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Stellar evolution

108

® HR diagram describes the
evolution of a single, isolated 10*
star... "

102
® _..however, most stars belong

to multiple systems: +70% of
massive (OB) stars experlence
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Stellar evolution

—
Stars with more than 8
Stars with 4-8 times the times the mass ofthe Sun

Stars around the same mass of the Sun

mass as the Sun

® White dwarf

Eventually become
heutron stars Eventually become
black holes

Eventually become
white dwarfs
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Accreting binaries
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e 250 LMXB (60%):

Accreting binaries

.,./J'et e |
| Acérgtioh. : - h : i X-’r-ay heatirig

e Accr.'etio"n' IR \ |

Companion star later than B
(M<IMsx)

Mass transfer: Roche lobe filling
(accretion disk)

BH/NS LMXBs (Sco X-1...)

XTE J1118+480 XTE J1859+226 - 9
. : GRS 1o00_45 GRS 1 oi_gay  SAX J1819.3-2525
Microquasars: jet sources - B Bics -

GS 2000+25 H1705—-250

GRO J1655—40
A0655—oo GRO J0422+32 L X
4U 1543-47
GX 339-4 3 XTE J1550-564
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Accreting binaries

o 167 HMXB (40%):

® Donor: Luminous early-type OB companion
star (M>10Mx)

® 3 types depending on mass transfer:

e BeXB (40): direct accretion from Be IlI-V star
decretion disk

o sgXB (36):spherical accretion from sg /1l stellar
wind (500-1000 km/s) with CO in circular orbit,

® RLO (5): Beginning Atmospheric Roche Lobe
Overflow

Chaty 2013

Spherical accretion

The accretion mass
rate ncreases

«— \g/
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A transsent accretion disk Is formed

o Companon evoived 1o 1ill

critical potential lobe

o P=p, <10?

e« Circular Ortnt

o Echpses Likely

o 'Steady” X-ray emissicn

« Moss teansteri1d -15°H°y€1|
by Roche lobe overtiow,
stellar wind or both




Roche-lobe overflow HMXB: Microquasars

THEMA

LEXIQUE

Ftoile &1 neutrons
_Baptisée HD 226868 dans le Astre Issu de Ceffondrement

catalogue stellaire Henry u caeur d'une étoile massive.

LEVAMPIREETLA 3 r— . | EEEE
GEANTE BLEUE

o wrons.
srvtatiomelle i 20 et 30 masses solaires pour e
noir déforme Uétaile :

] un rayon 16 fois supérieur Naine blanche
compagne, qui prend .
. ind- ire : = Caspect dun euf dont le S ldiuisclelLElle est 300000 Etolle en fin de vie qul, aprés
Cygnus X1, c'est la fin d'un couple stellaire : une supery b hw’:poi,.m est dirigé 4400000 fois plus brillante avoir épuisé son combustible,
géante bleue lentement dévorée par un trou noir, issu de vers e trou noir. ue celui-ci. s'effondre sur elle-méme.

g . P ; » Les plus massives d’entre
l'effondrement d’'une étoile massive. De leurs échanges, - - .“"ph.,lu.m ‘en étoiles &

nous ne percevons que des bouffées de.rayons X émis par - neutrons ou en trous nolrs.
la matiére avant d'étre avalée par l'astre compact. Géunte bleue
4

Etoile de 10 masses solaires
et plus, trds chaude et lumi-

quelques diz
dannées, avant d exploser en

N supernove.
g [ETSH La partie externe du q
Toute la matiére 'est pas absorbée « disque est plus froide et Trou noir
: par le trou noir ; 10 % sont expulsés tourne plus lentement Astre dont la gravité est sl
sous formedde jets. Les particules que son centre. i ' ‘matiére
4 Légeres (surtout des électrons) nl lumidre ne peut
'LETROUNOR suivent des lignes de champ &chapper, Cos astres Invl-
N magnétique et sont propulsées sibles ne se détectent que par
ILn"a pas de surface, et dans Cespace & une vitesse proche leurs effets sur leur environ-
dans un rayon infime, de celle de a lumiere. nement — par exempls, la
concentre l'équivalent d& ' matlére qu’lls vamplrisent
15 masses solaires. C'est e & twns X

le vestige d'une étoile riére orbite stable, celle

supergéante d'au moins 2 matbre tourne encore trés
40 masses solaires qui, en ) ent avant d'approcher

quelques dizaines de . orizon des événements.

millions d'années, a perdu Gaz de ['étoile

beaucoup de masse, dont atins pagley

' trou noir

une partie a probablement

été accrétée par l'étoile
Son diamétre est 102 15 fois
celui du Soleil. IL est trés fin et
visqueux, mais n'est pas
homogéne. Le frottement des
particules, qui engendre des
températures de 102 15 millions
de degrés, est responsable de

| PERTE DE MASSE lintense émission de rayons X.

Uétoile perd de sa masse sous deux
formes : du gaz et in vent de
particules. Une quantité constante du
prener passe vers le disque
d'accrétion, tandis que le vent stellaire,
. qui souffle dans toutes les directions,
est dintensité variable.

C'est le bord du trou noir, (a ol

La matiére la matiére tombe en chute libre. La distance entre le trou noir et
tombe en et disparait dans le trou noir. U'étoile compagne est faible :
spiralant vers ILtourne trés vite sur lui-méme : moins de 30 millions de

;! le trou noir 800 tours par seconde ! Son kilométres, soit le cinquieme de

rayon est de 50 km. la distance Terre-Soleil.

Le disque d accrétion
commence la oi linfluence
gravitationnel du trou noir
prend le pas sur celle

de Uétoile HD246868.

NoveMgRe 201 | m— — | NOVEMBRE 2016



Stellar evolution
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Neutron Star [¥

Supernova

10*
Temperature (K) Massonneau, Chaty, Fortin, 2017




iting binaries

in evolution of binaries

€S

tribution of HMXB

® VI|. Conclusions

S. Chaty



Binary evolution

® Binaries evolve and eventually
merge...

® |eading to gravitational wave
(GW) emission, such as the
events detected by LIGO/




Gravitational wave
detectors

® ||GO (US):4 km-arms
® Virgo (EU): 3 km-arms

Signal

° non perturbé
.. Miroir >
Miroir B N/

semi-refléchissant \/

! .‘l\ I|Y( \\\
Capteur -

Détecteur

Signal perturbé
par le passage
d’'une onde
gravitationnelle

Miroir

Miroir

Un jeu de miroirs

L'interférométrie laser consiste a détecter d’infimes
variations de distance engendrées par la déformation

de la Terre au passage d’une onde gravitationnelle.

Le laser (1), séparé en deux branches (2), est piégé entre des
miroirs (3), puis reconcentré vers un capteur (4). Si les longs
bras de l'instrument sont déformeés (de seulement 10'* m),
des interférences apparaissent.

INFOGRAPHIE : HENRI-OLIVIER



A serie of G\
events

. GWI150914:B !3|'—;|_f3"e

o LVTISLOIZ BBH 2

» . 'u. "“

.. GWI5I226 BBH M

e

GW170104
LVT151012

GW151226

\

GW170817

© GW150914

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)

_LIGO Hanford Data (shifted)

LIGO lemgston Data

| |
0.30 0. 35 0.40 0.45
Time (sec)
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Masses in the Stellar Graveyard

In Solar Masses

LIGO-Virgo Black Holes °

X-ray Binary

o ) O o Black Holes
oo ©
o ()
Known Neutron Stars
. . . e . e ", e e, .
. e o o ¢ ° o o )
~ e ® e e - ~ ~ ® ® o000 © e °
. . L olsle o® ... e .. . L

[ ] L
LIGO-Virgo Neutron Stars




Fundamental questions

® How do binaries evolve from formation to merging?

® How to estimate the rate of mergers?




Binary evolution

e 3 different possible channels:

® |.Classical isolated (90%)

® ). Homogeneous mixing of
over-contact stars,
simultaneous evolution (10%)

e 3.Tidal capture in dense ..
clusters (0.1%) «®

S. Chaty



Binary evolution

® Main channel to coalesce
within Hubble time
(classical isolated, Tauris+2006)

® Evolution: mass ratio,
orbital separation, stellar
wind... Begin with: stars of
mass <| or >|10Ms

® Common Enveloppe Phase
occurs after HMXB /
before LMXB

[7

® End up: binaries WD+NS, 4
NS+BH, BNS, BBH MRE S eV NS+NS

S. Chaty lvanova+2013



Binary > -
evolution: LMXH

® Formation with stars of mass <l Ms
-> Roche lobe overflow

® |t goes through and survives (?)
common envelope phase

® After SN, the 2nd star evolves

® Short Porb ~ 1d LMXB (while initial
systems have long Porb!)

® they end up as binary systems

NS+WD [7

EBegg o

4

— y NS+NS
S. Chaty lvanova+2013

MSP + He WD



Binary
avolution: HMXE

® Formation with stars of mass> | Ms
-> Roche lobe overflow

® After first SN, the second star
evolves

R«'/

HMXB ‘m

® |ong Pob ~ 100d HMXB requires
initial systems with short Porp, ~ 10d

gL.

A —— - — - =g T ol .

® |t goes through and survives (?) |
common envelope phase VIXB CE

Ppr e - T e T P i gt

® After 2nd SN, it ends up as close

eccentric binaries (BNS, BBH or NS/ i moam V
; .G »
BH) : 4

MSP + He WD ;» | NS+NS

S. Chaty B —
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Evolution

|

¢ ®
« Classical isolated binary evolution » He-star @ O ' ' .
N\ | P |
| 20

” 4
'3
I
)

"

Common Enveloppe Phase occurs
after HMXB! (but before LMXB)

Long Porb (> 1yr) HMXB will go
through, survive CE, later double NS
merging in BH

But short Pory (<lyr) HMXB will not

go through, not survive CE!
(Tauris+2017 Ap))

Tauris+2017 Ap]

CE

NS +

He-star

Case BB
RLO

Ultra-
stripped
SN

% recycled +
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3 uncertain steps in
binary evolution

.
® |.Natal kick (systemic
velocity at SN) B
(Mandel+201 6) p— —

® | eading to: disruption or
gravitationally bound
binary system!?
(Mirabel+2001)

S. Chaty
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3 uncertain ste
binary evolut

® ) Stellar wind strength

Vink et al. (new)

Time (Myr)
Zero-age main sequence

0.0000 | MS 2,463 0.15

Roche-lobe overflow

2,140 0.00

vs metallicity (Kudritzki+2000)

Massive stars losing
most of their mass!

Extrapolate to low-
metallicity galactic
environments =>

Leading to merging!
(Belczynski+2016)

He star 39.0M,

Direct collapse

He star 36.8Mo

He star 34.2M

Direct collapse




Ly/Lo

Stellar winds across the H-R Diagram

L) ' L) L 1 L) Ll

—

Massive sta

= winds

—  log M, My/yr
-4

-6
-8
-10
-12
-14
-16

radiation-drive

L ' g | Ll

Solar-type stars:
coronal winds

T

L)

(driven by MHD

turbulence?)

' L] 1

3o/ luminous
stars:

driven winds?

pulsation/dust-

10

I =30 ¢
104

Tegr (K)




3 uncertain step
binary evolug

® 3.Common Enveloppe
(CE) Phase

Star evolves in red giant, radius
increases, Roche lobe overflow
(RLOF) ), enveloppe engulfs
companion star, drastic tightening
of binary orbit, by viscous
dissipation of angular momentum

Leading to: ejection of enveloppe

or merging of both components?
(Paczynski+1976;Webbink 2008,
lvanova+2002)

® How many systems do survive!

stable RIOF 4+ CE (mass ratlio < 1.2 - LS)

stable RLOF

plunge—in

loss of corotation

surface, m=1.6 M,

..............
--------------------
-------
::::::
ey

ey
.
::::::
‘e
e
D

________________________

B e e e e e e - = =T

______________________________

Fig. 2 The main potential phases of a CE event prior to the envelope ejection or the merger. This example
is for a 1.6 M, red giant and a 0.3M WD, using data from one-dimensional hydrodynamical simulations
in Ivanova (2002). Not all phases are expected to happen during all CE events. The dashed lines represent
locations at fixed mass coordinates, and the dotted line shows the location of the in-spiralling secondary

short-period sd B binary with He WD com panion

@ e



Rate of
mergers

® Using sensitivity curve
from LIGO/Virgo:

® constrain mass/spin of
binary components

CW151256 o
GW150914 O1 upper limits

LVT151012

® estimate rate of compact
object mergers (BBH,
BNS, NS/BH) leading to
GW detections: MWV-
like, rate ~1-20 fusions/ T
Myr! (Belczynski/2016) : sandard model

0 20 40 60 80 100 120 140 160 180
total redshifted binary mass [M]
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S. Chaty



Plan
ing binaries
ing binaries

~m evolution of binaries
e ——

. VMlbutlon of HMXB

® VI|. Conclusions

S. Chaty



The INTEGRAL A
legacy (1) ” \

® |NTEGRAL revealed 2 new
categories of HMXBs:

® Obscured (persistent) 1
sgHMXBs: N >1023 cm; A
short Porb = 3.7-9.7d; Lx = S LD
1036 to 1038 erg/s; O8-Bl 5 . - e
companions

® Supergiant Fast X-ray
Transients (SFXTs): fast and
intense flares

S. Chaty ChayEsA .. - Chaty2013



-Bird et al. 2016 =This study

The INTEGRAL
legacy (ll)

® |NTEGRAL (ESA satellite)
quintupled the population
of known sgHMXB (7-> 36)

HMXB
Fortin+2018

w sgHMXBs w sgHMXBs

“ BeHMXBs “ BeHMXBs
49%

Fig. 8 Left panel: fraction (in percents) of confirmed (with spectral type) sgHMXB, BeHMXB and peculiar HMXB (such as B[e]HMXB) in|Liu
2t al| (2000) catalog. Righs panel fraction (in percents) of confirmed (with spectral type) sgHMXB, BeHMXB and peculiar HMXB (such as
Ble]HMXB) to date.

S. Chaty Coleiro+2013, Chaty 2013
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10 1 L il
10° 10" 1
Po (days)

Corbet 1986

NS-HMXB systems!

Be: correlation NS Pgpin a (Porp)?
Roche-lobe overflow

sgXBs: no transfer of ang mom
Porb<lyr do not survive CE!

S. Chaty

T 1 1

Spin period, P.,.. (s)

The Corbet Diagramme revisited by INTEGRAL

101 102
Orbital period, P, (days)

Chaty, AdSpR, 2013




NIR spectrum

O bscured s g HMXB: Cortesd i) —o—
IGR |16318-4848

s

VLT/VISIR Spitzer

® HMXB: strong emission lines, MIR excess

MIR excess
Wavelength (Angtrom)
o . S | 024 9 ;
Very absorbed: NH >1024 cm T ———————
. 3 : Spectral Class
® |onised (H/He) wind 400 km/s \ &

® Shocked [Fell] and dense (>10°-6cm-3)
regions: Nal, Ne, Si...

Luminosity (Selar

® | uminous sgB[e] star with stratified T -
circumstellar enveloppe: o S
106 Ly, 30 Mxy, 22 000 K, 20 Ryx = 0.1 au e e
30,000 20,000 10,000 5000 3,000
Temperature (Kelvin
S Gl

Filliatre & Chaty 2004 Ap)



Obscured sgHMXB:
IGR |16318-4848

® Herbig Ae/Be models: torus geometry (VLTI)

e Disk rim:T = 5 500K, Thickness: ~0.7 R Rl T P
Chaty & Rahoui 2012 Ap)

® Warm dust shell at 900 K, Rq= 12 R+
® CO orbits within dense disk rim (Por, 80d?)

® Evolution: transiting to RLO -> deep spiral-in: pre-CE phase

® [f CO=NS :short Porb HMXB will not survive CE => ideal :
Thorne-Zytkow candidate! (Tauris+2017 Ap)) ..............
® [f CO=BH with q<3.5 : HMXB survives spiral-in =>WR-XRB,

Porb~days (van den Heuvel+2017) L *

® BH/NS binary -> Ideal candidate merging progenitor? L

S. Chaty yer § Aul 2017
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The Milky

o | MXB (old stars) in R _ ' B 4 e .
Galactic bulge, ERETRAC .

migration off the plane -
(Ib[>3-57)

Ard IBISSISGRI catalog
IBIS survey team

- L L] o iy -
. - 5 - . =
. . ’ . L]
. L] 1 -l - # .
*s . *
L] L]
‘ L]
. ]
L
-
L] -
-
- L

INTEGRAL satellite
Bird et al. 2010




Galactic distribution
of HMXB

® Fit (distance,A) of 46
HMXB on 4-spiral arm
Galactic model

® HMXB clustered with Star
Forming Complexes (Russeil 2003)

* <size>=0.3 kpc
<distance>=1.7 kpc

® HMXB remain close to their
birthplace!

S. Chaty



Galactic distribution
of HMXB

® Taking into account the
Galactic arm rotation

e => HMXB distribution offset by ~107 yrs

wrt spiral arms (delay between massive
star birth & HMXB phase -10° yr-)

® => migration distance & |(iC|( (50-90 km/ S) SOURCE NAME  AGE (Myr) MIGRATION DISTANCE (kpc) UNCERTAINTY
B

1A 05354262 80 © 0.10 0.30

° N ” 1A 1118-615 80 0.088 0.56

EXO 03314530 60 0.25 0.080

ew Ste a‘r Pa‘ramete rs GRO J1008-57 40 0.07;)1 0.15

% h G i ' GX 304-1 40 0.048 0.59

H 1417-624 20 0.20 0.39

Wlt a’a . PSR B1259-63 60 0.037 0.51

RX J0440.94-4431 20 0.011 0.17
RX J1744.7-2713 60 0.10 1.0

Supergiants
4U 1700-377 80 0.15 0.28
IGR J16465-4507 20 0.087 0.052
IGR J18410-0535 60 0.013 0.11
H 1538-522 20 0.14 0.52

S. Chaty 37 Coleiro & Chaty 2013,Ap]



Statistics

® ~20 000 O stars in Galaxy, 33% within double systems
evolving through enveloppe stripping (sana+2012)

Assuming 50% of these systems (~1500) survive natal
kicks (close orbits) and massive star last for ~107 yr




The future of gravitational waves #

Stochastic
background

Massive binaries

aLIGO (O1
AIco
Extreme mass

ratio inspirals GwW150914
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Conclusions

® Binaries: LMXB & HMXB e S A e

® Evolution: HMXB are the best =~ & S - case o
candidates for TZO or; if they ;
survive the CE phase, DNS and = s S
merging imm :

, THE MOST OBSCURED -
® The INTEGRAL revolution: HIGH ENERGY SYSTEMS™

quintupled the number of sgXB PracR- TR as

BY SYLVAIN CHATY

® (Galactic distribution: | .
HMXB correlated with SFC - B9

=> age, migration, kick...

S. Chaty 41



