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Accreting compact objects in the HE sky



The region near the Galactic center in X-rays
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The sky in soft X-rays (0.2-12 keV : XMM-Newton)
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The sky in hard X-rays (14-195 keV : Swift/BAT)
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The sky In high energy gamma-rays
0.1-100 GeV ; Fermi/LAT
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Main classes of accreting compact objects



Accretion in compact binary systems

Cataclysmic variables (CV) and X-ray binaries (XB) [XB: Lx=250 to 25000 Lo]

1 = compact object: WD ina CV - NS or BH in a XB
2 = companion

Classification: based on the mass rafio companion / compact object g = M2/M1

HMXB : 2 = O, B star or blue supergiant: M2/M1>1 [T= day to year]
- X-rays: bright source(accretion)
- Visible: emission is dominated by 2 [Lv ~10" fo 103 Ly]

- examples: Cyg X1, Vela X1, ...

LMXB : 2 = main sequence star or WD : M2/M1 <] [T= 10 min to 100 days]
- X-rays: bright source (accretion) v
- Visible: emission is fainter than in a LMXB (visible < 1% total) ¥ [Lv ~102to 103 L]
- LMXB are more frequent than HMXB
~ 100 LMXB in the Galaxy, 30 % in globular clusters

Additional classification: based on other phenomena

* Novae, X-ray bursts: CV or XB with thermonuclear
explosions on the surface

* Microquasar: XB with relativistic ejections
examples: GRS 1915+105, Cyg X1




Active Galactic Nuclel (AGN)

AGN: supermassive black hole + accretion disk (+ outflow/jet)

Classification:
- Radio-quiet AGN: emission from jets/lobes is faint

Seyfert galaxies: - narrow emission lines in the nucleus
- strong X-ray emission
- possible radio jet
- host galaxy: usually spiral/irregular
- sub-classes:  Seyfert 1 = strong broad emission lines
Seyfert 2 = no such lines

Radio-quiet quasars: same as Seyfert galaxies, but brighter

- Radio-loud AGN: emission from jets/lobes is bright
(strong interaction with the external medium) ELTAR

Starburst galaxies: Radio Galaxy

strong star formation, very bright IR emission

Lobe
I |

Radiogalaxies:

usually elliptical, >
no emission lines like in a Seyfert galaxy f

with a jet in addition

Radio-loud quasars: like a radio-quiet QSO, T

Hot Spot  Counter Jet  Core

Jet

Hot Spot



The central region of an AGN

Two radio loud AGN
(radio-galaxies)

NGC 4261

Msmern ~ 4 108 Mo
Rs ~ 8 AU << 400 ly

Radio Galaxy 3C31
NGC 383
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YLA 3.6cm radio image
on HST WFPC2 optical
copyright (c) NRAO 1998

HST Image of a Gas and Dust Disk

Core of NGC 421

380 Arc Seconds - 17 Arc Seconds "
88,000 LIGHT-YEARS 400 LIGHTYEARS
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Supermassive black holes with a weak activity
Milky Way: supermassive black hole at the center (SgrA*) - M ~ 4 106 Mo

Orbit S2:
Period: T= 16 yr
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Accretion: orders of magnitude



Accretion: luminosity
Maximum luminosity that can be extracted via the accretion process:
Compact object:

Accretion luminosity (not necessarily radiated):
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R ET VA
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Maximum luminosity that can be radiated from a static atmosphere:

Eddington luminosity: = corresponding limit on mass flux

47tGMmpyc M
Lpgg = ——— P~ ~ 3.4 x 10* (M) Lo

oT ®




Accretion: luminosity
Maximum luminosity that can be extracted via the accretion process:

Accretion luminosity (not necessarily r(c::\cyaied)
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Accretion: luminosity
Maximum luminosity that can be extracted via the accretion process:

Accretion luminosity (not necessarily radiated):
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G
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~ 10-5-103 Mo/yr
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, ) 320 EM' . , i — ) Le (NS)
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Maximum luminosity that can be radiated from a static atmosphere:
Eddington luminosity: usual sources are well below this limit
4tGMmypc

M
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Accretion: spectral range

Accretion: spectral range of the emission (optically thick regime)
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Accretion: spectral range of the emission (optically thin regime)




Accretion: spectral range

kT

Expected speciral range for usual sources:

Accreting white dwarfs (CV): 1 eV — 10 keV
visible/UV to X-rays

Accreting neutron stars/stellar mass BH (XB) : 0.1 keV — 100 MeV
soft X-rays to gamma-rays

Accreting supermassive black holes (AGN) : 1 eV — 100 MeV
visible/UV to gamma-rays




AGN: « blue/UV bump »
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Direct accretion: Bondi-

loyle



Direct accretion: Bondi-Hoyle-Littleton

external medium at rest
mass density  Poo

sound speed Cs __

spherical symmetry
+ steady state

What is the mass flux?e




Direct accretion:
Bondi-Hoyle-Littleton

M, hiot and 7 : fixed.

Each line: a different value of K .




Direct accretion: Bondi-Hoyle-Littleton

Bondi-Hoyle accretion: mass flux

2210 Pntpge ! (M) (R (Ll )

lecm—3 10 km.s—1

Direct accretion is not efficient and cannot reproduce the observed luminosities
from CV, XB or AGN.

Bondi-Hoyle accretion gives the right order of magnitude for quiescent black
holes such as SgrA* (assuming a low radiative efficiency).



Accretion in a binary system: from the
companion to the compact object



Accretion in a binary system: geometry

e Close binary: circular orbits
(tidal effects)

Q—M

< >
Separation : a = a;+az

e Third law of Kepler: M, >1/3

1A.U. (1+¢)Y/3 <1M®

3.5 % 10%km (1+¢9)"/ (
2.9 % 10°km (1+¢9)"/ (



Accretion | ——
IN a binary system: '
Roche lobes

M2
(companion) (compact objex

l l

T

Center of mass

Corotating frame x/a
q=M2/M1=1,0




Accretion
IN a binary system:
Roche lobes
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Accrefion 2
IN a binary system: '
Roche lobes

_ 2 ] ] i 1 | ] ] ! | |

Corotating frame x/a
g =M2/M1 =0,9



Accretion | —
IN a binary system: '
Roche lobes

— 2 | | | | I | | | i I | | | | I

Corotating frame x/a
g =M2/M1 =0,8



Accretion S —
IN a binary system: '
Roche lobes
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Corotating frame x/a
a=M2/M1=0,7



Accretion >
IN a binary system: '
Roche lobes

— 2 | | | | l | | 1 | I | i | | I

Corotating frame x/a
g =M2/M1 =0,6



Accretion >
IN a binary system: '
Roche lobes
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Corotating frame x/a
g =M2/M1=0,5



Accretion >
IN a binary system: '
Roche lobes

— 2 | | | | I | | | | I | | | | l

Corotating frame x/a
g = M2/M1 =0,4



Accretion >
IN a binary system: '
Roche lobes
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Corotating frame x/a
g =M2/M1 =0,3



Accretion >
IN a binary system: '
Roche lobes

— 2 | i | 1 I | 1 | | I | | | | l 1

Corotating frame x/a
g =M2/M1 =0,2



Accretion S —
IN a binary system: ' '
Roche lobes
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Corotating frame x/a
q=M2/M1=0,1




Accretion
IN a binary system:
Roche lobes

M2/M1 = 0,5)

Corotating frame (here g

Size of the Roche lobe

of the companion :
(approximate formula
given by Paczynski)




Accretion in a binary: companion filling its Roche lobe®?

e Approximate size of the Roche lobe of the companion:

e The mean mass density within the companion’s Roche lobe depends only on
the orbital period:

—2
0.11 x 10°kg.m > (>

1h

 |[f the companion reaches the density above, it fills its Roche lobe:
For a main sequence star:

o~14x10°kgm™3 (M/Mg) 2

M, ~ 0.11Mg, (T/1h)




Detached and semi-detached systems:

oot of compact Sta,
4 oroit of CoMpacy Sta,

Rroche lopg

Accretion disc

Compact star

Stellary wind

(b) Semi-detached system:

(a)Detached system: stellar wind Roche lobe overflow




Accretion in a binary system: Roche lobe overflow
Shape of the Roche potential in the vicinity of the Lagrange point L;

Corotating frame



Accretion in a binary system: Roche lobe overflow

Semi-detached systems: mass flux through the Lagrange point L;

TP €S 8 s 2
1~ X~ I I -
m — 2K Q2 — 10 M@ -y ( 1 h) Main sequence star :

Ts, ~ 3000 — 4000K csx ~ 5 — 6km.s™!

0y ~ 103 kg.m ™3



Accretion in a binary system: flow through L;

MOSS ﬂOW Through The LOgrOnge pOIrTI- I—] Fig. 1.6. A representation of mass flow through the L,-point. Star 1 on

the left overfills its Roche lobe and so its surface potential lies just above
the critical potential through L. Matter on star 1 near the L,-point
therefore flows down into the potential well of star 2. The flow speed

at the L;-point is roughly sonic and the flow is deflected by Coriolis

force.

Corotating frame



Within the Roche lobe of the compact object

Mass flow within
the Roche lobe of
the compact object

Corotating frame
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Initial wvelocity |
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#=0600 -
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Fi1G. 4. Particle trajectories in the orbital plane corresponding to thermal evaporation from
the inner Lagrangian point for a mass fraction of 0-6. The bounding curve represents the
Roche equipotential through Li. Note that the trajectories cross before reaching the region
of hot spot formation, which is ra = o-10 for this mass fraction.

(Flannery 1975)



Circularization around the compact object: disk
Characteristic radi:

a= separation
b1 = distance Li-compact object

R1,R2= radii of Roche lobes

©
N
7))
-
®)
©
n'e

Reire=circularization orbit




State state geometrically thin/opftically thick disk theory

Steady state + axisymmetry

GM

VT2 + 22
+ geometrically thin assumpfion h(fr) <Lr

+ neglecting the disk self-gravity (I)(n z) —

averaged quantifies:

Compact object
mass M



State state geometrically thin/opftically thick disk theory

(1) Mass conservation: 1M = —QWTZQ_JT = Cst



State state geometrically thin/opftically thick disk theory

(2) Leading orders in Navier stokes equation: Velocity: ‘UZ‘ Y ‘UT‘ < ‘U@

G Mr?

r2 4+ z2)3/2

\/ GM
Vg = in disk plane (z=0]

r

v, 0% N
N ——= ~ w quasi-keplerian disk: vy ~
or (




State state geometrically thin/opftically thick disk theory

(2) Leading orders in Navier stokes equation: Velocity: ‘UZ‘ K ‘UT‘ < ‘U@
GM 0=~ /M
(r) = quasi-keplerian disk: Vg = r r
r [ =rvg =1r°Q ~VGMr
o ol 190 53 0f)
) pUp— ~ —— | prro—
"or — ror \"7 or
o 10 (. 500
m angular momentum transport > U,. — 2UT
8T r Or or
3 O

Y0l)

Uy

El(?fr(



State state geometrically thin/opftically thick disk theory

(2) Leading orders in Navier stokes equation: Velocity: ‘Uz‘ << ‘vr‘ << ‘2}9
GM 0=~ /M
(r) = quasi-keplerian disk: Vg =~ r r
r [ =rvg =1r°Q ~VGMr
_ 3 0 (570)
(6) = angular momentum fransport U, = 1%
" >l Or
10P 09
(2) P ~ 8— = hydrostatic equilibrium in z direction 1 P G M
p o< < hydrostaticdisk height scale: —— 3 h
h p r
CS,T
5 P h ~ —
«isofthermal sound speed». Cg 7 — — ()

p



State state geometrically thin/opftically thick disk theory

(2) Leading orders in Navier stokes equation:

e 0=~ /M
(r) = quasi-keplerian disk: Vg =~ r r
r [ =rvg =1r°Q ~VGMr

_ 3 O (1)

(0) = angular momentum transport UV, = 1%
" >l Or
T CS,T _ A

(z) = hydrostatic equilibrium in z direction  h ~ é fhen: p o~ % etc.

A posteriori check: \vz\ Y \vr\ < ‘U9|



State state geometrically thin/opftically thick disk theory

2
df)
(3) Energy dissipation in the disk (viscosity) p\Ijvisc ~ OV (frd— (power/volume)
T

O 2
D(T) ~ MU <ri—r> (power/surface)



State state geometrically thin/opftically thick disk theory

. T ds?
(3) Energy dissipation in the disk (viscosity) D(r) N rd— (power/surfoce)
(A
. . _ 3 0 ,_
Equation of fransport of the angular momentum can be integrated: v, >~ S (Xl)
m 5 d§2
K [(r) ~ Sir’ —
2T dr

Integration constant?
We assume that the rotation of the compact object is well below the Keplerian limit

GM
Q < R3 Then: boundary layer between the disk and the compact object
() decreases from the Keplerian value to (), from R, To R

ds?
Inner radius of the disk defined by —— (Rmin) — (0

dr

Constant: [ = m [ (Rmin)
2T



State state geometrically thin/opftically thick disk theory

T [ dY’
(3) Energy dissipation in the disk (viscosity) D(r) ~ M rd— (power/surface)
T

Equation of tfransport of the angular momentum can be integrated:

m _ 5dQ m
= N K= — min
K 27Tl(fr') YT - 27TZ(R )
 om [ URuw)]  m | ro\ Y2
Yo~ — |1 ~ — |1 —
3T | [(r) S Rmin




State state geometrically thin/opftically thick disk theory

T [ dY’
(3) Energy dissipation in the disk (viscosity) D(r) ~ N rd— (power/surface)
7/)

Equation of tfransport of the angular momentum can be integrated:

o om [ (Rl ro\ Y
Y~ — |1 ~ — |1 —
3T | [(r) S Rmin

This gives the radial velocity:

~ 3 U r —1/2 3 r
Up >~ —=— |1 — ~ — —
27 Rmin 2 tvisc

2

r
Viscous time: {50 = —
1%



State state geometrically thin/opftically thick disk theory

T [ dY’
(3) Energy dissipation in the disk (viscosity) D(r) ~ N rd— (power/surface)
7/)

Equation of tfransport of the angular momentum can be integrated:

o om [ (Rl ro\ Y
Yo~ — |1 ~ — |] —
37 Z(T) 37 Rmin

SGM . —1/2
This also gives the dissipated power: D(T) = 4 3m b <RT >
wr

After integration over the disk:

R [

max G Mm R, R,

Lyisc(r) = / dr 27 D(r) = 1+ \/ min g ) o
Rmin 2Rm1n i Rmax R




State state geometrically thin/opftically thick disk theory

(3) Energy dissipation in the disk (viscosity)

D(r) ~

LViSC

3G M

A

 GMin
N 2}%min

for Rmax > Rmin

Optically thick disk: thermal radiation D(T) — 2 X O'TéL (7“)

Surface temperature:

Ts(r) ~

3G M

STors

1—<T
Rmin

>1/2

1/4



Emission from the accretion disk

Multicolor spectrum:

F|arbitrary units]

10-1910-2 10-8 10-7 10¢ 10-5 10-4 10-3 0.01 0.1

h V/ k T thick




Spectrum of the black hole candidate Cygnus X1

PR | Ll L A PR . PR i L L PR |
100 1000 1 100
energy (keV) energy (keV)

Fig.7. Epoch 2 unabsorbed EF(E) spectrum of Cygnus X-1 along Fig.5. Epoch 1 unabsorbed EF(E) spectrum of Cygnus X-1 along
with the best-fit model described in Table 2 with the JEM-X, SPI g the best-fit model described in Table 2 with the JEM-X, SPI and

and IBIS (ISGRI and PICSIT) data. Dashed: Disc. Dotted-dashed:  1gg (1SGRI and PICSIT) data. Dotted: reflection. Long dashes: comp-
Gaussian line. Dotted: Reflection. Long dashes: Comptonization. tonization. Thick: total model.

Thick: Total model.

« Soft » state « hard » state

Observed spectrum : multi-components
(nhon-thermal process, corona ¢ jet ¢ etc.)

_ 2
Change of spectral state = change of flow geometry & (Cadolle Bel et al. 2006)



s IT Independent of the viscosity?

No: the viscosity is hidden in the mass flux...

Problem: what is the viscosity?

a prescription: 5(7“) — h(?") Esz(r)
(Shakura & Sunyaev 1973)

Physical prescription? turbulence, MRI, ...

m = —27rv,

2

Cst
3 T
2 tvisc



Full structure of the disk

—27r2.0 = cst,

Add: EOS + opacity

Limit of the thin disk solution:
m << Medd




Full structure of the disk

Dominant term:
EOS & Opacity

| IIIIIlIl

| IIlllIIl

FOS: P = Pih+Prad

| IIIIIIll

Gas pressure
Kramers opacity

Opacity:

e- scatterings (Thomson)
+

photo-ionization
/inverse Bremmstrahlung
(Kramers)

| IIlIlIIl

2
N
a0
e
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=
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©
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|1 IIIIIll

| IIIIIIII
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Limit of the thin disk solution: 104 105 108 107 108 10° 10t°
m <K Mgdd Radius r |m]

M=TMo;u=0.5;pu=1;a=0.1



Full structure of the disk

Rmin = 5000 km (WD) Rmin = 10 km (NS)
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’r Bl P+ Kramers («low Ty) Limit of the thin disk solution: T << M EJd
B Pi + Thomson
B Pg+ Thomson (« high T »)

Blelaglialeln
terms:

M=TMo;u=0.5;pu=1;a=0.1



From the disk to the compact object

unmagnetized CV Cool star

Boundary Layer

White Dwarf

Accretion disc

sright Spot

R

T.1 = Tthick (Zh

Unmagnetized WD,NS (=surface) : boundary layer

Similar geometry for a NS



From the disk to the compact object

unmagnetized CV Cool star

White Dwarf

Unmagnetized WD,NS: 0 so)
boundary layer : < 2%/ Accretion disc

sright Spot

mogne’rized CV (pol(jr) Magnetic field-lines

\

\

Accretion stream

Magnetized WD,NS:

truncated disk, polar

accretion (accretion
column)

Companion star White dwarf

Similar geometry for a NS



Luminosity of a quiescent X-ray binary: NS vs BH

BH: no surface (horizon) — no boundary layer — less bright

Neutron stars

Black hole candidates

>« mass flux »



Bright spof Cool sta

Accreting WD:
OY Carinae
(Wood et al. 1989)

White Dwarf

Accretion disc

Eclipsing system:
visible lightcurve (1 orbif)

srnght Spot

0 0.2

Binary phase




Bright spot

Accreting WD:
OY Carinae
(Wood et al. 1989)

Eclipsing system:
visible lightcurve (1 orbif)

- 0 0.2
Binary phase

Cool star

White Dwarf

Accretion disc

sright Spot

' (a) original LC

(d) reconstructed
WD eclipse

(d)

(€) ~ .
; (e) original LC

005 0 005 01 0715 minus WD
Binary phase @




Bright spof Cool sta

Accreting WD:
OY Carinae
(Wood et al. 1989)

White Dwarf

Accretion disc

srnght Spot

Contact: Contact: Model of the mean white dwarf LC:

bright spot WD

005 0 005 01 015 ,
Binary phase O, Binary phase




Nova: a thermonuclear explosion on a white dwart

Main -sequence Roche lobe of
companion

white dwarf

White
dwarf

Sedani ) Mass-transfer \\\
N S e | stream
Roche lobe |~ 0 NEERNE — Accretion
of companion Bt disk
. . & -
Matter is accumulated on the surface (accretion) e A
- = " v 0 g -
It is compressed and heated (gravity) (13) &5
® .
. » e
When the temperature threshold is reached: P oo
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Novae
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Novae: maftter ejection

HST (27 december 1995) .
Ejection of a shell of matter

v ~ 800-1000 km/s
R ~ 600 UA
D~2kpc

Nova Cyg 1992



Type | X-ray burst: thermonuclear explosion on a NS

100 | |
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Fig. 7. Type I X-ray burst from 1702-42 as observed with Exosat in the 1.2 - 5.3.keV band (top)
a.nd. t,l';e 5.3 - 19.0 keV band (bottom); the softening of the X-ray burst spectrum is apparent as a
low-energy burst profile (courtesy T. Oosterbroek).

longer tail in the

Survey of 33 X-ray binaries by RXTE during 8 years (Remillard et al. 2006):

-13 accreting NS: 135 type | X-ray bursts

-18 accreting BH candidates: 0 bursts = no surface but horizon



Accretion by Roche lobe overflow: stabllity



Evolution of the binary system:
(semi-detached system)

Conservative system:
M = cst
My = —M; <0

Mass of the system:

M = My + M

Angular momentum of the system:

. . |Ga ,
J = (Mla% + MQCL%) QUZ — M (MlMQ) U

Roche lobe of the companion:

) A 1/3
RQ ~ BCL (]\j)

Size of the companion:

Ry ~ Oé]\félj WD: x~ —1/3



Stability of the mass transfer:
need for a loss of angular momentum
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Stability of the mass transfer:
need for a loss of angular momentum
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Stability of the mass transfer:
need for a loss of angular momentum
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Stability of the mass transfer:
need for a loss of angular momentum

‘Accreting WD

—

MNumber

|

“Accraling NSJBi

MNumber

Figure 6. Distributions of orbital periods for low-mass X-ray binaries and cataclysmic
variables. Data have been taken from Van Paradijs (1995), Ritter & Kolb (1997), and
the references given in Table 1.

(van Paradijs 1998)




Accreftion: beyond standard theory



Accretion: beyond standard theory

e Beyond the alpha prescription:
physical mechanism for the transport of the angular momentum (MRI ...)

e Beyond the geometrically thin assumption:
thick disks/tori (especially important for super-Eddington systems)

e Beyond the radiative energy transport/viscous transport of angular momentum:
convection, advection (ADAF, ...)

e Beyond the steady state regime:
instabilities (e.g. dwarf novae), evolution governed by mass flux, QPOs, etc.

e Beyond the multicolor specirum:
non-thermal components (corona, shocks)

® Role of magnetic field
e Accretion-ejection connection

e efc.



The case of binary systems
composed of two compact objects



Compact object binaries

® WD+WD: ~10 systems are known: T=10mina 1 h

Masss transfer from 2 to 1

(profotype: AM Canum Venaticorum: 0.68+0.13 Mo, T=17 min |)

Merger: SN |a progenitor?

® WD+NS: a few cases among LMXB

Merger: NS+diske + planets?

® NS+NS: ~10 systems are known
Merger: short GRB + kilonova®e

Jo737-3039
J1906+0746
B1913+16
B2127+11C
J1756-2251
B1534+12
B1829-2456
J1518-4904
J1811-1736
B1820-11

Période

du pulsar

P
(ms)

22.7/2770

144.1
59.0
30.5
28.5
37.9
41.0
40.9

104.2

279.8

Période
orbitale
T
(jour)
0.102
0.17
0.3
0.3
0.32
0.4
1.18
8.6
18.8
357.8

Excentricité

orbitale
e

200/50
0.13
100
100
400
250

1.3104

2.010%

1.0103
3.2

Temps de Masses

coalescence
TC Ml 7 M2
(Myr)

(Mp)
1.35/1.24
1.29/1.32

1.441/1.387
1.36/1.35
1.34 / 1.23
1.333 / 1.345
?/7?
<117 / > 1.55
My + M, = 257, My > 0.93
?/7?

® NS+BH: no system known, should exist (GW: already 1 candidate in O3¢)
® BH+BH: first detection = GW150914 (GW only), 10in 01-O2, many more in O3



Gravitational waves
Ringdown

known——s|supercomputer<——known——s

~1 min | ? |

GW emission: three steps

- Inspiral down to the last stable orbit: very well understood
— adllows to measure the properties of the initial binary

- merger: highly uncertain

- ringdown: well understood (for BH)
— allows to characterise the final post-merger object



Gravitational waves: (circularized) binary system

Quadrupole formula:

392G M5 2 M, M,
5a°cd My + Mo
M = My + M>

Gravitational signal (on-axis):

COS (Qw (t —
hij (t) — —h Sin (2&) (t
0 0

P 4G paw?
~ Dc?




Gravitational waves: (circularized) binary system

Merger time of a circularised binary:
5 65516L
256 G3M2y

4
5 a,

Te

32 ¢ (2GM/c2)? (

10%
5 x yr (3M@




Mergers: general discussion

Condition 1: merger time 7. < 10 Gyr

Y

Condition 2: type of merger?
- can 2 fill its Roche lobe?
- No: « direct collision »

- yes: tidal disruption of 2 starts,
mass transfer=same formalism as for standard accretion

— if 2 fills its Roche lobe: stable mass transferte

- no: merger by unstable mass transfer from 2 to 1 on @
dynamical timescale (~orbital period)

- yes: merger by stable mass transfer, regulated by the
loss of angular momentum via GW emission: timescale?

peculiar case: BH, check where is Risco...



Evolution of a binary system with mass franster:
(semi-detached system)

Conservative case:
M = cst
My = —M; <0

Total mass:

M = My + M

Total angular momentum:

j: (Mla% + MQCL%) Qﬁz — — (MlMQ) ﬁz

Roche lobe of 2:

) A /3
RQ ~ ﬁCL (]\j)

Size of 2:

R2 ~ OéMQx



Mergers: general discussion

Condition 1: merger time 7. < 10 Gyr

Condition 1 pour la coalescence : temps de coalescence inférieur a 1’age

de I’'Univers (systeme circularisé)

1/2 1/4
10 < 45R, [ 2 H
3 Mg 0.75 M,

Condition 2: type of merger?

Critical separation where 2 fills its Roche lobe

tidal disruption): « Direct collision/plunge »:

2.710* km -) 7 (WD+WD)

~2/3
3.110% km ( (NS + WD)

—-2/3 :
5.410% km ) (BH + WD)
N -2/3
2.410% km ) (SMBH + WD)

/3
M
27km (z M TIM; SRR Unstable mass transfer:

1/3
44km (nfMD M (BH+NS) -

—1/3
1900km (M) (4% ) (SMBH+NS)




Type of mergere
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Type of mergere
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Evolution of a binary system with stable mass transfer:
(semi-detached system)

g = M2/M;

Loss of angular momentum (GW emission):

(=))| _ 32G° MyMa(M; + My)

] GW 5 C5 a4 .

The loss of angular momentum by GW emission regulates
the mass franfer. the Roche lobe is adjusted to have
always the size of 2.



Type of mergere
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Type of mergere

% Direct plunge

Stable mass fransfer

% Unstable mass transfer

GW1 50914

-y

5 N\\\\\\\

LMXB
WD+BH/NS

SN la?




Conclusion



Conclusion

e Accretion is the energy extraction mechanism at work in the brightest long-lived
sources in the Universe
(transients: more complicated but accretion usually plays a role)

e |t is especially important for compact objects (WD,NS,BH): efficiency (~G M/R c?2)
exceeds the efficiency of nuclear fusion in stars (MS: 0.7%/10)

e Steady-state radial accretion (Bondi): very inefficient

e Accretion in a binary system via L1: efficient
- detached system: wind
- semi-detached: Roche lobe overflow
* Mass transfer is regulated by the loss of angular momentum

e A standard model is well established (geom. thin/opt. thick accretion disk)
e Some differences among accreting compact objects:
- surface (WD,NS) or horizon (BH) - surface: boundary layer,

thermonuclear explosions, ...

- weak/strong magnetic field - sfrong B: fruncated disk

e Beyond the standard model: many open questions
- origin of the transport of angular momentum, role of B, ...
- accretion-ejection connectione



