = Inclination 46° 1999.47
M= 4 x a /(T XG) f_é’ Eccentricity  0.87
= 3.2 X 1036 kg 9 Semimajor axis 0.119"
Q
2000.47
2001.50
M / Msoleil 2002.40 "~k
=3.2 x 1036 kg [/ 2x1030 kg 2002.33* ~ 2002.25
=1,6 x 106

Right ascension
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IC170922A / TXS 0506+056

22 septembre 2017
~290 TeV
Science 361, 6398, (2018) eaat1378
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IC170922A / TXS 0506+056

A original GCN Notice Fri 22 Sep 17 20:55:13 UT — 10
6.6° refined best-fit direction IC170922A
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IC170922A / TXS 0506+056
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IC170922A / TXS 0506+056

Mystere de ’origine des
rayons cosmiques en partie
résolu ?




Quel signal multi-messager pour la fusion
de deux trous noirs super massifs ?
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Quel signal multi-messager pour la fusion
de deux trous noirs super massifs ?




Le projet SVOM

SVOM = Space-based multiband astronomical Variable Objects Monitor

&  Satellite~ 930 Kg

Payload ~ 350 kg




Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.

Source

iV

Bruit de fond / /

N | Masque /

Detecteur
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Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.
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Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.
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Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.
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Le projet SVOM

ECLAIRs: détecteur X durs - gammas mous (4 keV - 150 keV)

Dans le domaine gamma, on ne cherche pas a focaliser les rayons lumineux: technique du
masque codé a la place.
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Peut-on imager ce trou noir ?



Peut-on imager ce trou noir ?

Quelle est sa taille angulaire ?

2,4x1017 km

300 x106 km



Longueur d onde Comment I'imager ?
(en matres)
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Longueur d onde Comment I'imager ?
(en maétres)
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