BINARY NEUTRON STARS
AND GRAVITATIONAL WAVES
AT LOW AND HIGH FREQUENCIES

AEIIMPRS GW LECTURES

Thomas Tauris IFA, Aarhu$&)niversity
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Lectures 1+2: Wednesday May 12, 10:@012:00
X-ray Binaries and Recycling Millisecond Pulsars

Lectures 3+4. Friday May 14, 10:0012:00
Spin and Hield Evolution of Neutron Stars (+ Black Hole Spins)

Lectures 5+6: Wednesday May 19, 10:@012:00
Formation of Binary Neutron Stars/Black Holes

Lectures 7+8: Friday May 21, 10:0012:00
Binary Neutron Stars and Gravitational Waves at Low and High Frequencies

You are most welcome to ask questions any tide
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GW SPECTRUM AND INSTRUMENTS 4
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GW SOURCES AND FREQUENCIES 5
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Central questions:
How do these BH/NS binarie

s form?

And how can weé understand their properties

(i.e. masses and spins)?

What are the GW spectra for LISA?
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MERGING NEUTRON ST&Rfdictions based on 2006 data
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MERGING NEUTRON ST&R&21 data for Galactic sources 8
Tauris & van den Heuvel (2022)
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MERGING NEUTRON ST&SV170817

y [km]

- gravitational wave burst

Y sgray burst

- ejection of a few T8t @ ,
heavy r-process elements

- macro/kilonovae (EM follow-up)

Review Giacomazzet al. (2019)
Shibata& Hotokezakg2019)

Just et al. (2015)

Double neutron star mergers: GW170817

Abbott et al. (2017)Coulteret al. (2017),
SoaresSantos et al. (2017),
Smarttet al. (2017),Droutet al. (2017)

T

~L 17
A
NS+BH
145
14
135 101 éc
113
1125 = 102
. o
12 % =
) -3
liss g 10
a e

7]

é 107*
10° ¢
6L . £

-135 -90 -45 0 45 90 135 80

x [km]

100 120 140 160

180 200 220 240
A



DETECTION OF GRAVITATIONAL WAVES: GW170817 + EMB®LLOW 10
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GRAVITATIONAL WAVES AND ELECTROMAGNETIC-BOLLOW 11
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A Tidal deformation and N&oS

CONSTRAINING THE NS EOS

12

week ending
1L 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 3017
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DETECTION OF GRAVITATIONAL WAVES: GW170817 + EMB®LLOW

13

LIGO
30
LIGO/
Virgo —_ &

Fermi/
GBM

16h 12h

IPN Fermi /
INTEGRAL

-30°

Swope +10.9 h

8h

Pan-STARRS

NGC 4993
d = 40Mpc (z=0.009, 13@nill. ly)

2009-2014

GW170817

DES/DECam

®
August 18, 2017



FURTHER LESSONS FROM GW170817 EM FOBLOW 14

Blue KN Ejecta
Vred ~ 01 C

™ gamma-rays?

internal shocks

Volue ~ 0.25 C

Kilonova light curves suggest
the existence of a hyper massive
neutron star prior to collapse
to a black hole

EM suggests neutron star merger

Metzger, Thompson, Quataert ApJL. 856 101 (2018)

Side provided by Duncan Brown
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FURTHER LESSONS FROM GW170817 EM FOBLOW
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Ben Margalit

Side provided by Duncan Brown
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FURTHER LESSONS FROM GW170817 EM FOBLOW 16

The merger remnant also places
a constraint on the maximum
neutron star mass

The remnant NS cannot be long
lived, or there would be too much
energy in the EM observantion

Mmax < 2.17Mg (90%)

Margalit and Metzger ApJL 850 19 (2018)

Coughlin, Dietrich, Margalit, Metzger arXiv:1812:04803

Side provided by Duncan Brown
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Heavy fprocess
elementssynthesis 107
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Fig. 11.2 Top panel: Solar r-process abundances as a function of nuclear mass number A. The
values are taken from Sneden et al. (2008). Bottom panel: Typical r-process path in the nuclear
chart and the corresponding f-decay half-lives according to Mdller et al. (2003). Stable isotopes
are marked in black and the magic neutron numbers are indicated by vertical dotted lines. The
overlay of the two panels demonstrates how regions of large T, at the magic neutron numbers

are responsible for the r-process abundance peaks after decay to stability



Mass ejecta and electron fraction

1) Dynamical ejecta (tidal disruption)

2) Disk ejecta (viscous heating and MHD)

Total amount of ejecta (few 0.001 M, to 0.1 M,,,,) depends on:
ANS+NS Y pr ompt oBMNSI {net sable,ictc=ri0 msi 10 s)
A Mass ratio (g < 0.8 leads to larger yield)

A NS radius and BH spin

Important output parameters are: mass, velocity and electron fraction (Y,).

Y, is of key importance for determing the abundance of r-process elements,

which again determine the opacity of the EM emission.

AEIl 2021 Thomas Tauris 18



PROPERTIES OF DOUBLE NS MERGERS

19

A Masses
A Spins
A Bfields

A Orbital period
A Eccentricity

A Age at merger time
A Kicks

A Location relative to host galaxy

A Merger rates
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SIMULATIONS OF LIGO/NVIRGO MERGER RATES 20
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COMMENTS ON POPULATION SYNTHESIS 21

=" POP. SYNTHE!":

Reproduction of LIGO ratesne success criterion on its own
Can Galactic sources be reproduceggidperties of HMXBs, DNSs, etc.)
Is the input physics reasonable? Is the evolution self consiste
Watch out for papers that claim they can explain everything!

—

<?
l
¢
l
l
l

e

* E.g. Stellar evolution () |
Klenckiet al. (2020) :
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COSMIC JOURNEY
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Progenitors of gravitational wave mergers:
Binary evolution with the stellar grid based code CoMBINE

Matthias U. Kruckow,'* Thomas M. Tauris,”' Norbert Langer,'? Michael Kramer,?

Robert Q. Izzard?

MNRASZ018)

Population synthesis using Monte Carlo techniques:
Typically one billion binaries are evolved

Dense stellar gridcalculated with BEC 6o
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RATE OF MERGING NEUTRON STARS 24

Merger rate of double neutron star binariesinaMilky Wak 1 S 31 MyrE@8Y obwmr
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LIGO/VIRGO GW DECTECTION RATES 25
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GW170817: NS MASSES 26

@de.:silgn sensitivity:-5 detections peyr Kruckow Tauris, et al. (2018), MNRAS
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GW170817: AGE AND DISTANCE FROM HOST GALAXY 27

Kruckowet al. (2018), MNRAS

 formation e
merger
GW170817 progenitors

e
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NGC 4993 Systemic velocity change from 2™ SN, Avgys (km s )

For NGC 4993, the escape velocity at the locatipn
of GW170817 is about 350 km(®an et al. 2017)
much larger than the typical systemic velocities
we obtain in our simulations.
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COMMENTS ON GW190425

28

Kruckowet al. (2018), MNRAS
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COMMENTS ON GW190425

Kruckowm(2020), A&A
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Fig. 3. Progenitor masses of GW190425 at Milky Way like metallic-
ity in the default simulation. The color indicates the time until the GW
merger. The Models are selected according to the reported binary mass
of 3.4')7 M, and chirp mass of 1.44'00% M,,, where errors mark the 90
per cent confidence interval (The LIGO Scientific Collaboration et al.
2020). The solid black line marks the binaries with equal primary and
secondary mass. On the top are the primary masses collapsed to a prob-
ability distribution.



PROGENITORS LIGE/IRGO EVENTS: METALLICITY

30

Final secondary mass, mg.p; (Mo)
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Kruckowet al. (2018), MNRAS
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MERGERATE DENSITY
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EXAMPLE OF RESULTS

Kruckowet al. (2018), MNRAS

GW merger rates Zyvw = 0.0088 Zizwig = 0.0002
T NQ 0.15 —6 1 0.16 -6 1

NS-NS 2.98%0-12x107C yr 2.82%0-16x107° yr
NS-BH 0.0070-00x10% yr=t 1.3340-3x1077 yr~!
BH-NS 4.0570-Bx107C yr=t - 4.57%0-26x1076 yr~!
BH-BH 2647001077 yr! 2.9640-29x107° yr!

~ 3 DNSnergersMyrt MWEG!

Otherinvestigationsare muchmore too?)optimistic
(i.e. predictingmuchhigherratesJ ). Wewill seeX ® ®

AEIl 2021 Thomas Tauris



COMPARISON TO EMPIRICAL LIGO/VIRGO RATES 33

BHBH
LIGO/Virgo: 23.9/-%2 Gpc3yr! (Abbott et al. 2021)

We find: 0835 Gpc&yr! (Kruckowet al. 2018)
(depending on metallicity and galaggnsity scaling)
Our rate is sensitive to CE physics (factof 1f0usinga =0.8 vsa.=0.5).

NSNS
LIGO/Virgo: 320 (+49240) Gpéyr! (Abbott et al. 2021)
We find: 185 (10 400) GpByr! (optimizing all input physics intl. smaller kicks)

BHNS: should be detected more often than NN by a factor 10!
We expect detections in O3 or O4.

local Universe

Zaw (M35 R._g Rp Rospg Rp_cser
NS-NS 1.36 M%7 C9.85x10° yr! Gpc—_> 0.28 yr! Ga7x10" yr-! Géc*) 0.98 yr-!

NS-BH 20.0 M3 0.00x10° yr! Gpe™? 0.00yr ! 0.00x10" yr! Gpc? 0.00 yr-!
BH-NS 157 M3 1.80x10' yi! Gpe™® 5.88yr' 4.72x10' vr~! Gpe™? 15.43 yr!
BH-BH 233 MEPCE.01x107 yr ! Gpe? D 2.92yr ! C3.08x10° yr! Gpe D 14.95yr!
Zizwls (M2 R_—i Rp Reser Rp,.csr
NS-NS 1.27 M3,’C1.00x10" yr~! Gpe > 0.27yr! <G28x10' yr! Gpe > 0.87yr!
NS-BH 323 MZ) 6.61x10~ yr! Gpe™ 0.00yr ! 1.55x1072 yr! Gpe? 0.01 yr-!
BH-NS 35.5 MZ) 1.54x10' yi! Gpe™? 1140yt 55,3210 vi~! Gpe™? 39.34 yr-!
BH-BH 1720 M2 1.68x10' yr! Gpc™? D 603.02 yr€C  3.45x10! yr! Gpc--f D 1235.27 yr!
optimistic) (,-'\’(2'5} R__y Rp Recpr Rp_csir
NS-NS 1.31M% 7.09x10" yr~! Gpe~? 1.94 yr ! 59107 yr-! Géc‘-D 4.37 yr!
NS-BH 19.4 M7 0.00x10° yr~! Gpe™? 0.00yr!  0.00x10" yr! Gpe3 0.00 yr™!
BH-NS 21.9 M3 1.34x10' yr! Gpe™? 611y 2.44x10" yr! Gpe3 11.17 yr!

BH-BH 275 ML 434x10' yr ! Gpe? 4834 yr! 109107 yr! Gpe? 623.03 yr!




COMMENTS ON O3 RATES

+ additionalcandidatesrom Princetongroup

11* eventsin O1 and O2

10 BH+BHhergers
1 NS+N§erger

~ 50 eventsin O3a + 03 O03a

BH+BI—mergers 23 A We predict~10 times more detections
) NS+N3Inergers 1(3) of mixed BH/NS mergers compared to
BH+NSmergers 2(4) double NS mergers

Observationakelectionbiasagains?

massgap 2(3)

AEl 2021
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Heavy eprocess elementsBeniaminiet al. (2016):5.0- 20.0x10> per CC SN.

hdzNJ RSTlrdz 0 YR a2LI0AYAAGAOA4.09VErOMWES.Q
Combined with a Galactic CC SN rate of about 0.01 yr
- translates into a relative merger rate of abdif- 14.0x10° ber CC SN.

sGRBsWanderman &iran(2015):_2.26.4fyr! Gpc®
where P Ms a beaming factor in the range 154 100.

sGREare expected from both DNS and mixed NS/BH mergers,
adding our simulated mergenate densities we get p b y2¢Gp@ °NJ
These numbers agree fér'* 4 40 (Metzger & Berger 2012; Fong et al. 2015).

r-process
rapid neutron captures

X(n,y)Y

= Wl

w o~ ]

b

e 0 []
] unstabe []

N—

I

synthesis of neutron-rich nuclei
A=060
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Table 5. Variations in DCO formation and merger rates for a MW-like galaxy caused by changing the values of selected key input
parameters (columns 3 to 9). The default input parameters are listed in Table 2 and the resulting rates are shown in the second column.

The binary types refer to the first and second compact ohjects formed. The pure uncertainties of Poissonian statistics are between
107" yr! and 1078 yr ',

Bmin RLO @ & imit ¥ IMF Mg = Moy
0.79 0.24 0.70 4.0 3 150 Mg
0.50 0.15 0.30 1.5 2 S0M
Formation rates default acE Bmin ——e Lol e — 2\ VT M = Minax
NS-NS (yr'!)  6.81x10¢ 2371076 08100 001076 031077 k1070 031075 oix1078
J -1 ] 200y 18 1204, 1 (2 114y, 108 0. 775 1 -9 Ll (7 —0.35,10-8 —1.154 109
NS-BH (yr ')  5.49x10 Tooex10 To <10 Tospx 10 T asx10 Toas¥10 13 79%10 1 eax10
T -1 -3 1.96.,, 16 017,13 1.28,, 16 1.05,, 16 +4.55 15 —00, 4 937107
BH-NS (yr ')  1.49x107" f3_26><10 fl_BxlO . fz_ﬂxl{} fu_mxlﬂ aex10 11 agx 10 To5%10
BH-BH (yr™!) 2.27x107® fg-;ﬁxlﬂ‘f‘ fé-?gxlﬂ‘f‘ fé-?gxl(}‘ﬁ ff-ggxlﬂ‘? féﬂxlﬂ‘j :_'.],'-égxlﬂ‘j j-ﬂxlﬂ‘ﬁ
GW merger rates default Qg Bmin R1.O &y Gimit & IME e = P
J ~1 ] T7.75 —7 —0.51 ] —5.67 —7 —2.60 —7 0.85 —7 —1.46 —6 =3.11 —8
NS-NS (yr ')  2.98x10 Toaxl0 2 %10 ;g_“xlﬂ 1< 10 Treax 10 o eax 10 e x10
s = T TR T e Ter T =TT : = . = . = . =
NS-BH (yr :} D.Dﬁxlﬁ"ﬁ 1_g_g:xl[} ) 1_g_%]lxllf} ;“ +§_§éxl(} ;"' :E_?gxlﬂ i 1_g_ggxlﬂ‘ . 1_él_%g:«ilﬂ‘ . 1_:_1;";%><Il:l )
BH-NS (yr ') 4.05x10 T ex10 T sex10 Tesx 10 Trex10 Toax10 3 sex10 Hax1o
~1 =7 219 ] 0.01 —7 0.17 —8 i —7 1.15 —& -0.19 —6 3.E6 —7
BH-BH (yr ')  2.64x10 Toasx10 1 g %10 Taasx10 X110 Topx10 ax10 Haex10
ZAMS l
QO o
l CE
Rlo O’J Q GW merger rates of a MW-like galaxy and their dependence on applied kicks and assumptions on EC SNe. The binary types
| °° hessr 1o first and second compact objects formed.
He-star @ O "11 Case BB
\/f - “‘I;‘ me GW merger rates default small kicks®  large EC SN kicks™  small EC SN mass windpw™"*
N SaC g WECSN = WFeCCSN 1.37 Mg = mESSN < 1.38 Mg
woe @ [ 4, | NSNSy  2.98x107°  9.34x10°° 1.54x10~" 2.30x107° |
X f, N NS-BH (yr'!)  0.00x10° 1.94x1071° 6.46x107 1 1.20x10710
s @j@m BH-NS (yr!)  4.05x10°6  7.50x10°6 4.04%10°6 4.04x107
o BH-BH (yr'!)  2.64x1077 3.05x1077 2.65x1077 2.66x1077
* half of all default kick magnitudes. ** similar to FeCC SNe, see Table 1. *** the default is 1.37 Mg = mE.(cﬁr:m < 1.435 Mg.

AEIl 2021 Thomas Tauris
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Mon. Not. R. Astron. Soc. 342, 1169-11 8

Galactic distribution of merging neutron stars and black holes — prospects
for short gamma-ray burst progenitors and LIGO/VIRGO

R. Voss* and T. M. Tauris*

* Astronomical Observatory, Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen (), Denmark

HOUSL 2AIdXICS. 10 HEIP HVESLUZALC LHE PIYSICA]l Ndiure Ol SHOre- did 1ong-uaurdation gaiind-ray
bursts, we compute the distances of merging neutron stars (NS) and/or black holes (BH) from
the centres of their host galaxies, as predicted by their formation scenario combined with motion
in galactic potentials. Furthermore, we estimate the formation rate and merging rate of these
massive double degenerate binaries. The latter is very important for the prospects of detectin

gravitational waves with LIGO/VIRGO. We find that the expected detection rate for LIGO 11
is ~850 yr~! for galactic field sources and that this rate is completely dominated by merging

double black hole (BHBH) binaries.[Even LIGO T may detect such an event (~0.25 yr').
Our preferred model estimates the Galactic field double neutron star (NSNS) merger rate
to be ~1.5 x 107° yr=!. For BHBH systems this model predicts a merger rate of ~9.7 x
10-% yr~ . Our studies also reveal an accumulating numerous population of very wide-orbit
BHBH systems which never merge (7 >> THubble)-

Key words: black hole physics — gravitational waves — methods: numerical — binaries: close —
stars: neutron — gamma-rays: bursts.
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_ _ _ - Realistic CE binding energies
For the historical record Voss & Tauris (2003)4/ - Case BB RLO (evolveddtars)
- Multi-component NS kick dist.

Table 6. The expected LIGO/VIRGO detection rates of compact

mergers. e
P 300Mpc (NSNS sensitivity)
Systems  Galactic merger rate LIGO | LIGO I
NSNS 1.5 x 1076 yr 60x 104y ! 20yt  LIGO O3ar1BHBH per week
NSBH 84 x 1075 yr 1.7 x 1074 yr'  0.6yr! (~ 52 per year)
|

1
|
BHNS 5.0 x 1077 yr~! 1.0 x 1073 yr~ 3.4 yr! @ 120Mpc
BHBH 97 x 100y 25x 10"y~ B0y u
52x(300/120Y =812 yr!
Equalto prediction in 2003 withir8%

AEIl 2021 Thomas Tauris



PROPERTIES OF DOUBLE NS MERGERS: MASSES

SEE | ' | ! | ! ! | ! | ! |
— Tauris & van den Heuvel (2022) B J1913+1102(r)
- B J0453+1559(r)

— JO509+3801(y)

- m B1913+16(r)

= J1757—1854(y)

L B1913+16(y)

— B J1807—2500B(r)

- W B2127+11C(r)

— B2127+11C(r/y?)

- B1534+12(y)

= W J1756-2251(r)

- W J0509+3801(r)

— W J1757—1854(r)

- B J0737-3019(r)

— B B15344+12(r)

— B J1906+0746(r)

— J1906+0746(y)

- JO737—-3019(y)

— J1913+1102(y)

Pulsar

- J1756—-2251(y) Mys= 1.174(4M_ ,is thelowest

B J1807-2500B(NS/WD?) NSmassdeterminedaccurately

- J0453+1559(y) | | | | |
1.7 1.2 1.3 1.4 1.5 1.6 1.7 1.8

AEI 2021 NS mass (M@)
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Kruckowet al. (2018)

Binary effects!
15t SN wide binary
to survive later CE
(small kick is often
from ECNSe

2nd SN tight binary
to produce merger
(larger kicks are ok)

AEl 2021

2.4, >3.107"
§2.2 Frin = 0.5 10-7 'Tj
7 & observations s’
"$2.0 E
- 107% A
c 1.8 3,
g ~
> 3
e 4]
,_g’ 1.6 10—9 ;
5 S
3 1.4 *g
E 1010 3
i 1.2

AN
Hes
—
5
-
P

2.4

I O S R Y T X %)
Final\primary mass, mg,,; (Mg)

DoECSNeroduce NSs which are more massive-l,06M,?
(after correction for accretion)

Thomas Tauris



PROPERTIES OF KNOWN GALACTIC DOUBLE NS SYSTEMS

41

Tauris & van den Heuvel (2022)
Table 1.4: Properties of 20 DNS systems with published data (including a few unconfirmed candidates).

p

-ﬂ’ft.ntal ]

Dist.

DLSR B

P B Pty e Mpr  Meomp Tewr

Radio Pulsar Type (ms) (10°'%)  (10° G)  (days) (Mg) (M) (Mg) (deg) (kpc) (kms ') (Myr)
J04534+1550° recycled 458 0.186 1.1 4.072  0.113 1.559 1.174  2.734 - 1.07 82 vs
J0509+3801° recycled 76.5 7.93 7.2 0.380 0.586 ~1.34 ~ 1.46 2.805 - 1.56 - 579
JOT37—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—3030B° young 2773.5 802 410 S | I — 1.249 1.338  —— 130+ 1 —I- —Il- —l-
J141142551% recyeled 62.5 0.0956 0.66 2.616 0.170 <1.62 =092 2538 - 1.13 - va
J151844004° recycled 40.9 0.0272 0.33 8.634  0.249 o EE L 2718 - 0.63 30 ve
B15344+12f recycled 37.9 2.42 2.8 0.421  0.274 1.333 1.346  2.678 27+ 3 1.05 143 2730
J1753—22409 recycled 95.1 0.970 2.5 13.638  0.304 - - - - 3.46 - ve
J1755 25500 * young 315.2 - 270 0.696  0.089 - =040 - - 10.3 - e
J1756—2251° recycled 28.5 1.02 1.6 0.320  0.181 1.341 1.230  2.570 < 34 0.73 JgEFEEF 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 =0.93 257 - 5.93 - ve
J18204-2456' recyeled 41.0 0.0525 042 1.176  0.139 <138 =122 2.59 - 0.74 - o
J1906+0746™* young 144.1 20300 470 0.166  0.085 1.201 1.322 2.613 - 7.40 - 309
J191341102" recycled 273 0.161 0.83 0.206 0.090 ~ 1.65 ~ 1.24 2.888 - - - 470
B1913+16° recycled 59.0 8.63 7.3 0.323 0.617 1.440 1.380  2.828 18+ 6 9.80 241 301
J1930—1852P recycled 185.5 18.0 16 45060 0.300 <=1.32 =130 2.59 - 1.5 - g
J1946 420529 recycled 17.0 0.92 1.0 0.078 0.064 <1.31 =1.18  2.50 - 1.5 -
J0514—4002A"7* GC 0.00070 0.016 18.79 (0.888 ~1.25 ~ 1.22 2.473 - 12.1 - vs
J1807—2459B % GC 0.0823 0.18 9.957  0.747 1.366 1.206  2.572 - 3.0 - ve
B2127+11C* GC 30. 4.99 3.7 0.335  0.681 1.358 1.354  2.713 - 12.9 - 217

Globular cluster sources! These NSs were most likely recycled in LMXBs (WD progenitors as donor
which were afterwards disrupted and the recycled NSs were paired with other NSs.

9/10 Galactic DNS mergers are frasolated binaries
(1/10 are in globular clusters)

LIGO DNS merger rate densiB20 Gpc yr! t
l.e. at least~1400 DNSs in the MW in the pipeline with,,, < 46Myr SCIENCE FICTION!!

~30 Myr! MWEG! (GWTE2)



RECENT POPULATION SYNTHESIS OF NS+NS and BH+BH SYETEMS
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Codes on the market:
binary c

BPASS

Brussels
ComBInE
COMPAS
MOBSE
POSYDON
Scenario Machine
SeBa

SEVN

StarTrack

AEl 2021

Thomas Tauris

Sample papers:
Stevenson et al. (2017)
Giacobbo & Mapelli (2018)
Chruslinska et al. (2018)
VignaGomez et al. (2018)
Kruckow et al. (2018)
Neijssel et al. (2019)
Belczynski et al. (2018, 2020)
Breivik et al. (2020)

Wu et al. (2020)

Tang et al. (2020)

Bavera et al. (2020, 2021)
Shao & Li (2021)
Santoliquido et al. (2021)



POPULATION SYNTHESIS: CALIBRATION

Eccentricity, e

Orbital period, P (d)

1.0

101-3 10\‘2
T

0.9F

0.8F

0.7F

0.6F

Eccentricity, e
=)
o

0.4F

0.3F

0.2F

0.1F

observations ¢
Addl 2 1 n
10° 107

1
10°

Semi-major axis, a (Re)

Semimajor axis, aR,,)

Kruckow,Tauris et al. (2018), MNRAS

' 1l
important calibration datall

AEIl 2021 Thomas Tauris

Probability

Probability

Do not trust population synthesis
if it cannot reproduce observed
Galactic DNS systems

NS mass ratios

Hu H b formation s

merger
kicks EC=FeCC ———

observations —m

P |

1.1 1.2 1.3 14 15 16
Mass ratio of double NS binaries



WHAT TO EXPECT IN THE COMING YEARS

4L

A Spin distributions of BHs and NSs

| 1 e | < 0.35 at the 90%rediblelevelfor all events!

(degeneracybetweenprojectedspins and
orbital inclination masses)

1
Copt M(ml ¢ Hm

Provides &lueto their astrophysicabrigin
e.g Baibhawet al. (2020)

A Tests of GR and other gravity theorie

S

?

AEl 2021

90°
206

08T O8I

T —

00 04 08 1.2 1.6 20 24 2.8 3:2:510~
posterior probability per pixel

Multi-messenger astrophysic!
GWs
Optical
X-rays
Radio
XY 2N

J7

< <K<K LKL

Thomas Tauris
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WHAT TO EXPECT IN THE COMING DECADES
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7.5 million km
LISA
~2034
3G
~?
EINSTEIN TELESCOPE COSMIC EXPLORER

Ask for 3 detectors

M OAEEfA2Y € S etect all B-BH mergers out to-z20

D

J K
Detect the BH seeds evolving into SMBHs

Possibly detect primordial BHs

De

termine the N&o3o0 extreme precision

To To Do TOD

@
x
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