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MASSIVE STARS: RAR

BUT MIGHTY
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MASSIVE STARS:

We see them coming
-L=104 Lsun
-UV flux : HIl bubbles
- radio to X-rays
trace recent star formation

They leave a remnant
Neutron star or black hole
-nuclear physics
-strong field gravity
-nigh energy astrophysics

SBUT MIGHTY

RAR

They impact their environment
UV flux, winds

— Impact star formation
Supernova/GRB: extreme explosions
-chemical enrichment
-dust production
-particle acceleration: cosmic rays,
gamma-rays

They love other massive stars
binaries, clusters
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3/4 MASSIVE STARS IN CLOSE BINARIE
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(ALMOST) ALL MASSIVE STARS IN

RAC

o @Poorly understood

mass |0ss, mass transfer, impact of supernovae
o @WOften ignored

stellar evolution, galaxy formation/evolution
« @More signatures than single stars

Masses, radii, mass loss, compact object
« WEXtreme physics labs

particle acceleration, shocks, relativistic outflows, gravitational waves....

My goal:
Understand dynamics, emission mechanisms of
massive binaries
Individually and globally
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NO COMPACT OBJECT : STELLAR ASTROPHYSICS

Formation : 30 Msun O stars
UV, Ho, [Olll], reprocessed

main sequence mass transter
Circumbinary material?

wind collisions
X-rays, line variability, radio, dust
(Lamberts+11,12,17)

collapse 1: supernova/gamma-ray burst

Time domain astronomy: gamma-rays to radio

Gravitational waves/neutrinos?
(Lamberts, Daigne, 2018)
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1 COMPACT OBJECT : HIGH ENERGY ASTROPHYSICS

If neutron star :

gamma-ray binary
(Lamberts+13; ‘
Dubus, Lamberts+15)

High-mass X-ray binary { . . X-rays, radio

from radio to
TeV gamma rays

faint transient

o~

Common envelope

Time domain
multi-messenger astronomy

Collapse 2
(Lamberts, Daigne, 2018a) C*
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2 COMPACT OBJECTS :
GRAVITATIONAL WAVE ASTRONOMY

Billion years of inspiral

(Lamberts+2018b)

Low frequency gravitational waves, \a/
double pulsars (Nobel Prize "93)

Merger

Higher frequency GW (Nobel Prize "17)
Possible GRB, kilonova, neutrinos, other?

(Lamberts+2016)

60 Msun black hole
Game over
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CONNECTING TH

DOTS

Understand dynamics, emission mechanisms of
massive binaries
Individually and globally

Study stellar astrophysics, high-energy astrophysics
and gravitational wave astronomy

Combine high resolution hydrodynamic simulations,
emission models, analytic estimates with
observations
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NUMERICAL DEVELOPMENTS

Lamp“é'r'tﬂs“% 13
e [amberts+15

t ~5 million hours i
~500 years ]

' RAMSES, GADGET |
|Special relativity |

Lamberts+17
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DOTS

ofe

CONNECTING TH

1. Colliding stellar winds
Revealing the wind collision in Wolt Rayet binaries
(Lamberts, Millour +, 2017)

2. Gamma-ray bursts
X-ray flares in relativistic gamma-ray burst afterglows
(Lamberts, Daigne, 2018a)

3. Gravitational wave progenitors

Where do GW progenitors form 7

(Lamberts, Garrison-Kimmel, Clausen, Hopkins, 2016)
(Lamberts, Garrison-Kimmel +, 2018b)
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-XTREME MASS LOSS IN WOLF RAYET STARS

Wolf Rayet : final stage massive stars, mass [0ss 105 Msun/yr

Dust production in some binary/triple systems
227um WR 104  2016-07-21

Reconfinement
/Zoom x30 shock

Soulain,..,Lamberts, 18

Questions: structure of the winds?
How to make the dust? Impact of dust?
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Y2 VELORUM: CLOSEST WR +0O BINARY

e P=78a .

* optical/UV: detection of wind collision 2008:line of nodes |
region. StlLouis+1993; DeMarco+2002

 No dust detected

Mas separation : Near IR interferometry (AMBER)
— gpatial information
* orbital solution

Lamberts+ 17 |

* pbrightness ratio
e angular sizes
— separate spectra

possibility for 1st direct detection of close wind collision
(see Weigelt+16 for rCar)
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Geometrical models fail to reproduce observations : need simulations



GAMMA VEL: THE MOVI

Lamberts+17

N »
W \ * Lbhox=16 X separation
. h * resolution ~ Rsun

* radiative cooling

Astrid Lamberts Massive binaries: Wolf-Rayet and dust el




MODEL OBSERVATIONS FROM SIMULATIONS
0. _2stars 1
Free-free @ 2micron ZZ io N 2idum 2w //1

8 (mas)

°®
p 0

wind collision

a (mas)

Lamberts+1/7

Result :

0 100 200 300

Sp. Freq. (cycles/arcsec.)

Detection of wind collision region : 3-10% of

continuum flux
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CIRCUMSTELLAR ENVIRONMENTS: PATH FORWARD

QRAV'TY oL 2 B Member of MATISSE
\ B | B 2 accepted proposals

B+ GTO time

{

Inner regions *

Understand, quantity
~2022 JWST Dust production

Bande K

t Theory group leader
B, .V accepted DustERS

proposal (Pl: R. Lau) WR ‘ko

Outer regions

DUST EMISSION
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CONN

2. Gamma-ray bursts

CECTING TH

DOTS

X-ray flares in relativistic gamma-ray burst afterglows

(Lamberts, Daigne, 2018a)

o ¥
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DYNAMICS IN GAMMA-RAY

Extragalactic gamma-ray flashes ~once/day
* Up to z>9 :trace early universe
e extreme physics

Different populations: prompt emission

* massive stellar collapse (lonQ)
« GW 170817 confirms neutron star merger (short)

Then afterglow

Provides host galaxy + global energetics

I SVOM (2021) | _gmeten’ g
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FIREBALL MODEL FOR GAMMA-RAY BURSTS

huge energy : Eiso~10%0-55 erg, gamma rays —relativistic flow
1014-1016 m

1010-1013 m

central engine
black hole
(or magnetar) Prompt emission

internal Afterglow
External
Expected t-

(Mochkovitch, Atteia, Daigne)'
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A LOT OF X-RAY VARIABILITY IN AFTERGI OWS

long
| o | =™\ grb 050315
Swift: sensitivity+timing 10 -1 b o'
™ \\ grb 050502b

Diverse/variable o .V &

~ . .

| +*'+++ \

Pl BT D) '
* flares | *t..,
* plateaus 0" ‘ :
;
10!‘,

10 1
Gehrels+2013 time [s]

Question: Where do the flares come from?
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HYPOTH

-S1S: HIGHLY ST

Genet+07, Uhm+07, Hascoet+ 15

Needs confirmation from simulations

RUCTUR

D

=

—CTA

Forward shock into ISM/wind

l

Shocked material piles up

l

reverse shock forms
and propagates

_|_

Internal shocks develop

l

reverse shock interacts with internal shocks

l

emission ?
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RELATIVISTIC SIMULATIONS

Relativistic RAMSES (Lamberts+13)

el',,,.c =100: ultra relativistic

 GRB scales: 6 orders of magnitude in space
->1D spherical grid + moving boundaries

I I I l I3

L Ejecta ISM -

Uniform setup F :
density [ 5 5 -
Lorentz tactor i 3
. Lamberts Da/gne 2018 . :

Lagrang|an view
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STRATIFIED EJECTA CREATE SHOCKS

pressure
density
| orentz factor

Fast material
behind slow y’
flares expected{_

. . . . . L —

Lagrangian view

Lorentz factor profile-> complex dynamics with multiple shocks
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BOLOMETRIC EMISSION FROM SIMULATIONS

forward shock F~t-1

| | \ Uniform ejecta
shocks -> particle acceleration e -
synchrotron fast cooling :

* Find shocks 10-11
* compute energy release [ 5
I
o S1072L
Relativistic outflow ) :

e delays to observer’s frame
 account for curvature of 10724
emitting shells :

10—4 ; .

Lamberts Da/gne 18

] ] ] ] IIIIII ] ]
102 103 10*
tobs( )
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X-RAY FLA

-S F

ROM SHOCK INT

RACTIONS

10—1

103

T e

internal |

= {otal

101

; “‘ “‘\ ’ :' \\ ;
104 Lamberts Datgne 78
10°

tops (1 _|_Z)( )

Result: Shock interactions produce X-ray flares in afterglow
- > constraints on microphysics
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GAMMA-RAY BURSTS: PATHS FORWARD

A different view of gamma-ray bursts to be expected soon

e gravitational waves: GW170817: fainter gamma rays, later afterglow
central engine 7 Structure 7

e SVOM: French-Chinese GRB monitor for multi messenger detections
Energetics, host galaxies -> populations

* time-domain astronomy: supernova connection, kilonova, other
transients (ASAS, PANSTARRS, ZTF, LSST, SKA, CTA...)

|dentify populations, understand energetics and structure

| SVOM (2021)
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CONNECTING TH

DOTS

3. Gravitational wave progenitors

Where do GW progenitors form?

(Lamberts, Garrison-Kimmel, Clausen, Hopkins, 2016)
(Lamberts, Garrison-Kimmel +, 2018b)
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LIGO/NIRGO

2/067;3/V/f90 Masses |n the Stellar Graveyard

A

AL MASSIV

SLACK HOL

l
l

Low-metallicity star formation: specific conditions

Questions Where ? galaxy type
When ?  Epoch of star formation

Different masses

How to make them?

low metallicity stars

Astrid Lamberts
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WHERE ARE THE LOW I\/IETALLICITY STARS?

o /—/ubb/e UDF. recent star
il formation’

7.0

W4 older star
formation??
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NEW COMBINATION:
BINARY MODEL + GALAXY MODE

Ingredient: Semi-analytic model

star formation (metallicity, time, galaxy mass)

Ingredient: Binary population synthesis code (BSE, Hurley+2002)

 Complete distribution of periods and eccentricity
e current model of binary evolution
* Explore metallicity from 1% of Solar to Solar

 Make database of final binary black holes
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INGR

B]

—NT : LONG DELAYS TO M

alC

S

BLRELL] IR | " |
10> 3 % o 1
‘ng 1071 * Low metallicity:
% S most massive
2 remnants
50 1077 L PR
Qé el ¢ higher metallicity
. 1 long delay
== 10-8 LT e 0.01Z
T — 0.1Z |*
11 e 03Zs
10_9 IEII:IIII | | IIIIIII | | IIIIIII | | IIIIIII
107 10° 10 1019
Lamberts+16 tdelay (YT)
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INGREDIENT: LOW METALLICITY STAR FORMATION

1/10

Metallicity/Sun

1/100 Ny

Dwarf galaxy — Milky~vve
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log(Galaxy mass) log(Galaxy mass)

Lamberts+16
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SIMODAL FORMATION OF MASSIV
PROGENITORS

Dwarf galaxy  Milky Way

SBLACK HOL

a4
PN
\ /
)
s
C C
> O
<& ©
= 1y =
4 —
2 11 O 4
4 Yy
= :
O
®.]
\ : O%
205 f 0
Q/'.D 75 80 85 90 95 100 105 110 AL F5 80 85 90 ®95 00 105 11.0
1/100 log Mai(z = 0) (Mz) log Mgai(z = @) (M)

log(Galaxy mass) log(Galaxy mass)
Lamberts+ 16, data public, confirmed in Elbert+17, Mapelli+17
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DWARF GALAXIE
72=2

7=.2 7z=5 z=1

-
-------------

-~
..-.
-~

log(merger rate)

Dwarf galaxies

| “invisible” N !
| | GW150914-like '-.,

with EM observations

Lamberts+16 | | | . . 1
1'0.7.0 75 80 85 90 95 100 105 11.0 2 - 6 8 . 10, 12
log(Galaxy mass) Lookback to formation time

Result: Complex star formation impact prediction/interpretation of GW
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SBINARIES IN THE MILKY WAY WITH LISA

o d ~ ‘-. — M&.::_-;:-ﬁ ~—
~2030 : LISA e

Need for realistic models of
the Milky Way
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Wetzel+16
FIRE collab.

SIMULATION? OBSERVATION?

Gaia DR2



IMPACT OF COMPLEX STAR FORMATION

1 million binary
>10"0 stars black holes

Low metallicity : Binary black holes prefer outer galaxy and satellites
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IMPACT OF SATELLITE GALAXIES
stars (renormalized) L _'_L
= T .

1054 merged BBH | : Mean metallicity
: 1 BRO i i i ~ 20% of Sun
2 I |
5 N | :
-« 10% = I |
O ' | 1/3 of black holes were
B | i Formed outside Milky Way
& Lo | |
= . | -> dwarf galaxies matter

10° - o i -> needs high resolution

102 Lambefts+ 18 | | . _i

—3 —2 —1 0 1

log(Z/Zc)
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A MILLION BINARY BLACK HOLES IN THE MILKY WAY

I
™ i
105 - 1 :: merged BBH
: 11— unmerged BBH Mean total mass 28 Mg,
I
s I
E) ! ~10% of systems >50 Mg,
% 104 _ ii —\l
o i
y 1
& i
& i
2 03 i
10° = 0
I
I
I
I
i
W Lamberts+18
S | | ,
20 40 60 30 100
Miot(Me)
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DETECTING BINARY BLACK HOLES IN THE MILKY

P
lyr 1 montho b 1d 1h N
Milky Way 10
10°
107
10°
. Lamberts+18 00
. —28 (
Satellites _g 6 4 >

log (fow) (Hz)
Result: Binary black holes are on the outside of the
Galaxy, and hard to detect
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STELLAR BINARIES WITH GRAVITATIONAL WAVE

2019 VlrgO/LIGO O3 1 -10 multimessenger events
L 50-100 binary black holes: statistics
& | Detection of astrophysical background

-

- Origin of mergers? Binaries or clusters?

binary/stellar Mergers

evolution In binaries \
binary/stellar /

evolution
Cluster mass , Mergers

Profile In clusters

First consistent
Joint prediction

Molecular cloud
properties
(with C. Rodrigez, M. Grudic)
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STELLAR BINARIES WITH GRAVITATIONAL WAVE

~2030 : LISA Detection of mHz waves

Galactic Background
§ MBHBs at : =3
¥ Verification Binaries
» EMRI Harmonics

=  LIGO-type BHBs
| — GW150914
Gal. Bin. (SNR > 7)

Characteristic Strain

Unresolved sources:

Confusion noise

Frequency (Hz)

White Dwarf binaries

Blunt, Lamberts+ in prep: 1st predictions based on cosmological model of
Milky Way
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SUMMARY What a talk on massive binaries looks like in 2019

Interferometry and simulations reveal wind collisions
In Wolf-Rayet binaries |
probing circumstellar environments, dust production

Shock interactions produce X-ray flares in GRB |
Understand structure of relativistic flows .

Massive black hole mergers preterentially trace star
formation in dwarfs and outskirts of galaxies

GW : formation/evolution of massive binaries
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