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Most massive stars will interact in a binary
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The fraction of binaries that will interact is high

(Moe & DiStefano, 2017)

(cf. Sana et al. 2012, Chini et al. 2012, Kudritzski et al. 2014, Raghavan et al. 2010)
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Recap: evolution of a single massive star
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ZAMS: H-burning  
starts in core

ZAMS: H-burning  
starts in core

Main  
sequence

Main sequence 
H-burning is convective 

-> core develops

H -> He

H-shell ignition Hertzsprung gap 
core contracts, 


envelope expands

H -> He

Hertzsprung gap:

H burns in shell  

-> core contracts,  
envelope expands

Red supergiant (RSG)

convective envelope 
burning of He, C, O…

H -> He

He -> C,O Further burning:

star is very large!

~8 Rsun

~20 Rsun

~300 Rsun

~1000 Rsun

TAMS: no more H  
left in core  

-> star contracts

TAMS: no more fuel

-> star contracts

H, He
He



Initiating interaction

Ylva Götberg 4

Equipotential surfaces surrounding a single star:



Initiating interaction
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Equipotential surfaces surrounding a single star:



Initiating interaction
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Equipotential surfaces surrounding a single star:



Initiating interaction
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Equipotential surfaces surrounding a single star:



Initiating interaction
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Equipotential surfaces surrounding a single star:



The Roche potential
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Equipotential surfaces surrounding a binary star:



The Roche potential
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Equipotential surfaces surrounding a binary star:



The Roche potential
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Equipotential surfaces surrounding a binary star:



The Roche potential
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Equipotential surfaces surrounding a binary star:

Roche lobe

Star does not fit  
inside its Roche lobe! !

Binary interaction starts



Most massive stars will interact in a binary
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The fraction of binaries that will interact is high

(Moe & DiStefano, 2017)

(cf. Sana et al. 2012, Chini et al. 2012, Kudritzski et al. 2014, Raghavan et al. 2010)
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e!ectively
single

envelope
stripping

merge

accretion & 
spin up or CE

~29%

~24%

~14%

~33%

~29%
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~14%

~33%

Envelope-stripping, mass accretion and mergers 
are common binary interactions 

(Sana et al. 2012, figure credit: S.E. de Mink)

Minilab 1 & 2

Maxilab



Minilab 1 
Envelope-stripping
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Equipotential surfaces surrounding a binary star:

Roche lobe

Star does not fit  
inside its Roche lobe! !

Binary interaction starts

Roche-lobe overflow
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Equipotential surfaces surrounding a binary star:

Roche lobe

Roche-lobe overflow
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Equipotential surfaces surrounding a binary star:

Roche lobe

Stripped star

Roche-lobe overflow
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Ongoing mass transfer observed
Zhao et al. (2008) on the CHARA array

300 pc distance 
13 day orbit

Donor: 3 M⦿ 

Accretor: 13 M⦿



Stripped star
Stripped star

Kruckow et al. (2018), Langer et al. (2020), Tauris et al. (2017), …

2 stripped stars needed for GW mergers  
(isolated binary evolution case)

Importance of stripped stars
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Stripped-envelope

Supernovae: ~30%

Smith et al. (2011),  
see also Graur et al. 2017

1/3 of all core-collapse supernovae are stripped
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Roche-lobe overflow - implementation

Star in reality — 3D

Star in MESA — 1D 

How to know when the 

star fills its Roche lobe?

Volume, V V =
4πR3

L

3

1. The Roche radius, RL, is the radius of a sphere  
with the same volume as the Roche lobe

2. Eggleton (1983) found an approximate relation  
(accuracy: ~1%) for the Roche radius using the  
mass ratio, q=M1/M2, and the separation  
between the two stars, a.

3. Roche-lobe overflow starts when R > RL

R1

R2

R3

R



The creation of a stripped star
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The creation of a stripped star
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(cf. Kippenhahn & Weigert 1967, Paczyński 1971, Podsiadlowski et al. 1992, Smith et al. 2011, Graur et al. 2017)
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Götberg et al. (2017)

Stripped  
star

Roche-lobe  

overflow



The creation of a stripped star
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(Kippenhahn & Weigert, 1967)

Computing stellar evolutionary models in 
Göttingen, 1957

(cf. Smak 62, Paczyński 71, Yungel'Son 73, Massevitch+76, van 
den Heuvel+76, van der Linden 87, Podsiadlowski+92, Pols+98, 

Dewi+02/03, Eldridge+08, Yoon+10, Claeys+11, …)



The creation of a stripped star
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(cf. Kippenhahn & Weigert 1967, Paczyński 1971, Podsiadlowski et al. 1992, Smith et al. 2011, Graur et al. 2017)
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Stripped  
star

Roche-lobe  

overflow

Minilab 1  
(Task 1 & 2)

• Model mass 
transferring binary 

• Identify Roche-lobe 
overflow phase 

• Find stellar properties 
of a stripped star 
during He-burning



Stellar winds affect leftover hydrogen
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(Vink 2017, Gilkis et al. 2019, Shenar et al. 2020, Sander & Vink 2020)
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At zero-age main-sequence:



Stellar winds affect leftover hydrogen
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(Vink 2017, Gilkis et al. 2019, Shenar et al. 2020, Sander & Vink 2020)

Helium

Hydrogen

M
as

s 
fra

ct
io

n

0

1

0.5

0.25

0.75

Mass coordinate
Core Envelope

Surface

After main sequence:



Stellar winds affect leftover hydrogen
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(Vink 2017, Gilkis et al. 2019, Shenar et al. 2020, Sander & Vink 2020)
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During Roche-lobe overflow:

RLOF



Stellar winds affect leftover hydrogen
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(Vink 2017, Gilkis et al. 2019, Shenar et al. 2020, Sander & Vink 2020)
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After Roche-lobe overflow — a stripped star:

Stellar

wind



Stellar winds affect leftover hydrogen
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(Vink 2017, Gilkis et al. 2019, Shenar et al. 2020, Sander & Vink 2020)
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After Roche-lobe overflow — a stripped star:

Strong 
stellar

wind



Stellar winds affect leftover hydrogen
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(Vink 2017, Gilkis et al. 2019, Shenar et al. 2020, Sander & Vink 2020)
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After Roche-lobe overflow — a stripped star:

Weak 
stellar

wind

Minilab 1  
(Task 3 & 4)

• Update stripped star 
wind scheme 

• Compare stellar 
properties of the 
stripped star during 
He-burning



Ionizing emission
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(cf. Kippenhahn & Weigert 1967, Paczyński 1971, Podsiadlowski et al. 1992, Smith et al. 2011, Graur et al. 2017)
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Stripped  
star

Roche-lobe  

overflow

Minilab 1  
(Bonus)

• Compare emission 
rate of H-ionizing 
photons with massive 
OB-type stars.

BONUS



Ionizing emission
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Ionizing emission
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CMFGEN (see also Groh et al. 2008, Kim et al. 2015)

Götberg et al. (2017)

ionizing flux


83 %

4 M  stripped star⊙

Plan
ck 

cu
rve

Fl
ux

Planck curve

• Reasonably accurate for 
H-ionizing photons 

• In-accurate for He+ 
ionizing photons



Time to have fun!



Minilab 1
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Standard wind



Minilab 1
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New wind 
(Vink 2017)



Break



Minilab 2 
Stripped-envelope supernovae



Evolution to stellar death
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H -> He H -> He H -> He

He -> C,O

H, He
He Core-collapse 

Supernova
Black hole

Neutron star

H -> He H -> He H -> He

He -> C,O

H, He
He Core-collapse 

Supernova
Black hole

Neutron star

Envelope-stripping



Supernova types
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(Dessart et al. 2012, Smith et al. 2011, Graur et al. 2017)
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Stripped  
star

H-poor SN H-rich SNH-poor SNe

• Type IIb 
H-poor (> 0.03 Msun) 
He-rich (> 0.14 Msun) 

• Type Ib  
H-free (< 0.02 Msun) 
He-rich (> 0.14 Msun) 

• Type Ic 
H-free (< 0.02 Msun) 
He-free (< 0.06 Msun)

(Haichinger et al. 2012)

Minilab 2  
(Task 1-5)

• Predict what 
supernovae your 
strong and weak wind 
models should give 
rise to. 

• Note: In weak wind 
case, do not wait for 
C-depletion, analyze 
the model once it 
enters 2nd RLOF.



Can stripped stars be confirmed as progenitors?
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1. H-poor supernova 
is found

Cao et al. (2013)

Type Ib supernova 
(iPTF13bvn)

2. Is the progenitor 
visible in archival 
images?

Cao et al. (2013)

Progenitor  
confirmed

About iPTF13bvn: 
- Type Ib supernova 
- Distance: 22.5 Mpc

- Apparent V-band magnitude: ~26 mag

Minilab 2  
(Task 6-7)

• Assuming an 
apparent magnitude 
limit of V=25 mag, out 
to what distance can 
your SN progenitor be 
detected?  

• Pick a different binary 
(spreadsheet) and 
record progenitor and 
SN properties. 

MESA provides  
absolute magnitude

Apparent magnitude Distance in pc

Spreadsheet: Ylva - Minilab 2



Obtaining magnitudes
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…

Standard colors in MESA from matching stellar properties 
to spectral models ($MESA_DIR/colors module):

Tef

log g

100,000 50,000 10,000

5

4

3

2

Spectral models

available



Black hole companions
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Illustration: BH+WR X-ray binary NGC300 X-1, ESO/L. Calçada/M.Kornmesser

2. BH moves through  
stellar wind -> can accrete

1. Some mass  
is ejected

3. X-rays are  
emitted

Minilab 2  
(Bonus)

• Model X-ray 
luminosity as the 
donor star evolves 

• When is the system 
bright in X-rays?

BONUS



Time for explorations!


