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Transient high-energy sources

For most of them :
presence of a compact object (black hole or neutron star)
which is accreting matter

= accretion/ejection mechanisms




K-ray binaries

s L Eempanion star )

R . . . " :
. . . ] .
' “ . . > 3
< 3 : o .
g s b
’

-

| ,c;?o:mpacit object .



19 juin 1962

PHYSICAL REVIEW
LETTERS

VoLUME 9 DECEMBER 1, 1962 Numner 11

EVIDENCE FOR X RAYS FROM SOURCES OUTSIDE THE SOLAR SYSTEM'

Riccardo Giaceoni. Herberl Gursky, and Frank R, Paollol
Amerlean Selence and Englacering, Ine., Cambridge, Massachusclrs

Eruna B, Rossi
Massachuwsetts [ngtilale of Technolegy, Cambridie, Massachusetts
(Recelved Dolober 12, 1%63)

Data from an Aerpbee rocket carrying a puy-
load consisting of three large area Gelger coun-
ters have revealed a considerable [lux of radia-
Llon in the night sky that has heen identified as
consisting of saft x rays.

The eatrance aperture of each Geiger counter
congisted of seven individoal mica windows com-
prising 20 cm® of area placed into ane face of the
counter, Two of the counters had windows of
about 0.2 -mil mica, and one counter had windows
of 1.0-mil mica. The sensitivity of theae detec -
Lors [or 1 rays was between 2 and § A, [alling
sharply at the extremes due to the transmission

S

ter was placed in a well formed Ly an anticoinei-
dence scintillation counter designed to reduce the
cosmic-ray background. The experiment was in-
tended to study fluorescence x rays produced on
the lunar surface by x rays from the sun and to
explore the night sky for other possible sources.
On the basis of the known flux of solar x rays,
we had estimated a flux {eom the moon of about
0.1 to 1 photon em ~* sec™ in the region of sensi-
tivity of the counter,

The rocket launching took place al the White
Sands Missile Range, New Mexico, at 2339 MST
on June 18, 1962. The moon was one day past
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K-ray binaries

Sandage et al. 1966

ON THE OPTICAL IDENTIFICATION OF SCO X-1

An optical search has been made of the sky surrounding the new position of Sco X-1
described in the preceding Letter (Gursky, Giacconi, Gorenstein, Waters, Oda, Bradt,
Garmire, and Sreekantan 1966¢). Preliminary results of the measurement were made
available to the Tokyo Observatory and to Palomar, The search, which we believe has
been successful, was based on these results and on the working hypothesis that the image
should (1)} appear starlike, (2) be of at least 13th apparent visual magnitude, and (3)
have an ultraviolet excess relative to normal stars. The first two requirements are
stated in the discussion of Gursky ef ¢l. (19664) on the measurement of an upper limit of
20” to the diameter of Sco X-1. The predicted lower limit on the visible magnitude was
obtained by extrapolating the energy distribution from the observed range of 1-10 A
into the optical region in the assumption of a spectrum that is flat per unit frequency
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K-ray binaries

Sandage et al. 1966

ON THE OPTICAL IDENTIFICATION OF SCO X-1 ‘

We shall not attempt here to discuss the physics of this system any further except to
note that the objects which are categorized as old novae appear to possess disk structures
which emit variable, blue continuous radiation by optical bremsstrahlung and by bound-
free transitions of H and He. The excitation mechanism and the kinetic temperature of
the gas is unknown. If, in this particular object, parts of the gas have 7> 5 X 107 ° K,
the bremsstrahlung process could produce the observed X-rays. We do not yet know if
all old novae are X-ray sources at some power level. It may be that only a fraction of
these explosive stars have kinetic temperatures in their external gaseous component
which are high enough to emit X-radiation. The distribution of known old novae is con-

i & bt ", ;
2 L . 1966
- . - - .
. . . +
. 3 5 g Ry M _ hsm
b S o 2 e JuLyls 5'2M-g"2MuT
- i T : :
. : B Sl
., A - Q ' % - .
] " 0 : 4 0 - 7
B . e o
; o . “‘ i 5 - -
- h . 3 LA . £ H.~m MM ey
" . T T oy _ ULy 17 5TI0 8727 UT
¥ Peee ] : " a - >
- Z . e N -e
. *a - -
i - {0 o A gt
\ = . . . £ 7 . : . o
» . | - e
- - - el . " »
. - . : i ‘g K ’
b E AL o SR - JuLy 18 4"gM-7NigmuT
z a ; . g - R SEEl i
. : S ; [ ] W ;
il : . i o 5 I :
- - 4 = - . 4 . = -
- - Wy - v h———h——'
=2 2 3 S ‘ . S Lepie e e ] . .-...‘ e
% e 2h s 7 - e . A = -
: i ¥ TR £ 5 . 2 . Ld : : *
by .‘_. S e '.. --' - > . » .“v..:. % 0-.-. : “ f .' . | Cl]l 1H8*|'NI[" | I. | L - | |
e R % e : . | . H OL7? Hel |NII? 1
¥ i - % = - 4 & . " HT]?_ CHE]I 4101 434% 44T 447 |4533-44 ‘ 42%161 4%‘%
Fin. 1.—FPhotogriph of the region conlaining the new X.ray position of Sco X-1, reproduced from the Palomar Ha HB 9 CII ,NIT
Sk Survey priots. The two enually probable Xoray positions are marked by crosses sorrounced by a rectangle of Hel Hel L?_'Sg.*’-‘:‘NOG‘;E_}_ES LDHS EQ%LES NIL? oI
L by 2 are mit, The objert deseribed in the text is marked will an arrow, The ldentifications of other stars for which Hell Hell g 451014 4830-55

photeelectric pholometey exists are also macked,

Sandage et al. (1966) 11



K-ray binaries

{ Shklovsky 1967 “Sco X-1 is a neutron star accreting matter from a companion”}

Birth of X-ray binary concept
but theoretically hard to understand !

Van den Heuvel & Heinse, 1972 Existence due to a substantial mass transfer
Tutukov & Yngelson, 1973 between the two objects




Low-Mass X-ray Binaries vs High-Mass K-ray Binaries

Massive stars
5| st o L . Beteigauss
- O/B spectral type | ' r (SUCERGIANTS
. y 4_Cmm»t_4:s
- High mass (>8 Me)
- High temperature (>10 000 K)

- High luminosity (>25 Le)

- Short lifetime (10-100Myr)

E.
=
=
-
=
O
0
-,
) —
)
O
L
E
=
1

- Mass loss plays a critical role

Wolf 369.
-
Proxima Cantaun

Sana et al. (2012) " " DX Gencr

More than 70% of massive
stars do not live alone and

: 30,000 10,000 6, [)'[)(] 3,000
experience mass transfer...

increasing surfac . ' i decreasing
e oot A surface temperature (Kelvin) temEerat




Low-Mass X-ray Binaries vs High-Mass K-ray Binaries

Low mass stars
: o
- G/K/M spectral type . JSUPERGIANTS
‘ , -_CIIIL":I}.J‘S
- Low mass (<8 Me)
- Low temperature (< 7000 K)

- Low luminosity (<5 Le)

- Long lifetime (> 1 Gyr)

30,000 10,000 6,000 3,000
<— Increasing surface temperature (Kelvin) ~ decreasing__,

tempearature temperature




Low-Mass X-ray Binaries vs High-Mass K-ray Binaries

Grimm et al., 2002

15



Gartography of HMXB

750001y

HMXB clustered
with star forming regions — \’7
(along the sp‘ir—*‘” rn & %

Coleiro & Chaty, 2013




Different ways of accreting matter

Accretion disc
Roche Lobe overflow
(for LMXB mainly)

Stellar wind accretion
for HMXB (in majority)

©
1.3 Mg
P

orp =1 days

17



Mildly relativistic large-scale jets
Viet ~ 0.1Cc t0 0.95¢C

18



guasar/microgquasar analogy

quasar 3C 223 1E 1740.7-2942

¥

10° light years

J

3 light years

J

19



MICROQUASAR QUASAR

Light-years

< 300.000 km/s < 300.000 km/s

Relativistic
plasma clouds

Relativistic ~1 04-5 yrs

plasma clouds

~1 day

Relativistic

Relativistic
= et

= Jet

ﬁotating Rotating
stellar mass supermassive
black hole Powerful X-ray olack hol UV and
emission optical
€missSion

\

Accretion disc

(~10° km)

\ Companion

star

Accretion disc
(~10° km)

Host
galaxy

Millions of light-years




Why studying them ?

~ Radio. X-rays ‘ [~ Radio, X-rays

Companion

X-rays,
star Yy

B visible,
Relativistic jet : then radio

Supermassive
. black hole

Stellar-mass
black hole

- (100km) 4
= Accretion disk ——

{1 billion km) Helium

“
g
N
<
S
S
Qo
<
S
S
=

Accretion disk
(1,000 km diameter)

Host galaxy Hydrogeni

Microquasar Quasar Collapsar

= a2
= =

Microblazar Blazar ﬁ? Gamma ray burst




studying stellar evolution

22



studying high-energy phenomena

23



Il. Multi-wavelength study of (high-mass) X-ray binaries
> Nature, evolution

24



Il. Multi-wavelength study of (high-mass) X-ray binaries
> Nature, evolution

HMXB in particular (stellar evolution)

25



Only a multi-wavelength approach enables to accurately identity X-ray
binaries

In the Galactic plane — high extinction = need infrared observations

26
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NTT/SOfl instrument
Near infrared (1-2.5um)

| Observations of 15




Observing constraints

- uncertainty on position

- Galactic plane location

- high density of sources

~1.8arcmin  S|it width = 1 arcsec
- low luminosity sources 10000 :

H20 =16mm

Spectra extraction

1000 L airmass = 1.5

100

- low signal-to-noise ratio

- IR sky emission

flux density (yfs/nmfarcseczfm 2)

- telluric absorption

I 1 1 1
1.0 1.5 2.0 2.5

Wavelength (gm) 29



: IGR J10101-5654

Spectra example

nIR (1 — 2.5 um) = detection of the companion and its environment
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IGR J10101-5654
H band spectrum

17500

17000

16000

Disk and cocoon of

180(

16500
Wavelength (A)

dust

recombination +
collisional excitation

+ forbidden lines +

IR excess
HI, Hel, Hell, Nal,

Fell, [Fell]

recombination + collisional excitation +

line-scattering + IR excess + free-free
HI, Hel, Hell, Mgll, P-Cygni profiles

30

15500

(BLTHE oo
(P-BIME === ===

(Pr6THE - === ===
(P-0ZME—f === == oo

0.4}
15000

0.8r
0.7
0.6/
0.5]

(syun Aseiyiqie) xnj4



Main results (Coleiro et al., 2013): In 2000 (Liu et al., 2000)
6% 8%
- 6 sgHMXB 0\“‘0 = sgHMXBs
N\
~e Bl @““ N “ BeHMXBs
0 g0°
- 2 sgB[e] HMXB AN Q(e Peculiars
- 3 unknown
Today i &
9%
“ sgHMXBs
- the number of sgHMXB has quintupled 42%
with INTEGRAL “ BeHMXBs
Peculiars

Need to be taken into account in
population synthesis models !

Co/e/ro et a/.', 2013 31



Gamma-ray binaries

Y jet termination shock
Y -
W
\sot Y
8 Q“
\ cke uisar Wi
0 A A,
S“s“ cked stelal WSS o accretion disc
massive star Se massive star m neutron star
(@@ =
= black hole
y’ P y g

Radiate mainly beyond 1 MeV (detected from GeV to TeV)
What are the main differences between these sources and
the « common » HMXB 7

32



Gamma-ray binaries

Y / \ jet termination shock

Y

..... accretion disc

massive star neutron star

or
black hole

relativistic jet

¢

Radiate mainly beyond 1 MeV (detected from GeV to TeV)
What are the main differences between these sources and
the « common » HMXB 7

33



Arbitrary units

Gamma-ray binaries
> Psn B1259 63 Chernyakova et al. (Co/e/ro) 2014
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Days from periastron



Arbitrary units

Gamma-ray binaries
> Psn B1259 63 Chernyakova et al. (Co/e/ro) 2014

3" HeEss1Tel) 1 | 1 .
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GeV emission related to a decrease of the disk size
probably due to the grawtatlonal influence of the pulsar
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GX 301-2
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GX 301-2
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GX 301-2




Galactic Latitude
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0°.02 | <15
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Galactic Longitude
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Galactic Latitude

GX 301-2

+00.0500°F P T e s : . s

]
— HI21cm
- - Spitzer 8 um
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o
+00.0000 0.8}
L
L]
d - - . S
P . 48
.
: £o06f
B & §
] S 5 0.41
- f -
7t b
~ N ’
-00.0500° = = :
- o ' 0.2
N
AN ez
0.0 R Y E—

0.5 1.0 1.5 2.0 ] 2.5 3.0 3.5
Angular distance (arcmin)

-00.1000° &

Coleiro et al., MNRAS, subm.
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The cavity might have been formed by the SN or the stellar
wind of the massive star(s)

45 —
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The cavity might have been formed by the SN or the stellar
wind of the massive star(s)
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— Stellar wind ; ,
40| — SNR Adiabatic phase |- e ] _
: &
Q)
)]
%)
2
Qc
; =
| =
T
I
5 2
: L)
: @)
O
0
10° 10 10° 10



43



GRS 1915+105

GRS 19154105 20cm 14125 MHz
1130~ | | I - | x I l éo I @i’ T IRAs 1912441106 &)
% o VLA-B 20cm -
‘o 15
® 0L 4
. ; § .
20 — 7y - g
\J S
S ol
B 10— -
é 15—
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Mirabel et al., 2015
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Radio image & Oetlc'al lrQage q" ‘.".;‘ 5 @
' :Red & H-a 3
bremsstrahlung bow shock front " Grean = [Q III]
gas Blu&r—v: ont

synchrotron
lobe

Gallo et al., 2005

collimated jet

Radio ring inflated by the inner radio jet
Bremsstrahlung emission from the shock where the collimated jet strikes the ISM
ISM = effective jet calorimeter = estimate jet power !!

Ratio of jet power to X-ray luminosity in the range 0.06 to 1.0 (8.10%°<Pjet< 1037 erg/s)

Accretion energy may be released through dark jets (=radiatively inefficient) 45



Radio image & Oetlc'al lrQage q" ‘.".;‘ 5 @
' :Red & H-a 3
bremsstrahlung bow shock front " Grean = [Q III]
gas Blu&r—v: ont

Gallo et al., 2005

collimated jet

Radio ring inflated by the inner radio jet
Bremsstrahlung emission from the shock where the collimated jet strikes the ISM
ISM = effective jet calorimeter = estimate jet power !!

Ratio of jet power to X-ray luminosity in the range 0.06 to 1.0 (8.10%°<Pjet< 1037 erg/s)

Accretion energy may be released through dark jets (=radiatively inefficient) 46



Il. Multi-wavelength study of (high-mass) X-ray binaries
> particle acceleration

Microguasars (LMXB and HMXB)

47



Microquasar discovery

namre

INTERNATIONAL WEEKLY INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

NASA/UMass/D.Wang et al.

Probing the heart of human serum albumin
Hox genes in limb development
Carbon nanotubes in bulk
Chemical replicators

Mirabel et al., 1992 48



Microquasar discovery

nature

INTERNATIONAL WEEKLY JOURNAL INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

Probing the heart of human serum albumin

Hox genes in limb development
Carbon nanotubes in bulk
Chemical replicators

Mirabel et al., 1992

NASA/UMass/D.Wang et al.
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Microquasar discovery

12-111-1224

Mirabel et Rodriguez, 1994

50



Microquasar discovery

= 0.92c at an angle of 70° to the line of sight
Mirabel et Rodriguez, 1994

51



Microquasar X-ray states
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2 types of jets

Compact jets: tens of AU Discrete jets: large scale - up to parsecs,

found in low/hard X-ray state produced at state transitions
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Jet formation mechanism not established yet
Find observational signatures to distinguish between:

-accretion disc rotation model (Blandford & Payne 1982)
-black hole spin model (Blandford & Znajek 1977) : based on the birth of a dense,
relativistic pair plasma in a strongly magnetized region
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* One of the most important uncertainty: jet composition !
* In nearly all cases: jet radiation = synchrotron (only requires leptons)
= not clear whether the jets are composed of et/e- or p/e-

» Two exceptions: SS 433 and 4U 1630-47:

Doppler-shifted emission lines in SS 433 jets Doppler-shifted emission lines in gas moving
at ~0.25¢ at ~0.7c¢ coincident with radio emission !

log F, |

55 433
1979 March 20 _
z = (0,090, -0.019})

Diaz-Trigo et al., 2013

. l |
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7000 200G

1 L

5000
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BUT detection of such “smoking gun” lines from jets having Lorentz factors well in excess of unity may be far

more difficult than in SS 433, as the lines are anticipated to be very broad...
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lll. The multi-messenger era
> How it will revolutionize the study of X-ray binaries and
transients in general

57






Leptonic processes ? -

Inverse_’Compto'n,:': |
Synchrotron
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K-ray binaries: neutrino emission models

Several models describe neutrino emission from X-ray binaries:

p-p or p-Y interaction between jet and matter/radiation from the
companion star or inside the jet directly:

See e.d. .

« Romero et al.: « heavy jets » with dominant p+p collision

[ evinson & Waxman; Aharonian et al.; Mannheim et al.: relativistic
jet interacting with dense photon field
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Basic ingredients if p-Y interaction

In small scales (<101 cm),
inhomogeneities in the jet cause
internal shocks

—— . o, .



Acceleration of protons and electrons
to a power-law distribution
(Emax ~1016 eV in jet frame)



b4
synchrotron

accretion disk

Protons interact with X-ray photons
from the accretion disk or with
synchrotron photons inside the jet



b4
synchrotron

Pion created with ~20% of the proton
energy (depends on the jet Lorentz
factor and on the kinetic luminosity of
the jet (which depends on the Lorentz

factor and the magnetic field)



b4
synchrotron

= neutrino emission

with energy ~5% of the proton energy



K-ray binaries viewed hy ANTARES

Comparison with model of Distefano et al., 2002

Circinus X-1 (neutron star + normal star)

Preliminary
10’7 ,,,,,,,,,,,,,,,,,,,,,,,, L ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
108 B ]
10° k ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
I I I I I
0.9990 0.9992 0.9994 0.9996 0.9998

B=v/c

I>22, 0 < 3° D=9.4kpc
(Heinz et al., 2015)

Preliminary

0.4 0.5 0.6 0.7 0.8 0.9
B=v/c

1.076<I'<5, O < 20°, D=7.8 kpcC
(Miller-dones et al., 2012)
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N-ray binaries viewed by ANTARES

Comparison with models

Cyg X-1 GX 339-4
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N-ray binaries viewed by ANTARES

need high angular resolution in radio domain

SKA in VLBI mode: sub-milli-arcsec resolution

-estimation of B=v/c and 6 (if distance is known)
+ spatial extension of the jet
+ polarization at different scales
+ proper motion (= exact timing of ejection event)
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Gamma-ray hinaries viewed hy Antares

Looking for a potential neutrino transient
emission in time coincidence with TeV S
gamma-rays: work in progress... I HESS. + +
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CTA: probing the VHE emission

Some key questions:

Relativistic outflows in binary systems with young
non-accreting pulsars (gamma-ray binaries):

need phase-resolved light curves and spectra
(especially at low flux !) + extended spectral range to
study connection to MeV-GeV emission and to constrain
the HE cutoffs linked to particle acceleration.

The accretion/ejection link in microquasars:
Determining the time variability of the TeV to X-ray
spectrum will help constrain the jet composition + link
between VHE and radio flares (requires monitoring + ToO
+ long term monitoring possible with sub-array obs.)

Collision of the outflow with the interstellar medium:
Need good sensitivity (~few 103 TeV s' cm (~one
order of mag. better than current instruments) + 1
angular resolution (+ possibility of probing the < 50 GeV
energy range)
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Multi-messenger strategy

> transient sources in the galactic center 2

Unknown transient radio sources in the GC: GCRT J1745-3009 and GCRT J1742-3001
— Hyman et al., 2005 and 2009
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Many X-ray transient sources in the GC:

from Sgr A*)

at least 4 X-ray Binaries within 1 pc from
SgrA* (Muno et al., 2005)
— transients are overabundant by a factor
of >20 per unit stellar mass within 1 pc of
Sgr A*

Sgravand & Swift 1745355285921
. SGRNTIS-290

d6 (arcsec

AX1745,6:2901

Swift )174553.7-290347

from Sqr A*)

d6 (arcsec
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Multi-messenger strategy

> transient sources in the galactic center 2
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Multi-messenger strategy

> transient sources in the galactic center 2
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e Time domain astronomy will revolutionize the study of
transient sources (SVOM will have a crucial role 1)

e X-ray binaries are extensively studied all over the
electromagnetic spectrum

* Multi-messenger strategy are becoming a reality and
present a important potential to further understand
these sources and the acceleration of particles in the
Universe...stay tuned !
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