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@ Why are Massive Stars Important?

X

Nucleosynthesis &
Chemical Evolution

Star Formation "ANE ~ 70% of O type stars are
: ~ in close binaries

(e.g. Mason et al. ‘09, Sana & Evans "11,
Sana et al. '12, Kiminki & Kobulnicky 12,

|0nizing Radiation e ; Kobulnicky e al. *14)
’ ~ 10% of O type stars are
runaways!
Supernovae A ’ " (e.g. Blaauw 61, Gies '87, Stone '91)

(if Mzams Z 8 M)

GW Astronomy
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Massive stars have companion

Average number of companions fp ~ 2.8
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) Binary Zoo
Physical processes
Irradiation

Mass Transfer

Tidal effects
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& Binary Zoo
Physical processes
Irradiation

Mass Transfer 2 .
_ = many more parameters:
T|da| effeCtS q dg %, P (Or a), e, X
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) Binary Zoo
Physical processes
Irradiation

Mass Transfer = many more parameters:
Tidal effects Prg = % P (or a), e, ...

Astrophysical outcome
Stripped stars
Contact binaries
Runaways & “walkaway” stars
Mergers
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Introduction: Massive Stars

Computational astrophysics
e Stellar evolution & structure
e Binary Population Synthesis

(If you care) preliminary results
e Can stellar wind change the final fate of a massive star?
e What physics can we learn from breaking apart binaries?
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What should not happen




i

How can we “look” inside a star?
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Figures Credits: NASA

Large Erupti
Prominance
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We simply can't!!

Other Q: How can we observe how one star evolves?



&l So what to do? iR

© Build a theory from first
principles;

® Plug it in a computer;

® Get out a model,

o Find a smart way to
compare it to what we
can observe.

ANTON PANNEKOEK
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Advantages

Full control over the parameters
= Numerical Experiments;

Allow to focus on interesting
things (e.g. no reddening!);

Allow to deal with long-lasting,
rare, inaccessible phenomena;

Drawbacks
Numerical errors;
Limited computational resources;
Nature > Theory > Model.

“All models are wrong, but some are useful”— G. Box
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The Stellar Evolution Code: R

ANTON PANNEKOEK

M E S A INSTITUTE

is a fool, not a theory!

What does it stand for? References:
MOdu Ies for Paxton et al. 2011, ApJds192,3
Experi ments in Paxton et al. 2013, ApJs208,4

Paxton et al. 2015, ApJs220,15
Ste"ar mesa.sourceforge.net
AStrOphySiCS mesastar.org

Open Source < Open Know How
“An algorithm must be seen to be believed”— D. Knuth
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mesa.sourceforge.net
mesastar.org

e Spherical Symmetry (&

ANTON PANNEKOEK
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Prohibitive computational cost of 3D
= 1D, but stars are not spherical-symmetric!
Need of parametric approximations for:
« Rotation = “Shellular Approximation”;
« Magnetic Fields;
« Convection = Mixing Length Theory (MLT);
« (Some) mixing processes;

Beware of systematic errors!



Hydrostatic approximation A

ANTON PANNEKOEK

@ o Gm(r)p INSTITUTE
ar re
... but stars are not necessarily static!

Other examples:
. He flash,
« Outburst and Eruptions,
« Impulsive mass loss,
- RLOF,

Figure: i Car, APOD.



Hydrodynamics in MESA iR
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Dynamical correction to static equilibrium

& — S — a(r)p

ar r2

Gm(r)

2 “Calculated Passively”

2
arn<=s9%=2%%<


http://mesa.sourceforge.net/

Hydrodynamics in MESA iR
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Dynamical correction to static equilibrium

dP _ Gm(r)p
ar — 2 a(r)p
a(r) & dv — & « i) “Calculated Passively”

Explicitly time-dependent reformulation

ov __ Gm(r)  4nr?dP
%~ 2 3 dm " Yuisc

(Euler eq. + reformulation of all stellar structure equations)


http://mesa.sourceforge.net/

Discretization

fin
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Spatial Discretization (Meshing) i(wl

toward surface

~ face k-1

—+ facek

cell k

—+ face k+l

toward center

cell k-1 dmy_,

|

dmy,

dmy,

ANTON PANNEKOEK
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Mi=1, Te=1y L=ty Vi1, .. _—

Pty Tty Xik—1, Pi-t, e . .
¢ Intensive quantities

My, 1y Ly vis ks Figs By Tho — (eg T,p) averaged
by mass within each
Pk Tiy Xiks Pry Vadk s €nuck s Egravk Ce”,

e Extensive quantities
(e.g. m,L) calculated
at outer cell boundary.

Mist, a1, Lty Viet, Oket, Figsr, o =——

Check that physical results do not depend on discretization
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allow for computation, but resolve physical processes
5.2 -7t r r - r 1t 1t 1T 1 1 " 1 °© 1T ° 1
51_ _— M:].SM@,Z:ZO

48l OC Atoc ~ 7.9-10% yr

log,o(L/Le)
I
N}
I

L L L ! L 1 f 1 ! !
46 45 44 43 42 41 40 39 38 37 36 35
10g10<Teff/ [K]) .




Reformulation of the (1D-) Equations R

ANTON PANNEKOEK

INSTITUTE

Physical Theory: Numerical Implementation:
G
&= 7L (+ap) &
@ =4mrp =
ar _ 3 L
T = " Tora T =
% = 47r?pe &
P=P(o.uT) &
X = |oP(T, Di (T, 0)| + |6;V2X;
at 2 j/( p) — % ik(T,p) Jj i

r

3



Reformulation of the (1D-) Equations

fin

Physical Theory:

ANTON PANNEKOEK
JINSTITUTE

Numerical Implementation:

i AU
dm — 47r2p & In(re) = 11 [fﬁﬂ i %%}
& =4nrpe & Lk — Loy = dmy{enue — &0 + €gra}
P=PluT) & P=P(,uT)
ol = []ZPj,/(T:P) - %Di,k(TvP) + [U,VZX,- }
)

3

aX; Xik—Xik—1)0kAln
Xige(to + Dlne1) = Xip(ta) + Aty (Tt ) 4 Gttt



Reformulation of the (1D-) Equations

fin

Physical Theory:

ANTON PANNEKOEK
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Numerical Implementation:

& = - (+ap) S R = e~ i
am — 47r2p & In(rg) = 1In [r,’;’gr1 + %%}
% = 47r?pe & Ly — L1 = dmy{enue — € + €grav }
P=P(o,uT) & P=P(o.uT)
& = []ZPj,/(T:P) *%Di,k(T,P) - [U,VZX,}
,

3

aX; Xik—Xik—1)0kAln
Xige(to + Dlne1) = Xip(ta) + Aty (Ffe ) 4 G aerlcibtns



Interlude: coordinates

fin
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Reformulation of the (1D-) Equations R
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Physical Theory: Numerical Implementation:
dP __ Gm( )p Px_1—P __ Gm, a
o = (+ap) S Sam—dm) = "t an?
d

dm _ 47tr20 & In(r) = 1 [r,§+1 i %%}
ar _ 3 L Tk 1—T) . aP T
& = ~Tera i € (G amge = VT (d"’ k> P
% = 47Tf2p€ & Lg—Lk1 = dmk{snuc —& + 8grav}
P=P(o,uT) & P=PluT)

axi| — AT 0) =YD (T V2 X,

a | — ZP/,/( 'P) % /,k( ,P) + | 0j i

r ]

0
aX; Xik—Xik—1)0kAln
Xige(to + Dlne1) = Xip(ta) + Aty (Ffe ) 4 G aerlcibtns




Reformulation of the (1D-) Equations

fin

Physical Theory:
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Numerical Implementation:

dp _ _ Gmirlp PeiPo  _  Gm  a
o= (ta) OB ) T i g
d
dm _ 47tr20 & In(r) = 1 [r,§+1 i %%}
ar _ 8 L Tei=Tk  _ ar| \ T
dr — ~ 16mac r;;pT3 ~ m = _VT,k (dm k) PT’;
% — 47Tr2p£ =" Lk — Lk+1 = dmk{ — +5grav}
P=Po,uT) &
& = [ZP/J(T'P) - %Di,k(TyP) + [U,VZX,- }
r ]
3
Xik(th 4 Dtay1) = Xik(tn) + Aty 1 4 Xk~ Xise1) kAl

0.5(dmy_q —dmy)
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The Matrix to Solve

i

cell k-1

d(structy)
d(structy_q)

ANTON PANNEKOEK

. INSTITUTE
Variables "
cell k cell k+1
d(structy) d(structy) d(structy)
d(structy) d(chemy)

d(structk+1)

Equations for cell k

d(chemy)

d(chemy)

(chemy)

d(chemy_4)

d(structy)

Y Y XXX

(chemy)

d(chemy)
d(chemy.1)

Figure: From Paxton et al. 2013, ApJs, 208, 4. Black dots are non-zero entries.



L:%I Algorlthm ANTON PANNEgOE'{F

e Henyey code: varies all the quantities in each zone until [NSTITUTE
an acceptable solution is found (# Shooting Method);

e Generalized Newton-Raphson solver (= FIRST ORDER):

0 =T(y) ~F(y;+dy;) =F(y) + [dll;;y)] 8y +O((0y1)?)

y
©
F(y;) 3
5y =) S
le(y)} <
[ i =
' / g
L
o
yl+1 - yl + 5}/’ Funktion 5’
Tangente Lo




NR-Solver lterations

iR

5.0

3.0

T[107K]

2.0
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0.0
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T T T T T T T T
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5th

M=9My,7Z =Z¢,
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—  2nd jter
— 3 jter
—  4thjter

iter

N\
1

M[Mo)]

Figure: Two models after the end of core hydrogen burning
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Outline

i

Computational astrophysics

e Binary Population Synthesis

ANTON PANNEKOEK
INSTITUTE
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e Population Synthesis fir

ANTON PANNEKOEK

Fast = Allows statistical tests of the inputs & assumptions instiTuTE

Stellar

SN kicks Winds

Evolution

Initial
nitia (binary c)

Conditions

Synthetic
Runaways

RLOF &
Common
Envelope Tidal

Interactions

Mass
Transfer

binary-c: R. G. Izzard et al. ‘04, '086, '09; S. E. de Mink et al. '13 22/



Initial Distributions
= ' B 2
2 2f 2
< | S
E £ 3
& 1 £t R~
. 012 3 4
0 25 50 75 100
0.0 0.5 1.0 loglO(P/ [days])

M [Mg)] q = M/ M

Kroupa '01

Sana et al. '12

Total Population: 2 x 10° stars

Maxwellian oy, = 265(km s™!]

Probability

0 200 400 600 800 1000
NS kick [km s™1  Hobbs etal, 05 23/



Qutline R
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(If you care) preliminary results
e Can stellar wind change the final fate of a massive star?

24



W Why are Massive Stars Important?

Nucleosynthesis & | Mass loss for the

Chemical Evolution ' environment:
- ; e Pollution of ISM

: : e Tailoring of CSM
Star Formation g\ « Trigger for Star Formation

lonizing Radiation y [ Mass loss for the star
e Evolutionary Timescales
‘ e Appearance &
Supernovae Classification (e.g. WR)
(If MZAMS 2 8 MQ) - e Light Curve and
; Explosion Spectrum

' ‘ , « Final Fate: BH, NS or
GW Astronomy WD?
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Possible Mass Loss Mechanisms

i

ANTON PANNEKOEK

Radiative Driving

4

Stellar Winds

Figure: Betelgeuse

INSTITUTE
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Possible Mass Loss Mechanisms

i

ANTON PANNEKOEK

INSTITUTE

Dynamical Instabilities
U
LBVs, Impulsive Mass Loss,
Pulsations,
Super-Eddington Winds

Figure:  Carinae.

26



X
X

Possible Mass Loss Mechanisms i[w}

INSTITUTE

Binary interactions
Roche Lobe Overflow, Common .

Envelope, Fast rotation

Figure: Artist Impression

26/
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Mass loss is dynamical...

INSTITUTE

... but stellar evolution codes assume hydrostatic equilibrium:

dP . Gm(r)p
ar re

Open question: Which dominates in term of total mass lost?

27
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photon absorption
VA~ . — metallic ion

emission or Tid

scattering " Ap = Z(vicos(8;) — vscos(6r))

4 . —> § —H and He

Collisional coupling

.—)6—)

Problems: High Non-Linearity and Clumpiness
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Clumpiness

Inhomogeneities:

def

f, = 27é1 = M+4mr?ov(r)




x(X x

Clumpiness

InhomogeneitieS'
= 27é1 = M+4mr?ov(r)

‘ Risk:
Possible overestimation of the
' wind mass loss rate



LBV giant eruptions
Mg / 10 yr

WNH

de Jager

de Jager/3 A

log(dM/dt) (Mg yr™")

de Jager/10 —|

for line—driven winds

](,[ o 7069

taly NI I Lowvvv v inn buy NI B
6.0 6.5

5.5
log (L/Lo)

Figure: From Smith 2014, ARA&A, 52, 487S

&l Mass loss in MESA [l

ANTON PANNEKOEK
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(Semi—)Empirical
parametric models.

Efficiency factor:

M(L, Tur, Z, R M, ...)
!

ML, T, Z, R M, ...)

n is a free parameter:
7 € [0, +00)

30/


http://mesa.sourceforge.net/

Combination of algorithms iR

ANTON PANNEKOEK
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5.1

5.0
49
4.8
4.7

(L/L)

S 4.6

log

4.5
4.4
43

46 45 44 43 42 41 40 39 3.8 3.7 3.6 35 34
logo(Tege/ [K])

42

WR wind & Xs < 0.4

31/



MESA grid varying dM/ dt A

X

ANTON PANNEKOEK

Grid of Z., ~ 0.019, non-rotating stellar models: o
« Initial mass:

Mzams = {15, 20, 25, 30, 35} M.;
« Efficiency:
n={1 3 0};
« Combinations of wind mass loss rates for “hot”
(Ter > 15 [kK]), “cool” (Teg < 15 [kK]) and

Kudritzki et al. ’89; Vink et al. 00, ’01;
Van Loon et al. ’05; Nieuwenhuijzen et al. ’90;
De Jager et al. '88;

bl

32/



Wind mass loss history

fin

15.00 feuey

7 8 91011121314

15
 ERT
113

ANTON PANNEKOEK
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Renzo et al., in prep.
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Impact on the final mass R
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MESA

. Legend:
1 ey=01

{ x =033
41 +717=10

15

20 25
Mzams [Me)]

30

35

Renzo et al., in prep.
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Impact on the final mass

fin

X]

I'“

|

“.p

1 oo (Y
1|56 1) b
il 1 b
- +_-F — —_ | +++
l | ! i |
15 20 25 30 35
Mzams [Mo)]

ANTON PANNEKOEK
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MESA

Legend:
e 7=01
x 7 =0.33

+17=1.0

n — largest
uncertainty

Renzo et al., in prep.
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Impact on the final mass

fin
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aAnE i vess

Impossible to map:
- Legend:
= _ e 7=01
M = Mi(Mzams) 130 o
4 +17n=10
Just because of winds! ]
N J[ J[ J[ J[ | 7 —largest
uncertainty
15 20 25 30 35
Mzams [Mo)]

Renzo et al., in prep.
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“Explodability” & Compactness &)

ANTON PANNEKOEK

(jif M/M INSTITUTE
cm(t) = &RDy/7000 7

e “Large” ¢» 5 = harder to explode = BH formation
e “Small” {» 5 = easier to explode = NS formation

(e.g. O'Connor & Ott 2011,
Ugliano et al. 2012,

Sukhbold & Woosley 2014)

not to scale! R(M) .



Core @ O depletion A
MZAMS = 25 M@ MESA models INSTITUTE
ool '/" )

0.15 4 ~

Renzo et al., in prep.

005F <L ;

0.00k

R R R
logo((to dept — £)/[y1])
Critical point: Ne core burning/C shell burning
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Eo5 @ O depletion iR
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-— .
Q. L 4 4 1 i
»

expl 25 H, no
SCooo000 0 O:
R R e NN NN
O 9 ® 0 O = W
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Mzams [Mo)] Renzo et al., in preg.



Depletion R
TX®4+ 04 Legend:
[ e 7=0.1
L x 17 =0.33
N +1=10

1 Post O burning
evolution

Core contraction

1 Amplification of
1 the differences.

20 25
Mzams [Mo]

30

Renzo et al., in prep.
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Computing Advanced Burning Stages R}

ANTON PANNEKOEK

° InltlaIIy small effect = N,ones Z 20000; INSTITUTE
 Complex nuclear burning = N, > 200;

SurfSara’s Cartesius Computer.

40
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o
w
a1

¢25 BH, no exp
> o o o
= o o w
a1 S &3] <)

©
—_
o

é NS, expl.

0.05¢L
0

Post O burning evolution i
Si shell burning — ANTON PANNEKOEK

T T T T T T T T

i 1 ---25Mo, 7 =033
O T S et 30Me, n = 0.33

2 4 6 8 a0
loglo((tpre—SN - t)/[yr])

. Renzo et al., in prep.
Time prep
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= —
[o) N

[
Q1

Neutrino Luminosity
loglo(Lv/LG))

&> 5 Oscillations

—_ — — —_
—_ N W >

[
o

T T T T T T T
| VNJNL ]
| Mzams = 15 Mg
L 7 =1.0 i
B — nuclear

— cooling |
total

1 1 L 1 L 1 L 1 L

0 -2 —4 —6 -8 —10

loglo((tpre—SN - t)/[yr])
Time

ANTON PANNEKOEK
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Fuel ignition in
(partially)
degenerate

environment

4

Flash

Renzo et al., in prep.
42/



Take home points A
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Uncertainties in stellar winds:
. pre-SN mass = no M; = M;(Myzays) map;
« core structure = “explodability” & remnant.




Outline R
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(If you care) preliminary results

e What physics can we learn from breaking apart binaries?

44



] From Binary to Runaway ]

ANTON PANNEKOEK
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e Unbinding Matter
(e.g. Blaauw '61)

e Ejecta Impact

(e.g. Tauris & Taken '98)

e SN Natal Kick . ,,,,a,,;;;;,,,:,,é,,

ad

,
77
77
77
77
b

2

7
4

N

$ ‘e
mm/ﬂ/

(e.g. Cordes et al. '93)

777777



SN natal kick

ANTON PANNEKOEK
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Mésta et al. 2014

v emission and/or ejecta anisotropies




SN natal kick

Gravitational
Waves

Mésta et al. 2014
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Preliminary: Velocity Distribution iR
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O-type from disrupted binaries only

N
w1

E BH momentum kick |

g
o

=
(&)

Probability x 10°
—_
o

o
w1

0.0

" L L 1 L 1 L | "
0 10 20 30 40 50 60 70 80 90 100 110 120
orw [km s ]
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Preliminary: Velocity Distribution iR
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O-type from disrupted binaries only

25 T T+ ' T T T T T T T T T T T T T T T T T T
\“'b\\ : E BH momentum kick |
Nall I
2.0 .
S
x 1.5 T
2
9
210 i
e
~

o
w1

0.0

" L L 1 L 1 L | "
0 10 20 30 40 50 60 70 80 90 100 110 120
orw [km s ]
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Preliminary: Velocity Distribution i[w}

= = g N
=) & o &
.

Probability x 10°

o
&)

0.0
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O-type from disrupted binaries only

0

" Ts% T T~ T T T T~ T T~ T T~ T T T T T T* T
@‘b\\ HEl BH momentum kick |
: B No BH kick

" L N 1 N 1 L | L
10 20 30 40 50 60 70 80 90 100 110 120
opw [km s ]
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~ Rotational velocity

Rotational Velocity & LOS velocity

i

ANTON PANNEKOEK
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t = 6.60 Myr

% tot % RW

600 8
500 &

Oy sin(i) [kms~7]
w
<
S
]

100 | ! .

i [ f | i f | 1
0 20 40 60 80 100 120 % tot %RW

Orw [km 577
-,
—155 —-15.0 —145 —-14.0 —-135 —-13.0 —-125 —-120 —115

logn(Prw)

~ Line of sight velocity

49



e Disrupted ratio iR

ANTON PANNFKOFK

0.18 — T T T T T T " T T " T " T " T " T " T " T " T " T " T " T T
016 L — high BHkick ]
I — normal BH kick |
» 0.14 i — no BH kick ]
So012L —— oo BH/NS kick
% 010k VFTS Observed |
=
(]
z 0.08 | .
<
g L
& 0.06 i i
©0.04f 1
0.02} 1
0.00 : | 1 1 1 1 | 1 | 1 1

L L L L L PR I PR M
314 15 16 17 18 19 20 21 22 23 24 25
t [Myr]

PN I N T
5 6 7 8 9 1011121
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Mass function of disrupted binaries i[w}

ANTON PANNFEKOFEK

10*4E N — :
10°F time =-8.00 Myr ]
10-6 - ]
10-7 _
08
107 _
~ 10-10f
10~ 1 _
10-12 _
10-13 _
10—14 . |

10 11 12 13 14 15 16 17 18 19 20
logyo(M/ M)

Probability
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