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MASSIVE STARS: RARE BUT MIGHTY

10-30+ Msun 
1/10 000 stars
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MASSIVE STARS: RARE BUT MIGHTY

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

They impact their environment 
UV flux, winds  
        impact star formation 
Supernova/GRB: extreme explosions 
-chemical enrichment 
-dust production  
-particle acceleration: cosmic rays, 
gamma-raysThey leave a remnant 

Neutron star or black hole 
-nuclear physics 

-strong field gravity  
-high energy astrophysics

They love other massive stars 
binaries, clusters
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3/4 MASSIVE STARS IN CLOSE BINARIES

Massive binary evolution 

is complicated

And there’s a lot we don’t know
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(ALMOST) ALL MASSIVE STARS INTERACT

• ☹Poorly understood 
mass loss, mass transfer, impact of  supernovae 
• ☹Often ignored 
stellar evolution, galaxy formation/evolution  
• 😊More signatures than single stars 
Masses, radii, mass loss, compact object  
• 😊Extreme 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

main sequence  mass transfer

wind collisions   

(Lamberts+11,12,17)

collapse 1: supernova/gamma-ray burst 

               (Lamberts, Daigne, 2018)

UV, H   ,[OIII],  reprocessed↵

Circumbinary material?

X-rays, line variability, radio, dust

Time domain astronomy: gamma-rays to radio 
Gravitational waves/neutrinos?
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1 COMPACT OBJECT : HIGH ENERGY ASTROPHYSICS

from radio to  
TeV gamma rays 

High-mass X-ray binary

Common envelope

Collapse 2 
(Lamberts, Daigne, 2018a)

X-rays, radio

faint transient

Time domain 
 multi-messenger astronomy

if neutron star :  
gamma-ray binary 
(Lamberts+13;  
Dubus, Lamberts+15)
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2 COMPACT OBJECTS : 
GRAVITATIONAL WAVE ASTRONOMY

Billion years of inspiral

Merger 

60 Msun black hole

(Lamberts+2018b)
Low frequency gravitational waves, 
double pulsars (Nobel Prize ’93)

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

Game over

(Lamberts+2016)
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CONNECTING THE DOTS

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

Combine high resolution hydrodynamic simulations, 
emission models, analytic estimates with 

observations

Understand dynamics, emission mechanisms of 
massive binaries

Individually and globally
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NUMERICAL DEVELOPMENTS

~5 million hours 
    ~500 years 
RAMSES, GADGET 
Special relativity

Lamberts+13 Lamberts+12
Lamberts+15

Lamberts+11

Lamberts+17
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CONNECTING THE DOTS

1.  Colliding stellar winds
Revealing the wind collision in Wolf 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 ?  
(Lamberts, Garrison-Kimmel, Clausen, Hopkins, 2016) 
(Lamberts, Garrison-Kimmel +, 2018b) 
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EXTREME MASS LOSS IN WOLF RAYET STARS

Questions: structure of the winds?  
How to make the dust? Impact of dust? 

Wolf Rayet : final stage massive stars, mass loss 10-5 Msun/yr 
 Dust production in some binary/triple systems 

      WR 104  

Lamberts+11

Zoom x30

Soulain,..,Lamberts,18
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Ɣ2 VELORUM: CLOSEST WR +O  BINARY
• P=78 d 
• optical/UV: detection of wind collision 

region. StLouis+1993; DeMarco+2002 
• No dust detected

Lamberts+ 17

Mas separation : Near IR interferometry (AMBER) 
       spatial information 
• orbital solution 
• brightness ratio 
• angular sizes 
     separate spectra 

possibility for 1st direct detection of close  wind collision  
(see Weigelt+16 for    Car)⌘



Geometrical models fail to reproduce observations : need simulations
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GAMMA VEL: THE MOVIE

Lamberts+17

• Lbox=16 x separation 
• resolution ~ Rsun 
• radiative cooling
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MODEL OBSERVATIONS FROM SIMULATIONS

 Free-free @ 2micron

WR
O 

wind collision

2 stars

wind collision model

Result : Detection of wind collision region : 3-10% of 
continuum flux

Lamberts+17
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CIRCUMSTELLAR ENVIRONMENTS: PATH FORWARD
 GRAVITY/MATISSE 

Inner regions 

~2022 JWST 

Outer regions

Member of MATISSE  
2 accepted proposals  
+ GTO time

Theory group leader 
accepted DustERS 
 proposal (PI: R. Lau) 

Inner environment
Understand, quantify 
Dust production

T(K)χwrχobρ(g/cm3)

Bande K Bande L

WR O

SIMULATIONS

DUST EMISSION

Soulain, Lamberts, in prep.
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CONNECTING THE DOTS

1.  Colliding stellar winds
Revealing the wind collision in Wolf Rayet binaries 
(Lamberts, Millour et al, 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 ?  
(Lamberts, Garrison-Kimmel, Clausen, Hopkins, 2016) 
(Lamberts, Garrison-Kimmel +, 2018b) 



Astrid Lamberts                           Massive binaries: X-ray flares in GRBs

EXTREME HYDRODYNAMICS IN GAMMA-RAY BURSTS

Different populations: prompt emission 

Extragalactic gamma-ray flashes ~once/day 
• up to z>9 : trace early universe 
• extreme physics 

• massive stellar collapse (long) 
• GW 170817 confirms neutron star merger (short)

Then afterglow
Provides host galaxy + global energetics

SVOM (2021)



Astrid Lamberts                           Massive binaries: X-ray flares in GRBs

FIREBALL MODEL F0R GAMMA-RAY BURSTS

(M
oc

hk
ov
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huge energy : Eiso~1050-55 erg, gamma rays     relativistic flow

central engine 
black hole  
(or magnetar) Prompt emission  

internal Afterglow 
External 
Expected t-1

106 m
1010-1013 m

1014-1016 m
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A LOT OF X-RAY VARIABILITY IN AFTERGLOWS

Gehrels+2013

Diverse/variable 

• steep declines 
• flares 
• plateaus 

Question: Where do the flares come from?

Swift: sensitivity+timing

Fl
ux

Time

t-1
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HYPOTHESIS: HIGHLY STRUCTURED EJECTA

emission ? 
 

Forward shock into ISM/wind

Shocked material piles up

reverse shock forms  
and propagates 

+
internal shocks develop

reverse shock interacts with internal shocks

Needs confirmation from simulations

Genet+07, Uhm+07, Hascoet+15
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RELATIVISTIC SIMULATIONS
Relativistic RAMSES (Lamberts+13) 
•           =100: ultra relativistic 
• GRB scales: 6 orders of magnitude in space  
->1D spherical grid + moving boundaries          

Uniform setup

�
max

ISMEjecta

Lagrangian view

pressure 
density
Lorentz factor

Lamberts, Daigne, 2018
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STRATIFIED EJECTA CREATE SHOCKS

Lorentz factor profile-> complex dynamics with multiple shocks

Ejecta

pressure 
density
Lorentz factor

Ejecta ISM

Lagrangian view

Fast material  
behind slow 
flares expected
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BOLOMETRIC EMISSION FROM SIMULATIONS

shocks  -> particle acceleration 
synchrotron fast cooling  
• Find shocks  
• compute energy release

102 103 104

tobs(s)

10�4

10�3

10�2

10�1

Ltot, f /Ė

Ltot,b/Ė

Relativistic outflow  
• delays to observer’s frame 
• account for curvature of 

emitting shells

Uniform ejecta
forward shock F~t-1

L
b
o
l

/Ė

reverse shock

Lamberts, Daigne, 18
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X-RAY FLARES FROM SHOCK INTERACTIONS

Lamberts, Daigne, 18

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

• gravitational waves: GW170817: fainter gamma rays, later afterglow 
central engine ? Structure ?  
• 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…)  

Identify populations, understand energetics and structure

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

SVOM (2021)
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CONNECTING THE DOTS

1.  Colliding stellar winds
Revealing the wind collision in Wolf-Rayet binaries 
(Lamberts, Millour et al, 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? 
(Lamberts, Garrison-Kimmel, Clausen, Hopkins, 2016) 
(Lamberts, Garrison-Kimmel +, 2018b)
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LIGO/VIRGO REVEAL MASSIVE BLACK HOLES

Different masses

LIGO/Virgo 
2018

M
as

s How to make them?

low metallicity stars

Questions Where ?   galaxy type 
When ?     Epoch of star formation

Low-metallicity star formation: specific conditions
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WHERE ARE THE LOW-METALLICITY STARS?

recent star  
formation?

older star  
formation?

dwarf galaxies?

Hubble UDF
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THE CYCLE OF GAS AND METALS

 31

Massive  
star formation

Winds

Supernova
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Fornax:  
10 million 

In this paper, magnitudes are dereddened using the Schlegel
et al. (1998) maps, adopting the extinction coefficients of
Schlafly & Finkbeiner (2011). A heliocentric distance of 8 kpc
to the Galactic center is assumed.

2. THE 3π PS1 SURVEY AND DISCOVERY

With a spatial extent encompassing three quarters of the sky
(δ > −30°), PS1 (K. Chambers et al., in preparation) gives us
an unprecedented panoptic view of the MW and its surround-
ings. Over the course of 3.5 yr, the 1.8 m telescope, equipped
with its 1.4 gigapixel camera covering a 3◦. 3 field of view, has
collected up to four exposures per year in each of 5 bands
(g r i z yP1 P1 P1 P1 P1; Tonry et al. 2012). A photometric catalog is
automatically generated with the Image Processing Pipeline
(Magnier 2006, 2007; Magnier et al. 2008), once the individual
frames have been downloaded from the summit. The
preliminary stacked photometry used in this paper has a gP1
depth (23.0) that is comparable to SDSS g-band depth and rP1/
iP1 observations that reach ∼0.5/ ∼ 1.0 magnitude fainter: 22.8,
22.5 for r and i, respectively (Metcalfe et al. 2013).

Inspired by past searches for small stellar overdensities in
MW and M31 surveys, we apply a convolution technique
(Laevens et al. 2015, in preparation), successfully used to find
new GCs and DGs in the SDSS (Koposov et al. 2007; Walsh
et al. 2009). In a nutshell, we build a mask in (r − i, i) color–
magnitude space to isolate potential metal-poor, old, and blue
member stars that could belong to a MW satellite at a chosen
distance. This mask is applied to star-like sources in the stacked
PS1 photometric catalog. We then convolve the distribution of
isolated sources with two Gaussian spatial filters: a positive
Gaussian tailored to the size of the overdensities we are

searching for (2′, 4′, or 8′) and a negative Gaussian with a
much larger kernel (14′, 28′, or 56′), to account for the slowly
varying contamination of sources that fall within the color–
magnitude mask. By convolving the data with the sum of these
two (positive and negative) filters and accounting for the
survey’s spatial incompleteness on the arcminute scale, we
obtain maps tracking stellar over- and under-densities in PS1.
We convert these density maps into maps of statistical
significance by comparison with the neighboring regions after
cycling through distances and filter sizes. This procedure
already led to the discovery of Laevens 110 (Laevens
et al. 2014) also discovered concomitantly as Crater within
the ATLAS survey by Belokurov et al. (2014). The new
satellite, Lae 2/Tri II, is located ∼20° east of M31 and appears
as a 5.2σ detection, only slightly higher than our significance
criteria11 of 5σ tailored to weed out spurious detections.

3. FOLLOW-UP

To confirm the nature and the properties of Lae 2/Tri II,
follow-up imaging was obtained with the LBC on the Large
Binocular Telecope (LBT), located on Mount Graham, USA
during the night of 2014 October 17–18. With its 23′ × 25′ field
of view and equipped with 4 CCDs, the LBC are ideal to
follow-up MW satellites that usually span a few arcminutes on
the sky. Imaging was conducted in the g and i bands, making
use of the time-saving dual (binocular) mode using the red and
blue eye simultaneously. Six dithered 200 s sub-exposures

Figure 1. Left: the combined PS1-LBC CMD of all sources within the central 2rh region of Lae 2/Tri II. The single epoch PS1 photometry was used at the bright end
(iP1,0 < 19; squares), with LBC photometry supplementing the faint end (iP1,0 > 19; large dots). The orange dashed line indicates the separation between the LBC and
PS1 data. The red box highlights the clear main sequence of the stellar system, the blue box indicates two possible HB stars, and the green box identifies likely blue
stragglers. Right: spatial distribution of all sources corresponding to the CMD on the left. Large dots correspond to the stars falling within the red CMD box in the left
panel and show a clear overdensity. The two blue stars indicate the possible HB stars, whereas the red ellipse corresponds to the region within the favored two half-
mass–radius of the system, as inferred below.

10 Following the naming convention established in Bianchini et al. (2015).
11 These also include a check that potential detections do not also correspond
to a significant overdensity of background galaxies (Koposov et al. 2007).

2

The Astrophysical Journal Letters, 802:L18 (6pp), 2015 April 1 Laevens et al.

Magellanic Clouds: 
1 billion stars

MW-like galaxy: 
100 billion stars

DIFFERENT GALAXIES = DIFFERENT METALLICITY

Z~0.25ZsunZ~Zsun

Z~0.15Zsun

Reticulum II : 
<1000 stars

Z<0.01 Zsun
APOGEE survey

MODELS FOR GRAVITATIONAL WAVE PROGENITORS SHOULD  
CAPTURE COMPLEX STAR FORMATION
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NEW COMBINATION:  
BINARY MODEL + GALAXY MODEL 

Ingredient: Semi-analytic model  

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

• Complete distribution of periods and eccentricity 

• current model of binary  evolution 

• Explore metallicity from 1% of Solar to Solar 

• Make database of  final binary black holes

star formation (metallicity, time, galaxy mass)  
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INGREDIENT : LONG DELAYS TO MERGERS

107 108 109 1010

tdelay (yr)
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dNm
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• Low metallicity: 
most massive  
remnants 

• higher metallicity : 
long delay

Lamberts+16
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INGREDIENT: LOW METALLICITY STAR FORMATION
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Lamberts+16

Dwarf galaxy Milky Way
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BIMODAL FORMATION OF MASSIVE BLACK HOLE 
PROGENITORS

Lamberts+16, data public, confirmed in Elbert+17, Mapelli+17
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STAR FORMATION IN DWARF GALAXIES 
z=2z=1z=.5z=.2

“invisible” 
 with EM observations GW150914-like

Full sample

lo
g(

m
er

ge
r r

at
e)

log(Galaxy mass) Lookback to formation time

Dwarf galaxies

Lamberts+16

constant ~7 billion years

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

~2030 : LISA

Detection of mHz waves 

Korol+18

Need for realistic models of 
the Milky Way



(Wetzel+16)

T H E  M I L K Y  W AY

OBSERVATION?SIMULATION?

Gaia DR2

Wetzel+16 
FIRE collab.
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Low metallicity : Binary black holes prefer outer galaxy and satellites

>1010 stars 
1 million binary  
black holes

IMPACT OF COMPLEX STAR FORMATION

100 kpc

Lamberts+18
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IMPACT OF SATELLITE GALAXIES

1/3 of black holes were  
Formed outside Milky Way 
-> dwarf galaxies matter 
-> needs high resolution

Mean metallicity  
~ 20% of Sun

Lamberts+18
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20 40 60 80 100
Mtot(M�)
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unmerged BBH

merged BBH

Mean total mass 28 Msun

~10% of systems >50 Msun

Higher than most estimates

Lamberts+18

A MILLION BINARY BLACK HOLES IN THE MILKY WAY
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DETECTING BINARY BLACK HOLES IN THE MILKY 
WAY

Milky Way

Satellites

Result: Binary black holes are on the outside of the 
Galaxy, and hard to detect

Lamberts+18
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STELLAR BINARIES WITH GRAVITATIONAL WAVES
2019 : Virgo/LIGO O3 1 -10 multimessenger events 

50-100 binary black holes: statistics 
Detection of astrophysical background 

Molecular cloud 
 properties 

(with C. Rodrigez, M. Grudic)
Cluster mass 

Profile
Mergers  

In clusters

binary/stellar  
evolution

Mergers  
In binaries

binary/stellar  
evolution

First consistent 
Joint prediction

Origin of mergers? Binaries or clusters? 
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STELLAR BINARIES WITH GRAVITATIONAL WAVES
~2030 : LISA Detection of mHz waves 

Unresolved sources: 
Confusion noise 

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

Shock interactions produce X-ray flares in GRB

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

probing circumstellar environments, dust production

Understand structure of relativistic flows

GW : formation/evolution of massive binaries



Astrid Lamberts                 

What a talk on massive binaries may look like in 2029+

2nd gen. VLTI/JWST: wind structure, dust, mass transfer, common envelope

CTA, SVOM, multimessenger: populations, central engines, relativistic flows  

Virgo/LISA/SVOM: multifrequency/multimessenger compact mergers 


