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W Why are massive stars interesting?

X

Nucleosynthesis &
Chemical Evolution

~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,
Kobulnicky et al. "14, Almeida et al. *16)

Star Formation

lonizing Radiation .
~10% of O type stars are
runaways
(v>30kms™1)

(e.g., Blaauw 61, Gies '87, Stone '91)

Supernovae

GW Astronomy



) Different behaviors with Mzams and/or Mie Ry
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Qutline A
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Stellar winds: NS or BH?

e Line driving mechanism

Core Collapse in a Binary
e Massive “widowed” stars

Pulsational Pair Instability
e BH mass function above ~ 30 M,
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photon absorption
NN . — metallic ion
emission or Tiud

scattering " {Ap) = &(vicos(6;) — v cos(6)

4 . —> § —H and He

Collisional coupling

.—)6—)

Problems: High Non-Linearity and Clumpiness
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Inhomogeneities:

def

fu = 2751 = M7é47rr2pv( r)




-r
Rlsk:
Possible overestimation of the
wind mass loss rate

Inhomogeneities:

def

fu = 2751 = M7é47tr2pv( r)




&l Mass loss in MESA [l
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7 = 7, - | (Semi-)Empirical

My /101 . parametric models.

Efficiency factor:

ML T Z,R M, )

% L de Jager/3 - . U/
ER deJager/lUi WM(L, Teffl 21 R, M,)
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for line—driven winds 7
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Figure: from N. Smith 2014, ARA&A, 52, 487


http://mesa.sourceforge.net/

Combination of algorithms iR
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&l Wind mass loss history i[w}
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mass loss history
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Impact on the final mass
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Pre-explosion appearance
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“Explodability” & Compactness &)

ANTON PANNEKOEK

dif M/ M, INSTITUTE
Cm(t) = R(M)/mgo km

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

(e.g., O’Connor & Ott '11,
Ugliano et al. 12,
Sukhbold & Woosley '14,
Ertl et al. '16)

not to scale! R(M) 13/42



“Explodability” & Compactness &)

ANTON PANNEKOEK

dif M/ M, INSTITUTE
Cm(t) = AR /7000 Tm

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

(e.g., O’Connor & Ott '11,
Ugliano et al. 12,
Sukhbold & Woosley '14,
Ertl et al. '16)

Caveat:
~ from 1D SN simulations
5 I R
@ Q,‘b e R 5
i 169 i A ST A
IV A
i T HR >
i ZHi :
{ O i
i Off i
~75 ~20 ~60 ~90 ~200
Mzams [Mo)
S2 <8 ) ~64 ~130
Mg, [M

not to scale! R(M) 13/42



Core @ O depletion i[w}
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MZAMS = 25 M@ MESA models INSTITUTE
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go5 @ O depletion A
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¢25 @ Oxygen Depletion (&)
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Post O burning evolution R
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e Post O burning evolution iR

Si shell burning — ANTON PANNEKOEK

INSTITUTE

g
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~30% Uncertainty in &5’
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& Take home points 1/3 i[w}
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Uncertainties in stellar winds:
o pre-SN mass = no My = Ms(Mzams) map;
« core structure = “explodability” & remnant.
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Outline

i

Core Collapse in a Binary
e Massive “widowed” stars

ANTON PANNEKOEK
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& Binary disruption

iR

- -

Initial close binary
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& Binary disruption

- -

Initial close binary

Orbit Widens
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e Binary disruption i

Initial close binary Orbit Widens

Stripped star + Accretor

20/42



& Binary disruption i

Stripped star + Accretor

+
Core Collapse & Disruption

20/42



@ Spin up, pollution, and rejuvenation

Binary interactions modify the star to be ejected

e.g., Packet '81, Cantiello et al. ‘07, de Mink et al. '13



What exactly disrupts the binary?
2>80% of binaries are disrupted

e Unbinding Matter

(e.g., Blaauw '61)

e Ejecta Impact

(e.g., Wheeler et al. '75,

Tauris & Takens "98, Liu et al. '15)

e SN Natal Kick

(e.g., Shklovskii ‘70, Janka '16)

post—SN _ = pre—SN
V2 - V2,0rb

22/42
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x(Xx

SN natal kick

v emission and/or ejecta anisotropies

Credits: Ott, C. D., Drasco, S.
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X (potential) Physics lessons... iR
...from disrupted binaries AT NS TUTE

INSTITUTE

e BH kicks

Do BH receive natal kicks?

Massive (and WR) Disrupted binaries are
“failed” GW sources!

Spatial distribution
runaways

of X-ray binaries
(e.g., Repetto et al. ’12,/15,16, Mandel '16)

(Dray et al. °05)




I (potential) PhYSiCS lessons... ﬂﬁ_

ANTON PANNEKOEK

...from diSfUpted binaries INSTITUTE

e Binary evolution

Constraints on binary physics

- Orbital evolution < pre-SN period
- Mass transfer efficiency < pre-SN M,

- Angular momentum loss =- isotropic
re-emission, circumbinary disk, etc.

25/42



x(xx

What | do: Population Synthesis i[w}

ANTON PANNEKOEK

Fast = Allows statistical tests of the inputs & assumptions instiTuTE

Stellar
Winds

Initial Evolution Population of
Distributions (binary.c) disrupted
binaries

SN kicks

RLOF &
Common
Envelope Tidal

Interactions

Mass
Transfer

Izzard et al. 04, 06, '09; de Mink et al. '13 26/42



e Initial Distributions i[w}

Kroupa ‘01 (or Schnelder etal m prep) flat Sana et al.,'12
——— T T

slope=-0.55
if My > 15Mo,
else flat

- slope=-2.3 (or -1.9)

Probability

0 25 50 75 100 0.0 0.5 1.0 0 1 2 3 4
My [Mg)] q = M/ M log,o(P/[days])

Maxwellian ¢, . = 265km s~ ! + Fallback rescalin
Vkick
(from Fryer et al. '12)

Probability

0 200 400 600 800 1000
NS kick [km s~ 1]

Hobbs et al. '05 27/42
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Velocity distribution: Runaways A
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X
X

Velocity distribution: Walkaways i[w}

100

1071

Probability x 103
S o o o o
= N w > a1

o
o
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<= W

alkav

Nays

Runaway

0gjs [km sil]

For each runaway there are ~ 20 walkaways in the galaxy! ., .,



Velocity distribution: Walkaways

Can't get rid of them!

L

1 00 Physical Assumptions parameter value |kn<|UZ" | Rus  Ras Ris D

= Fiducial population Seesec.2 120 170 163 172 084
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O-type runaways R
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Largest homogeneous sample available to date INSTITUTE

1
VFTS sample

“Projected rotational velocity”
vk sin(i) [kms~1]

, i , , | | , |
0 20 40 60 80 100 120
gjs [km s_l]

“Line of sight velocity”

Sana et al., VFTS collaboration, in prep. 32/42



x(xx

O-type runaways

i

Largest homogeneous sample available to date

' [ B [
x VFTS sample 7

UZ?S sin(i) [km

“Projected rotational velocity”

, I , , , | , |
0 20 40 60 80 100 120
Udis [km sil}

“Line of sight velocity”

Sana et al., VFTS collaboration, in prep.
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O-type runaways i[w}
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How to test BH kick physics?

i

1.0

Probability x 10°
—_
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BH < Mgy > 2.5M., Only v > 30km s~ and My, > 7.5 M.,

70
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(Massive) runaway mass function (R
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(Massive) runaway mass function
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X . .
(Massive) runaway mass function
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Take home points 2/3 il
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~ 80% of binaries disrupted by first SN
Massive walk/runaways stars...
(regardless of their final velocity)
e ...“pollute” the field with binary products
e ...carry info on previous binary evolution

e ...can be used to learn about companion explosion

e ...enhance the massive stars feedback

37/42



Outline

i

Pulsational Pair Instability
e BH mass function above ~ 30 M,

ANTON PANNEKOEK
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) Different behaviors with Mzams and/or Mie Ry
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Radiation dominated:
Ptot =~ Prad

' My 2 32 M,

(Woosley 2017)
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1. Pair production
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2. Softening of EOS
triggers collapse
r<$

1. Pair production
Yy = ete”



3. Explosive
2. Softening of EOS (oxygen)
triggers collapse ignition

s —

1. Pair production
Yy = ete”



3. Explosive
2. Softening of EOS (oxygen)
triggers collapse ignition

s —

4b. PISN: complete disruption

1. Pair production 4a. Pulse with mass ejection

YY — ete



3. Explosive
2. Softening of EOS (oxygen)
triggers collapse ignition

ri<$ g rod
s

4a. Pulse with mass ejection

1. Pair production
Yy —ete K

. 6. Entropy loss

and fuel depletion
stabilize the core

5. v-cooling
and contraction
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PPISN mass loss history

fin
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Example: My, = 46 M, Z = 0.001, no envelope
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Take home point 3/3 il
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e Can modify the BH mass function (2" mass gap)
e Creates circumbinary gas as late as possible

e How does the orbital parameter change because of the PPI?
42/42



Conclusions

x(xx

e Massive stars are important for their environment
- lonization (e.g., Hll regions)
- Star formation
- Chemical evolution & Nucleosynthesis
e Their evolution is determined by:
- Initial mass
- Rotation
- Presence of companion star(s)

e They produce BH and NS that can later become GW sources

Uncertainties are related to radiative and/or
hydrodynamical processes on evolutionary timescales.
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e Massive stars are important for their environment
- lonization (e.g., Hll regions)
- Star formation
- Chemical evolution & Nucleosynthesis
e Their evolution is determined by:
- Initial mass
- Rotation
- Presence of companion star(s)

e They produce BH and NS that can later become GW sources

Uncertainties are related to radiative and/or
hydrodynamical processes on evolutionary timescales.

Thanks!



Outline
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Backup slides
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Where do they die? iR
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30 Doradus Star Formation History  fR
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Initial Rotational Velocities

iR
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Spin Down: Winds iR
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Properties of the RWs in 30 Dor i
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SN natal kicks R

Orbit

b=—+e-la

Fig. 2. Geometry of the orbital plane of a disrupted system (e > 1,
a < 0) after an asymmetric supernova explosion. The reference frame
is fixed on the companion star (C).
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Fallback

My, =0.2 M@ Mco < 2.5 M@
be = 0286MCO —0.514 M@ 2.5 M@ < MCO < 6.0 M@
6.0M@ < MCO <7.0 M@

fm=10
ftb =a;Mco + b, 7.0M® < Mco < 11.0M®
Fio = 1.0 Mco > 11.0 Mg

Ejecta impact
t=1000 s
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Binary Disruption

L

Unbinding Matter

(e.g., Blaauw '61)

SN Natal Kick

(e.g., Shklovskii '70, Janka '16)

Ejecta Impact

(e.g., Wheeler et al. '75,

Tauris & Takens '98, Liu et al. '15)

PN

;
7
7
A
2%
25
5%
;
b

N
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Computing Advanced Burning Stages R
. Initially small effect = Nyones > 20000 Vo Phuisoss
« Complex nuclear burning = N, = 200

2
Se
4 (ﬂye)

approx21.net =0 Fe +2e~ — Cr+ 2v,

M ~ (5.83M.,) Y2

Ye(r =0) = Ye(°6Cr) = 0.428

MESA

((Niso + 5) : Nzones) : (Slviso + 9)
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N- body mteractlons

least massive thrown out
...binaries matter

¢ (Binding) Energy reservoir
o Cross section « a2 > R?

Poveda et al., 1967




MESA grid varying dM/ dt A

ANTON PANNEKOEK
INSTITUTE

« Initial mass:
Mzams = {15, 20, 25, 30, 35} M.;
« Efficiency:
7={1 3 1}
. 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
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Astrophysical implications... A

ANTON PANNEKOEK

...of disrupting binaries INSTITUTE

e Feedback

e Field
contamination

e Massive Star
Formation

e LBV
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Astrophysical implications... A

...of disrupting binaries AN NsTTUTE
« Enhancement of massive
e Feedback stars feedback
- Larger volume
e Field - Spatial spread of CCSN

ContaminatiOﬂ (e.g., Conroy & Kratter *12)

- ~20% increase in fu

e Massive Star (e.g., Kimm & Cen '14)
Formation

e LBV
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Astrophysical implications... A

ANTON PANNEKOEK

...of disrupting binaries INSTITUTE

« Contamination of field
with binary products
e Field - Are “single” stars really single?
contamination
- Have they always been?

Tess kK]
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Astrophysical implications... A

ANTON PANNEKOEK

...of disrupting binaries INSTITUTE

e Feedback

e Field

contamination « Massive star formation

- are isolated massive stars
e Massive Star formed “in situ”?

Formation (e.g., Gavramadze et al. '12)

e LBV
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Astrophysical implications... A

ANTON PANNEKOEK

...of disrupting binaries INSTITUTE

« LBV phenomenon
e Feedback - Do LBV require binarity?

e Field
contamination

e Massive Star

Formation

e LBV B.OF T N BV w 2
J 6.0 —— 2
_J V?ﬁ? 3
o 5.5 <g— 3
3 WR - ~ ;

5.0 : : ‘

5.5 5.0 4.5 4.0 35

log Tey 59/42



Astrophysical implications...

fin

e Feedback

e Field
contamination

e Massive Star
Formation

e LBV

...of disrupting binaries

« LBV phenomenon
- Do LBV require binarity?

(e.g., Smith & Tombleson ’15, Smith 16,
Aghakhanlootakanloo et al. '17)

Fraclion of Lolal

1.0F

0.6[

0.4f

0.8F

all O stars - = -
02 - 05 (early)
06 + 07 (mid)

08 + 09 (late)
WN (+WNI)

WN (no WNH) «ooeeee

wC

all WR (no
LBV + LBVe

sgBle|

RSG

ANTON PANNEKOEK
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M

Q
NS
>

WNH) ==

ey

oo bercrcre e ber cocos v beciiieon

0.001 0.010 0.100
Projected separation to nearest O—type star (deg)
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Mass-rotation correlation

ANTON PANNEKOEK

Runaways onIy INSTITUTE

50 60 70
Mgw [Ms]




Mass-rotation correlation iR
Runaways only O P NSTITUTE
700

600

—7.0 —~
E 400 E
= 752
=t 2
a &0
.@300 _80 =2
S

100

<

10 20 30 40 50 60 70 80
Mgw [Mo)

90 100
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Mass-rotation correlation

i

Ueqsin(i) kms™1]

700
600
500
400
300
200

100

0
10

20

Runaways only

v~ 78km s}

—
_H_

30 40 50 60 70 80 90
Mgw [Mo)

100
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-5.0

-5.5

—6.0

—10.0
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Where do they die?

4

ility x 10

b

Probal
o oo o
N oW o W

S OO

o 9 ¢
o N ®
——

o o
S =

ok

s
_rl_
e
_l"-
o

r
el
- =l

0 1 2
log,,(max(L)/[pc])

No potential well, oy = 265km s~!

A
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x(Xx

Where do they die?

iZw18 R s

Credits: ESA/Hubble & Nasa, A. Aloisi
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x(Xx

Where do they die?

iZw18 o

Credits: ESA/Hubble & Nasa, A. Aloisi

forM > 7.5 M.:
(D) =128pc
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iZw18

Credits: ESA/Hubble & Nasa, A. Aloisi

& Where do they die?

for M > 7.5M:
(Dy =128pc
(D) =525pc
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iZw18

Credits: ESA/Hubble & Nasa, A. Aloisi

& Where do they die?

for M > 7.5 Ms:
(D) =128pc
(D) =525pc
(Dwax) = 103 pc
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How to measure stellar velocities? (R

ANTON PANNEKOEK

Line of sight velocity:

Doppler shifts =

Transverse velocity:
Proper motions

(if distance known)

Flux

INSTITUTE

Wavelength

Radial
_ velocity

Oly.
d " " Transverse

/ HC velocity
Proper
Sun i :§ motion

Space
velocity

63/42



@ Gaia will give proper motions & distances
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&l Wind Oservational Diagnostics iR

X

ANTON PANNEKOEK
INSTITUTE

. P Cygni line profiles .Back

« Optical and near UV lines (e.g. Ha)
- Radio and IR continuum excess

« IR spectrum of molecules (e.g. CO)
« Maser lines (for low density winds)

« Velocity structure: v(r) ~ (1 — RL*Y with g ~ 1
« Chemical composition and ionization fraction

. Spherical symmetry: M = 47r2ov(r)
 Steadiness and (often) homogeneity

M derived from fit of (a few) spectral lines.
No theoretical guaranties coefficients are constant.

65/42



	Stellar winds: NS or BH?
	Line driving mechanism

	Core Collapse in a Binary
	Massive ``widowed'' stars

	Pulsational Pair Instability
	BH mass function above 30M


