Lecture 17

Binary Evolution
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Figure 1.1 The evolution of the radius of a 5 M, star as a function of its lifetime
to illustrate the ranges in radius and orbital period for the different cases of RLOF

phases, as indicated

Half or more of massive stars are found in binaries with
such close separations that the stars will interact when
one of them becomes a supergiant (Sana & Evans 2011;
Sana et al. 2012). [Podsiadlowski says 30 — 50%, but

in any case the fraction is large]
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Conservative mass exchange
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If the mass losing star is the more massive component,
the orbit shrinks

e.g., a double neutron star system. Both stars
big enough to be supernovae
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The Evolution of Binary Systems

Figure 1.2 Cartoon illustrating stable mass transfer.

Figure 1.3 Cartoon illustrating unstable mass transfer.

The latter can lead to the formation of a “common envelope”
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Properties: Type Ib/c supernovae

® Lack hydrogen, but also lack the Si Il 116355 feature that typifies
SN la.

® SN Ib have strong features due to He | at 5876, 6678, 7065 and
10830 A. SN Ic lack these helium features, at least the 5876 A line.
Some people think there is a continuum of properties between SN Ib
and SN Ic

® Found in spiral and irregular galaxies. Found in spiral arms and star
forming regions. Not found in ellipticals. Associated with star formation

® Often strong radio sources (unlike Type la). Suggests extensive mass loss.

® Fainter at peak than SN la by about 1.5 magnitudes. Otherwise similar
light curve. Large variation in luminosities.

® Only supernovae definitely associated with gamma-ray bursts
so far are Type Ic

® Cannot have high mass in the common case. Probably come from binaries

® Apparently radioactive powered light curves but fainter
than la by about 1.5 m at peak, so a few x 10%2 erg s™'

¢ Distinct IR light curve. No secondary peak like SN la

Generally believed to be the explosion of massive stars that
have lost their hydrogen envelope, but how?

1) Very massive stars — single or in detached binaries — that
have lost their envelopes to winds. Then the initial star mass
would be > 30 solar masses and unless the remaining helium
core itself lost a lot of mass the presupernova star would be
quite massive (e.g. Woosley, Langer, Weaver 1993)

2) Stars of mass similar to those of common supernovae (10 — 20
My) that lose their envelope in a mass exchanging binary.
Progenitors have lower mass (e.g., Woosley, Langer, Weaver 1995)

Ensman and Woosley (1988) showed SN Ib progenitors had to be less than
7 Mo when they died or the light curve would be too broad. < 5 was better.
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Fig. 16.5 The bolometric light curve of SN 2008D compared to three
models. The best-fitting one containing a total5®Ni mass of 0.07 M, with
Don’t believe the models! The fit to the initial spike invoked an extra

blob of nickel on the outside of the star. | have models where this is
not necessary but the progenitor star has an extended structure instead - SEW
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Fy [107" erg s™' em™ A™"]

F, [107 erg 5™ em™ A™]

Or it could be mixing

~  Data Source: Modjaz et al. (2009)

Dessart, Hillier, & Woosley, MNRAS,
424,2139 (2012)

SN2008D - 20080202
E(B-V)=0.70

Type Ib

It is thought by many that the
production of Type Ic supernovae
i requires the removal of the
hydrogen envelope and helium
shell of a very massive
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Type Ic

star that originated from a binary
pair in which each star was lighter
than 25 solar masses (Yoon,
Langer and Woosley 2010)
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In the end, for main sequence masses up to 30 Mg
the Type Ib or ¢ progenitor mass is just
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The outcome of presupernova evolution is
different in binaries
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The exposed helium core then loses mass as a WR-star. It's mass

shrinks further.
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For example, for M aus =25 Mg the progenitor
mass is 5.0 M. For a single star the helium core mass
would have been between 8 and 9 Mg

For still higher masses the progenitor mass is just %4 of the main
sequence mass. Other mass loss rates will give different values
of course and the answer will depend on metallicity.
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compactness

compactness

Compactness compared with single stars
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TABLE 8. CRITICAL MASSES IN CLOSE BINARY SYSTEMS
ZAMS Initial Pre-SN
Star He star Mass Characteristics
Me] Me] Me]
<13 <2.4 - SAGB star, WD
13-13.5 2.4-25 20-21 SAGB star, rad-expansion
ECSN, fast SN Ib, little 6Ni
13.5- 16 25-32 2.1-26 8SiFlash, rad-expansion,
peculiar SN Ib
16 - 30 3.2-10 2.6 -7  Ordinary SN Ib, Ic
30 - 120 10 - 60 7-30  Mostly BH, Massive SN Ic
120 - 140 60 - 70 30-35 Weak PPISN, BH PPISN will reduce
140 - 250 70-125 35-62 Strong PPISN, BH the BH mass to
250 - 500 125-250 62- 133 PISN, no remnant <46 Mo
>500 >250 > 133  Black holes
NOTE. — These are for non-rotating solar metallicity stars using

the standard mass loss rate. The “Initial He star masses” corre-
sponding to a given ZAMS mass are quite uncertain

fur is a reguction factor
applied to older overly large
WR mass loss rates

YOON, WOOSLEY, & LANGER

Properties of the Computed Sequences

Vol. 725

No. z My M B Swr Case b3 [Mir ] Mcor Mye My {ia)

1 0.02 12 8 30 5 B+BB 579 o [ o 00 033

2 002 12 noo40 5 B+BB 1044 148 |24 020 00 035

3 002 13 noos0 5 B+BB 1233 164 | 143 oas 00 022

4 002 14 2 30 5 A+AB+BB 1185 133 | e 0220 00

5 002 1 2 50 5 B+BB 307 | 297 1.6 124 L9=4) 025

6 002 16 20 5 A:Contact

7 002 16 o 30 s A+AB+ABB 1018 156 | 13 o 00 039 ONeMg WD
8 002 16 W40 s B+BB 262 366 | 205 147 45(=3) SNIb
9 002 16 50 5 B+BB 337 365 | 204 147 5.0(-3) SNIb
10 002 18 230 5 A+AB+ABB 279 | 266 | 158 101 0.00 SNIb
1 002 18 1230 10 A+AB+ABB 273 | 274 159 108 0.00 SNIb
2 002 18 250 10 B:Contact

13 002 18 17 30 10 A+AB+ABB 203 025 SNIb
14 002 18 17 40 10 A+AB 379 025 SNIb
15 002 18 1740 10 A+AB 397 SNIb
16 002 18 1740 10 A+AB 380 SNIb
17¢ 0.02 18 17 4.0 10 A+AB SNIb
15 002 18 1740 10 A+AB SNIb
19 002 18 17 50 3 B SNIb
20 002 18 17 50 5 B 404 SNIb
21 002 18 1750 10 B+BB 441 SNIb
2 002 18 1760 10 B 439 SNIb
n 002 2 v 60 10 B:Contact
2 002 2 4 20 10 A:Contact
25 002 25 24 30 3 A+AB 27 370 | 246 098 00 024 SNIb
26 002 25 2 30 5 A+AB 24 |43 | 280 130 00 025 SNIb
27 002 2 24 30 10 A+AB 213 507 | 317 167 00 025 SNIb
2% 002 2 24 30 10 A+AB 189 | 508 | 309 1.6 00 032 SNIb
29 002 25 24 40 5 A+AB 25 | 445 | 291 122 00 026 SNIb
30 002 25 4 60 10 B 274 | 640 | 445 163 00 039 SNIb
31 002 0 0 70 3 A 168 | 495 | 370 025 0 024 SNIe
2 0004 16 [EREYY 5 B+BB 6475 [ 391 |22 154 024 SNIb
30004 16 4o 30 5 B+BB 196 390 | 221 153 024 SNIb
34 0004 16 50 5 B+BB a8 [ 384|200 151 024 SNIb
35 0004 18 1250 5 B+BB 144 |4t | 276 168 031 SNIb
36 0004 18 2 80 s B+BB 233 | 456 | 268 167 033 SNIb
37 0004 18 1730 5 A+AB 184 | 442 | 255 167 026 SNIb
38 0004 18 17300 10 A+AB 144|458 | 261 177 026 SNIb
9 0004 18 1760 5 B+BB 270 |45 |27 165 027 SNIb
40 0004 25 2 30 5 A:Contact
41 0004 25 1260 5 B:Contact
2 0004 25 v 30 5 A+AB 102 709 | 487 0 65(=3) 032 SNIb
a3 004 25 24 30 s A+AB 130 | 731 | 505 207 87=3) 028 SNIb
44 004 25 4 60 s B:Contact
45 0004 40 0 40 5 A+AB 931 | 120 |94 124 00 056 BH

What makes the difference between a Ib and

alc -i.e., why are the helium lines present in the
former and not the latter. It could be a mass stripping
effect — the helium has been pealed off

Pre_SN Mass | Surface helium
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2.57
343
4.45
4.87
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7.39

0.99
0.99
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0.49
0.21
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0.19

Woosley (2019) Mdot*1.5

Start Ic
here?

What is not He at the
surface is mostly C+O



MERGERS

“Since a large fraction of the orbital binding energy

is released in a merger, the merger process itself might
resemble a faint supernova (“supernova impostor”),
such as the outburst of eta Carinae in the 19t century.

After the merger, the remnant will be a rapidly rotating
supergiant, at least initially rotating near break-up at the
equator. This is probably the major channel for producing
Ble] supergiants, which are evolved stars rotating near
breakup.”

About 10% [up to 10%7?] of massive stars are expected
to experience a merger in their lives. The time scale may be
long (radiative envelopes with steep density gradient) or long
(convective envelope)

Podsiadlowski, Morris & Ivanova 2006

SN 1987A - Rings

Outer ring
at edge of
swept-up gas
from earlier
mass loss.

Inner ring Supernova

of swept-up red- i it remnant
superg?antpgas. e A dark, invisible
outer portion

surrounds the

brighter inner

region lit by

radioactive

decay.

Sky and Telescope

SN 1987A — the explosion of a BLUE
SUPERGIANT

SN 19874 — Light curve

SN 1987A Visual Light Curve

+ SN 1987A
Typical Type Il Light Curve
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Matches predictions!
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J0106-1000 contains a pair of WDs (0.17 Mg primary
+ 0.43 My, invisible secondary) at a separation of 0.32
Ro. The two WDs will merge in 37 Myr. Probably will
make a single He-burning star. Gianninas et al (2014)
list about two dozen WDs that will merge in a Hubble
time. Most are low mass.

The Galactic WD merger rate per WD is Ryerge =

(9.7 = 1.1) x 102 yr', Integrated over the Galaxy lifetime,
this implies that 8.5-11 per cent of all WDs ever formed
have merged with another WD. 15% of these mergers
would have to make a SN la to explain the Galactic

rate (Badenes and Maoz 2018). May be difficult.

Galactic DNS merger rate of 21(+28-14) Myr-'!
based on 3 Galactic DNS systems (Chruslinka et al (2017)

Merger by Gravitational Radiation

Chris Hirata, CIT, Lecture XV, 12/2/11

(ar1AU)’

t.. =3.3x10" years
ow MM, (M, +M,)/ M

e.g., in a Hubble time, 10" years, two 1.4 M, objects will merge
if their initial separation is less than 0.02 AU, i..e., 4.3 R . This
corresponds to an initial period of 16 hours.

Two 10 M_ objects will merge if their separationis 19 R _.

There are many known systems of compact objects with

known periods much less than this. E.g., binary pulsar

1913+16 (Taylor and Weisberg 1989) has a period of 7.75 hours.

Masses in the Stellar Graveyard

in Solar Masses  Frank Elavsky

Mass gap

EM Neutron Stars

XTE J1650-500 — 3.8 M,
XTE J1650-500 8 Mo LIGO-Virgo | Frank Elavsky | Northwestern



For an IMF that is a power-law: £(log M)=NM"

For massive stars that would
1 make black holes the relevant
i mass is generally the helium

core.
. m
. 45
ifM,>M, 10 . . .

”f dM_MI“dM J-dM M
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L

The hydrogen envelope is very
loosely bound and has a large
radius.

Exterior binding energy (erg)

) T
<M>=(ﬂ (M}, +M)'"

<M>=~05""M ~1.67M,
podlogs 4o

= (Salpeter) 101 PreSN mass loss, gravity waves,
dlogM >1AU neutrino mass loss, binary
107 . .

This gives the average mass above a certain threshold for interaction would all act to remove
~ 107F the envelope.

an assumed power law slope. G
Y 10"E Radius

For example, if all stars above 9 solar masses become supernovae, the median € ol 1M, of ionized hydrogenat

supernova mass is (9)(1.67) = 15 solar masses. If only stars from 9 to 20 Mg
become supernovae, retain the My, term and get 13 solar masses. Half of all 10°F
supernovae probably come from stars lighter than 13 M.

13.6 eV / atom = 2.6x10* erg

dt 108
dN:.f(IogM)d(IogM)? o 5 10 15

o .
Interior mass

Simple Estimate of Average BH Mass Stellar Death Summary

10

Core Mass [Mo]

Single Stars

He Core Main Seq. Mass

well known Poorly known

Supernova Mechanism
without rotation

Moo = 043M,,,— 2.0 M, M, < 27 M,
=051M,,,s-42M, M, 227 M, 1.5 M <35 8<M <13 Electron capture onlower end
44M, atM,,,c =15 M, Fe core collapse. Neutron star.
16.2 M, atM,,,,s = 40 M,
] 3.5<M<32 13 M <75  Fe core collapse to neutron star
4 or ablack hole.
Mx/2
Lo m o w s W 32< M <62 75<M< 140 Pulsational pair instability followed
If assume a) zero mass loss and b) all stars above 18 M make by Fe core collapse to a black hole
black holes then the average black hole mass is 5/3 *18
The average helium core mass, a better estimate of black hole mass 62< M <133 140< M <260  Pair instability supernova
in a binary is the helium core mass 0.51*30 -4.2 5 11.1 My, (single pulse, no remnant)
These are both very approximate. The envelope may not all fall in M=133 M 2260 Pair instability. Black hole,

no explosion

Heger and Woosley (ApJ, 2002, 2016)
Woosley (ApJ 2017)

or may be lost to winds and the helium core may lose mass after
being uncovered in a binary system. 18 Mg, is not a sharp cutoff, etc.



STELLAR DEATH SUMMARY - BINARIES

TABLE 8. CRITICAL MASSES IN CLOSE BINARY SYSTEMS

70 Mg < M < 140 M
Pulsational Pair Instability
Supernovae (PPISN)

® A thermonuclear instability

ZAMS Initial Pre-SN
Star He star Mass Characteristics
Me] Me] Me]
<13 <24 - SAGB star, WD
13-13.5 2.4-25 20-21 SAGB star, rad-expansion
ECSN, fast SN Ib, little °6Ni
13.5- 16 25-32 2.1-26 8SiFlash, rad-expansion,
peculiar SN Ib
16 - 30 3.2-10 2.6 -7  Ordinary SN Ib, Ic
30 - 120 10 - 60 7-30 Mostly BH, Massive SN Ic
120 - 140 60 - 70 30-35 Weak PPISN, BH PPISN will reduce
140 - 250 70-125 35-62 Strong PPISN, BH the BH mass to
250 - 500 125-250 62- 133 PISN, no remnant <46 Mo
>500 >250 > 133 Black holes
NOTE. — These are for non-rotating solar metallicity stars using

the standard mass loss rate. The “Initial He star masses” corre-
sponding to a given ZAMS mass are quite uncertain

Woosley (2017)

8 ' ' ' 8 encountered at oxygen ignition
< that affects helium cores from
o6 16 % 30 to 65 Mg, . Main sequence
~ N
® He50 (0 masses 70 Mg to 140 M.

g 5 Usually removes all remaining
% L 1, £ hydrogen eI_lv_elope gnd part

€ 3 of the remaining helium core
°© before collapsing to a black

0 L . L .10 hole. Easy to model explosion,

2.0 1.5 1.0 0.5 0.0

time to collapse (107 s)

E.g., 50 M, helium core pulses
until 46.7 M_ is left then evolves

to core collapse

but mass loss history is uncertain.

Rare events, ~1% of super-
novae neglecting mass loss.
Probably much lower

in regions of solar metallicity.

No Mass Loss Except for PPISN

80F T T T —— 64 models
70 ;_ Forbidden to He core mass @ No black holes will
Black Hol é be born in close

~ B60F ack Hotes § 2 binaries with mass
§® between 52 and 133
~ 50F $ é E 4 solar masses. Many
g e -©- _g .E. __________ i1 will have masses
€ 40 3 = 31 near 35— 45 solar
o : ! O p E masses
8 E Remnant (black hole) mass E

30F (m} E

20f

106 R
The var[at[o@gt each 100 120 140 160 No remnant until

massisduetaa’iﬁ‘erentMOin sequence mass (M@)

assumed mass loss rates
in the precollapse star

260 Mo

PPISN —> PISN—>
80
Full star limit »
— 601 He core limit
= 404
&
:'.4 2[)‘ e sse—¥ - . II'W ea
0 ittt
8 10 12 14 16 18 20 22 24 40 60 80 100 120 140 160
Mzans [Me)

For|M < 70 My, blue points are the original mass of the star and
red, the helium core. Might be appropriate for Pop I11
No black hole at all for masses above ~70 M, (PPISN threshold)

up to 133 Mg, (He cores at top of PPSN range)

No black hole masses above derived from stars that have
lost their envelopes (or never had one)

Seeing a ~65 My BH in a merger might require a dynamical origin




Zero Mass Loss Limit (Pop I11?)
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Correction for binary evolution - in progress
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Single stars - helium core collapses (after uncovering and mass
loss in stars over 32 M) — orange

Bare helium cores uncovered at onset of helium core burning
plus TSK16 mass loss - turquoise [also appropriate for CHE]
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