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INTRODUCTION: Compact Objects 4

Neutron Stars and Black Holes
Uniquephysicslabs

A Densesmatter in obs. Uni.
(testingsupranucleamatter)

A StrongesE/Bfields
(testingplasmaphysicy

A Atomicclockprecision

A Testingtheoriesof gravity
(unite quantumtheory andgravity)

A Probesof stellarevolution
andsupernovae

Many astrophysicalphenomenaare relatedto NSsand BHsin binaries
X-ray sources radio pulsars, jets, Type IbENe GRBand GWsand mergers
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COSMIC JOURNEY
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Tauris & van den Heuvel (2022)
Physics of Binary Star Evolution



PROBABILITY OF SURVIVINGUPERNOVA
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SUPERNOVA EXPLOSION KINEMATIC EFFECTS

X, . ) ¢ . Inserting Eqs. (48)—(50) into Egs. (12) and (13) gives the
A =—cosf [{siny+(£—1) £-2 (38) final velocities of the stellar components in the original reference
frame.
v ¢ We find for the neutron star:
+ 2 . '
= —1= 39
A S8 va\/ef—Z ) Uns.x = W cos l+] + L+L v (51)
SiX R R 1+ MMghen + M2
2 __ sin@sin A |Esiny + (£ = 1) ¢ (40) 1 1 OV P
A ' ) £-2 Uns.y = wsin cos g (] - §) +glim+ —o— (52)

where we have used . = A e and 1o = too/E/(€ — 2).

We now proceed to express /3, y and A in the true input angles
¥ and . We cannot reach sin A directly, but that doesn’t matter,
from Fig. 1 (bottom) we have: ugsin 3sin A = wsinvsin . | and for the companion star:
Intermediate results are:

Uns,z = wsin 1 sin (é + 1) (53)

W cos v 1 N 1 + Mghen 54
X, = v+ wcos 41) v = myr R \marR 1+ Mgpen +ma ! &
1 — &4 EE — 2)siny
gy = LSOCOSP (] _ ) = P s
V’E(g ) ) ?Tlg_rS mer ?TlgrS
T I+ &€ —2)cos?y 2, = = sin 17 sin ¢ (56)
1 1 : 2 mar R
ug(l — 5) ~ (w sin 1 cos o — Vyy)
0 ;
(wsin 9 cos ¢ — vi) Tauris &Takeng1998), A&A
_ im 42 2
14+ £(E —2)cos? vy (42) T AT
w? 2 w / x
P=1=-2m+— + -5 +25wcosd) — vjy sin v cos ) (44)
v () ()
|
QEI_F_{:“‘__(usmt)cNos; Uim) (45)
m muv
P P I+ /
R= (‘/— (1 $in 1 COS ¢ — Vi) — — — 1) RUE TS
v m mor \



SUPERNOVA SHELL IMPACT

Liu, TaurisRopkeet al. (2015), A&A 3D hydrodynamical sim.

Time=0 sec

log density [g/cm?]

8.0R,,

evaporation / ablation and pollution

See also ot ()
AEI 2021 Gvaramadzet al. (2017), Nature Astronomy
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COMMON ENVELOPE 12
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DNS systems: connections to their HMXB progenitor systems? 13
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PULSAR RECYCLING

RN ¢

Post-common envelope binary

- new episode of mass transfer
| Case BB RLO
@ i) accretion onto neutron star
(recycling to high spin freq.)
F ii) stripping of donor star



RecycledPulsars in DNS systemsnountof accretedmass
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GALACTIC DNS SYSTEMS

P P B Forb e ﬁ"-{psr J""'if-:':c'.tr'n1:1: M otal
Radio Pulsar Type (ms)  (107'%)  (10°G) (days) (Mg) (Mp) (Mg)
J0453+1559% recycled 45.8 0.186 1.1 4.072  0.113 1.559 1.174  2.734
J050943801° recycled 76.5 7.93 7.2 0.380 0.586 ~1.34 ~1.46 2.805
JO737—3039A° recycled 22.7 1.76 1.8 0.102  0.088 1.338 1.249  2.587
JO737—-3039B¢ young 2773.5 892 410 —|l— —|= 1.249 1.338  —||—
J1411+42551¢ recycled 62.5 0.0956 0.66 2.616 0.170 <1.62 >0.92 2.538
J1518+4-4904° recycled 40.9 0.0272 0.33 8.634  0.249 ok ®EE 2718
B1534+412f recycled 37.9 2.42 2.8 0.421 0.274 1.333 1.346  2.678
J1753-22409 recycled 95.1 0.970 2.5 13.638 0.304
J1755—2550" % young 315.2 270 9.696  0.089 > 0.40
J1756—2251° recycled 28.5 1.02 1.6 0.320 0.181 1.341 1.230  2.570
J1757—18547 recycled 21.5 2.63 2.2 0.184  0.606 1.338 1.395  2.733
J1811—1736" recycled 104.2 0.901 2.7 18779 0.828 <1.64 >0.93 257
7182942456 recycled 41.0 0.0495 0.42 1.176  0.139 1.306 1.299  2.606
J19064+0746™* young 144.1 20300 470 0.166  0.085 1.291 1.322  2.613
J191341102™ recycled 27.3 0.157 0.83 0.206  0.090 1.62 1.27  2.889
B1913+16° recycled 59.0 8.63 7.3 0.323  0.617 1.440 1.389  2.828
J1930—1852P recycled 185.5 18.0 16 45.060 0.399 <1.32 =130 2.59
J19464-205217 recycled 17.0 0.92 1.0 0.078 0.064 <1.31 >1.18 2.50
J0514—4002A 7 GC 5.0  0.00070 0.016 18.79 0.888 ~ 1.25 ~ 122 2.473
J1807—2459B%% GC 4.2 0.0823 0.18 9.957  0.747 1.366 1.206 2.572
B2127411C" GC 30.5 4.99 3.7 0.335  0.681 1.358 1.354  2.713

Tauris & van den Heuvel (2022)

AEl 2021



PULSAR RECYCLING

Post-common envelope binary

- new episode of mass transfer
| Case BB RLO
| I) accretion onto neutron star
: _ (recycling to high spin freq.)
Ultra-stripped supernova explosion . @ i) stripping of donor star



CASE BB RLO

Tauris, Langer odsiadlowsk{2015)
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ULTRASTRIPPED SUPERNOVAE

All* i
All UGO/Vnrgo double NS mergers
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Observational evidence
for ultra-stripped SNeé

F SN 2005ek . o

;s .

Droutet al. (2013)ApJ
De et al. (2018), Science

are produced via ultra-stripped SNe

Models calculated for the first time.
We predict a new subclass of SNe
ultra-stripped SNe
with ejecta masses of ~0.1 M,

Tauris et al. (2013ApJL
Tauris, Langer odsiadlowski2015), MNRAS

Suwaeet al. (2015), MNRAS

Moriyaet al. (2017), MNRAINS RS Ee

Newton, Steiner &agi(2018),ApJ

19

o [0

c- ¢

| !

"9 | e
\/

RO_L !

e

O O

A e e e
x7r
9

w_ 7

i

Mdiller et al. (2018, 2019), MNRASREIRRS el (eki{e]gNag(elo (1] [T3le

_19 T T T T T T T T T T - - . ‘ . : . :
50
i Met=1-3 Mg E,=5-10% erg  My=0.05 Mg ———
- _ _ 50 _ .
8 Mo=1.3 Mg E,;=1-10% erg  My=0.03 Mg —-—-~-
50
o . MCut=T 3 M@ Eej=T 107" erg MNI=O'OW MG} .......
- 50 -
= Mu=14 Mg E,=110%" erg My =0.03 My — — —
L]
3
:.;J -
& Tauriset al. (2013)
g -15 1
£
2 14 |
>
o]
& 13 |
<T
-12 .
-11 ‘ | | |

Time since explosion, tg,

(days)



ULTRASTRIPPED SUPERNOVAE

20
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Fe CCSN versus EC SN

Takahashet al. (2013)
Umedaet al. (2012)
Jones et al. (2013)

Tauris, Langer & Podsiadlowski (2015), MNRAS
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ULTRASTRIPPED SUPERNOVAE 21

o Tauris, Langer Rodsiadlowsk{2015), MNRAS o 10 6
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ULTRASTRIPPED SUPERNOVAE 22

Three-Dimensional Simulations of Neutrino-Driven Core-Collapse
Supernovae from Low-Mass Single and Binary Star Progenitors

Bernhard Miiller' *, Thomas M. Tauris”, Alexander Heger'~, Projjwal Banerjee®,
Yong-Zhong Qian™, Jade Powell®, Conrad Chan', Daniel W. Gay’"!, Norbert Langer®’

Mdller et al. (2019), MNRAS ol " " oo p-r— ]

- —— - —

- ———— ]

[
x (x10"3 km) - a
10-F

Exampleof Ultra-stripped SN =
. ] s=sssmmsmsssssssssss 1
2.80M_ ,He-starstrippeddownto 1.49M,, T T 4 0 ]
prior to explosion(DNSprogenitor) s e
he3
10% ] ) 3 [ 5
Tin Eezpl MIG Mh}' Mgrav VPNS VPNS ex PPNS r
Model (ms) (10"erg) (Mp) (Mp) (Mo) (kms™') (kms™) (ms)
9.6 273 1.32 0.014 1.35 1.22 92 21 1060  48°
s11.8 963 1.99 0.024 1.35 1.23 164 278 152 64°
z12 1847 4.10 0.039 1.35 1.22 58 64 205 62°
512.5 1461 1.56 0.013 1.61 1.44 170 =170 20 550
he28 860 112 0010 142 128 104 Q@D 219 55°  small kick
he3.0 1242 3.66 0.035 1.48 1.33 308 Ho5 93  76°
he3s 1023 278 0.031 1.57 1.41 159 238 98  BO°

fiin 15 the final post-bounce time reached by each simulation, Eeyp is the final diagnostic explosion energy at the end of the simulations, Mg is the mass of
iron-group ejecta, My, is the gravitational neutron star mass, vpys is the kick velocity at the end of the run. vpys . 1s the extrapolated kick obtained from
Equation (6), Ppns is the estimated neutron star spin period, and « is the angle between the spin and kick vector at the end of the simulations.



DOUBLE PULSAR

Burgay et al. (2003), Lyne et al. (2004), Kramer et al. (2006)

Pulsar JO738039A: P=22.ihs
Pulsar J0738039B: P=2.77 sec

AEIl 2021 Thomas Tauris



HULSHAYLOR PULSAR

Pulse period: 59.0 ms
Orbital period: 7.75 h
Eccentricity: 0.617

Companion: neutron star
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HULSHAYLOR PULSAR 25

periastron time [s]

PSR B1913+16 (Hulse-Taylor pulsar, P,=7.75 hr, ecc=0.61)
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PROPERTIES OF DOUBLE NS MERGERSES

26

Pulsar

— van den Heuvel & Tauris (2022)

= Y B1913+186(y)
= W J1807—25008(r)
= W B2127+11C(r)
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AEI 2021 NS mass (I/I@)



MEASURING THE MASS OF A NEUTRON STAR 27

a 30

Moving atomic clocks in space! 201

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Orbital phase (turns)
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white dwarf
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Shapiro delay in time-of-arrival of radio pulses \

Demorest et al. (2010)

Pulsar mass: 1.97N0.04 M,
White dwarf mass:  0.500N0.006 M,
Orbital period: 8.69 days

Pulsar spin period:  3.15ms



Nice (2013)
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Shapiro Delay
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Any PK measurement yields a line in the (m,,m,)-plane.
Hence, two PK parametres determines m, and m, uniquely.
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Neutron star masses

A The double pulsar PSR J0737-3039
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=
e
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Mass A (Mg, )

Kramer et al. (2006)

Thomas Tauris
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PROPERTIES OF DOUBLE NS MERGERS=ES

30
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NS mass (M)
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NS mass {Mg)

In DNS systems, the firsbrn NS
accretes max. 0.0#,,

4

Measured masses of recycled NSs
are close to their birth masses!

There Is a difference in birth
masses of tand 29 born NSs.

In NS+WDBytemsproduced via
LMXBs, the accretion phase is
much longer (p to severalGyrn

However, some fully recycled NSs
only have masses efl.3M_ .

4

Accretion is verynefficienteven
at subEddington accretion levels.

Observed mass distribution
reflects spread in NS birth masses.



Accretion of firstborn NS

31
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AEIl 2021 Thomas Tauris



Wind accretionfrom (WR) Hestars
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THEORETICALLY PREDICTED NS MASSES

33

Pejcha& Thompson (2015)
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FIG. 18— Comparison of gravitational neutron star masses without fall-
back from Ugliano et al| (2012) and for our neutrino mechanism parameter-
zations (a) and (b) shown with open black and solid red circles, respectively.
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PROPERTIES OF DOUBLE NS MER&HRS:and ORBITAL PERIODS

34
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Theoretical DNS correlationd?,,, and P

spin

35
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AEl 2021
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Theoretical DNS correlationd?,,, and P

spin

36

AssumingsymmetricSNeand sameinitial helium star donor
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Models ofTauris Langer 8Pod5|adlowsk(2015)
Theory: Xgyy = 1.0-3.0 (M. = 3.0 My)

because of short timescale for recycling

Tauriset al. (2017)ApJ

Old NS in DNS cannot spin faster thailms
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Tauris & van den Heuvel (2022)

Table 14.5: Properties of 20 DNS systems with published data (including a few unconfirmed candidates).

P P B P e Mpe  Meomp  Miotal 5 Dist.  pDSR#* Tgwr
Radio Pulsar Type (ms) (107'¥)  (10°G) (days) (Mg) (Mg) (Mgp) (deg) (kpc) (kms™ ') (Myr)
J0453+1559% recycled 45.8 0.186 1.1 4.072 0.113 1.559 1.174  2.734 1.07 82 o
J05094-3801° recycled 76.5 7.93 7.2 0.380 0.586 ~1.34 ~1.46 2.805 1.56 579
JO737—3039A° recycled 22.7 1.76 1.8  0.102 0.088 1.338 1.249  2.587 < 3.2 1.15 32 86
JO737—3039B° young  2773.5 892 410 == == 1.249 1.338 —||— 130+1 —— —= —=
J141142551¢ recycled 62.5 0.0956 0.66 2,616 0.170 <1.62 >0.92 2.538 1.13 o
J15184-4904° recycled 40.9 0.0272 0.33 8.634  0.249 Hokk #EE 9718 0.63 30 o0
B1534+12f recycled 37.9 2.42 2.8 0.421  0.274 1.333 1.346  2.678 27 4+ 3 1.05 143 2730
J1753—-22407 recycled 95.1 0.970 2.5 13.638 0.304 3.46 o0
J1755—2550" * young 315.2 270 9.696  0.089 > 0.40 10.3 o
J1756—-2251° recycled 28.5 1.02 1.6 0.320 0.181 1.341 1.230  2.570 < 34 0.73  3gkkkk 1660
J1757—18547 recycled 21.5 2.63 2.2 0.184  0.606 1.338 1.395  2.733 19.6 76
J1811—1736% recycled 104.2 0.901 2.7 18779 0.828 <1.64 >0.93 2.57 5.93 )
J1829+2456 recycled 41.0 0.0495 0.42 1.176  0.139 1.306 1.299  2.606 0.91 49 o0
J1906-40746™* young 144.1 20300 470 0.166  0.085 1.291 1.322  2.613 7.40 309
J191341102" recycled 27.3 0.157 0.83 0.206  0.090 1.62 1.27  2.889 471
B1913+16° recycled 59.0 8.63 7.3 0.323  0.617 1.440 1.389  2.828 18+ 6 9.80 241 301
J1930—18527 recycled 185.5 18.0 16 45.060 0.399 <1.32 >1.30 2.59 1.5 o0
J1946420527 recycled 17.0 0.92 1.0 0.078 0.064 <131 =118 2.50 1.5 46
J0514—4002A™* GC 5.0 0.00070 0.016 18.79 0.888 ~ 1.25 ~ 122 2.473 12.1 e
J1807—2459B°* ac 0.0823 018  9.957 0747  1.366  1.206 2.572 3.0 »
B2127411C"* GC 30.5 4.99 3.7 0.335  0.681 1.358 1.354  2.713 12.9 217

Globular cluster source! This NS was most likely recycled in a LMXB (WD progenitor as donor st
which was afterwards disrupted and the recycled NS was paired with another NS

AEl 2021



Theoretical DNS correlations: Eccentricity
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Important calibration data
for population synthesis!!!
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Period derivative, log P
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The final outcome of stellar core collapen® monotonic
(nonrivial to determine beforehand if the outcome will be a NS or a BH)

Sukhbolcet al. (2016)

w— wind
H—envelope
=== He—core
=== SN ejecta
fallback

neutron star

10 15 20 25 40 80 120
MZAMS [M o]
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—

Metallicityand{ b & O f playNd roichad well fbr the NS vs BH outcorr
Ebingeret al. (2019)

- ) 1] e
w021 _ ‘ calibration I
N TH{e—

10 20 30 40" 80 120

calibration |

The differences in stellar evolution between single and binary stars _have been
highlighted in a number of papers, e.g. Podsiadlowski et al. (1992); Brown et al.
(2001); Podsiadlowski et al. (2004) and more recently by Woosley (2019).

AEIl 2021 Thomas Tauris
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Five formation channels for BHBH mergegse e.g. Tauris & van den Heuvel 2022)

0 CtKS /9 OKIYyyStf O0A®dPSd KS GNIFRA
(This is the higimass analogue of the formation channel of DNSs.)

i) The stable RLO channel (i.e. the S$i#k83hannel).

i) The chemically homogeneous evolution (CHE) channel
with or without a massive overcontact binary.

Iv) The dynamical channel (applicable only in dense stellar environments).

v) The hierarchical triple system channel.

AEIl 2021 Thomas Tauris



FORMATION OF BHBH BINARIES

45

NSNS / BHNS / BHBH systems form very similarly in isolation via the CE channel.
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Kruckow et al. (2018)
100_" rrrrrrrrrrrrrrp e e e T e e e e e e e e T T

Znaw = 0.0088

-
IIIII

-
IIIII

-
IIIIIIIII

Initial secondary mass, mzams (Mg)
(W] N = t (@) -~J Qo Ne®)
o - o - o
T I LI | LI | L I LI |

—
-
LI | L

107207 3040 50 60 70 80 90 100
Initial primary mass, my g (Me)

AEIl 2021 Thomas Tauris



CLASSIFICATION OF BBBH BINARIES

47

BH-BH Class Chirp mass, M/Ms  Example

very-low mass 3—10 GW170608
low mass 10 —20 GW151012
intermediate mass 20—40 GW150914
massive 40 — 60 GW190602
extremely massive > 60 GWI190521

Different origins?
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Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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ChemicallyjHomogeneougvolution (CHE) &k

Maeder(1987), Langer (1992)
Heger & Langer (2000)

de Mink+ (2009)
Mandel & de Mink (2016)
de Mink & Mandel (2016)

A&A 588, 50 (2016)

tight binary
‘ tidal forces

Newstellarphysics rapid rotation

‘ meridional
currents

effectivemixing

‘ Nno composition
gradients

Requires _
starremainscompact

A massive starghighradiationpressurehelpsmixing)
A low-metallicity (weakstellarwinds: —

\ removelittle spin.ang.mom ‘

preventingorbitalwidening  no commonenvelopée



