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A new window on the Universe

* Almost everything we know about the Universe comes through photons.
 Gravitational-waves are a fundamentally new way!
e Serendipitous discoveries came with new electromagnetic bands

(X-ray binaries, gamma-ray bursts, pulsars, CMB...)

« Charges e Cumulative mass and momentum distribution
e Strongly coupled: easy to detect, * Very weakly coupled: hard to detect,
out also easlly scattered out travel unaffected!




Rlpples In the fabrlc of spacetlme
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GW signhals from BH mergers

InSp'raI _ numerical relativity ngdow.n
post-Newtonian BH perturbations
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Merger
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Frequency gradually
INncreases during the
inspiral

Merger of two BHs is
one of the most
energetic events in the
Universe

Direct signal from
nighly-dynamic strong-
field gravity

BHs have no hair: final
remnant has to dissipate
all properties but mass
and spin (ringdown)
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LIGO/Virgo (for real)
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LIGO’s O1: an incredible story...

GW150914
A few days before starting operations.w

B | | | | 1.0

LIIGO/Virgo Collgborption
Iyl Gwis0914 19>

|
O
o

1072%}
; - LVT151012 10.5
b {0.0

Strain (10°%1)

1023 F

- — Hanford
. — Livingston

1030.0 0.5 1.0 1.5 2.0 VL
Time from 30 Hz (s) ‘

101 10°
Frequency (Hz)

LVT151012 GW151226 - /

That's 8/% of a BH binary... Lower mass, many more cycle and spins!



LIGO/Virgo’s O2: a more incredible story...
LIGO/Virgo Collaboration ' _ GW170104

Another big one. ..

R/ T151012

GW151226

GW170817

There’'s a new Kid in town

,// z

GW170608
| That was too much for a
GW170814 single figure...

Neutron stars! Gamma rays, and optical
counterpart, and X ray later, radio still on...

...and not all the OZ2 results are announced!



LIGO/Virgo Collaboration

BH mass measurements

40 . * Low mass: many orbits;
35 1 chirp mass:
30 | 3/5
S ok GW150914 | M, = (m1ms)
= (m1 + m2)1/"
T 20 |
2w 15 - . .
10 LVT151012 | * High mass: mainly merger;
total mass:
> GW151226 y
0 ' ' ' Moty = mq + meo

10 20 30 40 50 60

mTOUI‘CG (M o )

Another |
population? | X-Ray Studies
Just the tip of
the iceberg! |

GW151226




Spin in the waveform

M. Favata

binary black hole, 1 + 3 solar masses
initial frequency = 60 Hz

spinforbit aligned or anti-aligned

(all curves)

{ Allgned components 'f
of the splns

7] spin1 = 0.0, spin2 = 0.0, ending frequency = 1099 Hz

M 4 x 7022 spinl =+0.9, spin2 = +0.9, ending frequency = 3642 Hz

. D| ﬂ:e en _t merger freq uency ” 0_: WMWWWWWWWNWWWMWNMWWM spin1 = -0.9, spin2 = -0.9, ending frequency = 650 Hz
(analog of the ISCO)

ending frequency = 650 Hz
d spin1 =-0.9, spin 2 = +0.9, ending frequency = 3642 Hz

» Aligned spins take longer i
to merge
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LIGO/Virgo Collaboration

Spin measurements

* Best measured quantity: effective spin ——
Sl | Sz L or |
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Peters and Mathews 1963

Can BHS really make it? Peters 1964

At lowest order, GW emission causes the orbit to shrink:

: da 64 G3 M3 q 73 37
separation = =— 1—e2) 7/2 (14 2 4 Tt
P dt 5 oad (It ¢ T21° T %6¢

.., de 304 G°M?® ¢ o 5/ 121
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Yes! I’'ve known you
since you were a star

Don’t you remember?
| We just met in cluster



Massive stars to BHs: field evolution

3 First goes supernova and forms a BH

s it still a binary?

3.8354 | He star 39.0 Mo MS 847 Mg | 3579 0.00

§ DIRECT BH

Second evolves to supergiant: .

3.8354 |BH 35.1 Mo MS 84.7 Mp | 3700 0.03

Belczynski+2016
1 TIME [Myr] a[Ro] e
. Maln-sequence blnary Star 0.0000 |MS 96.2 Mo . ZAMS O MS 60.2 Mp | 2463 0.15
RLOF
2 FIrSt eVO|VGS to Superglant: 3.5445 1HG ,"‘* Q MS 599 Mp | 2140 0.00
= Roche-lobe overflow, mass transfer =
HG /
3.5448 or 42.3 M@' ‘ MS 849Mp | 3112 0.00
CHeB -
\

4_ common envelope

Must be efficient... Critical stage to bring the
separation down! 50445 |BH 35 Mo
... but not too much: is it still a binary”?

CHeB 822 M| 3780 0.03

5.0445 |B ° e star . .
5 Second goes supernova and forms a BH Mo 36sMo ® He star 368 Mo [ 438 0.00
. s it still a binary? 53483 |[BH  365Mg - ® He star 342 Mg | 45.3 0.00
l DIRECT BH
6 : . 5.3483 | BH 36.5 Mo ¢ * BH 308 Mg | 47.8 0.05
= Inspiral, merger, ringdown and LIGO § MERGER

10,294 o 0 0.00




Dynamical assembling:
cluster evolution

1 . Dense stellar clusters, many three body interactions

2.
3.

Dynamical friction: heavy objects sink towards the center

Soft binaries become softer, hard binaries become harder

Key point: stellar
evolution is
separate! They
meet, swap,
meet again, etc...

A. Geller

Types of Interactions 353% 32Mg
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Can we tell them apart?

| >100 events needed to
~ distinguish these populations

with masses and rates...
| Stevenson+ 2015, Zevin+ 2017

Promising! Especially for specific
scenarios, e.g. Antonini Perets 2012

Multiband GW astronomy:
O(10) LISA observations Nishizawa+ 2016

proportional fallback

full
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Spins have secrets!

Field binaries: evolve together. | " Cluster binaries: evolve separately
Tidal interactions and accretion ! | and then meet. Isotropic spin
tend to align the spins? I | distribution, more precession?

What information is encoded in the
spins for the events we have?
And from many more detections?

My two cents. The good news first...
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Field binaries, spin tracking

S
A

O

/
Mg,

L
A

1. Massive binary stars
, .

A

O

/1
Mg,

3. 1st Supernova explosion

S/

L
A

S//

DG+ 2013

2. Mass transfer
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Two main knobs:

* Tides: when the system is
formed of a BH and a star,
can tidal interactions align
the star’s spin®

* Mass transfer. is mass
transfer efficient enough to
reverse the mass ratio”

Spin dynamics
remembers precise
formation steps!

0.02 - [ ' [

0.0151 Efficient mass transfer

A diagnostic of BH binary formation

DG+2013

Tides

' I
fy<0.01Hz

fy=1Hz
fy=20Hz

Tides
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Supernova asymmetries and kicks

Scheck+2006; Repetto+2013,2015; Janka 2013

Asymmetric Supernova:
MultiD simulations shows
strong mass/neutrino
asymmetric emission

Gravitational tugboat
\ T/ v 1/ S, I .
.y . 7, O 4 & 2> | mechanism
-— > -— ol -— 'l
L ~ / - \‘.
A AR S
| Scheck+2006 « - < -

, Pejecta Pns Pejecta Pns

e I E— -

e Emission concentrated close to the shock

o Remnant starts recoiling towards the slow ejecta
e (Gravitational attraction and fallboack material




How big is the kick?

Neutron stars:

solid measurement from pulsar
proper motion distribution B

v ~ 450km /s

Probability density (107> per km s~ )

J

100

3-D speed (km s~ ")

= — -

Black holes? \\Ve don’'t know much. ..

—al|

10r

<IC

natal kick [km s™!]

pack prevents kicks entirely, especially
NIgN MAasses”? Fryer+2001,2012; Janka 2013
S as large as those imparted to NS?

One of the main uncertainties in all population synthesis models

Repetto+2013,2015 §
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Boxing day event (GW151226)

~ Alight event...

Primary black hole mass

Secondary black hole mass 75533 M
Chirp mass 8.910 M
Total black hole mass

Final black hole mass

* 1.00 - ——  Prior P = =

r“ 0.75 - — Posterior rlmary Spin %

\ _ misalignment CO |

»‘ — 5% 25° <~ < 80° f
(—— ~ '

0.00, 0.25 0.50 0.75 1.00
Xp

Spins not consistent with zero Si/




First GW kick measurement!

O’Shaugnessy, DG+2017

Newtonian kinematics:

ekicki V —-> V + Vi
e mass loss; M — My =M

A

e Orbital plant tit cosy = L - Ly
e Kick distribution 1d RMS o

Probability of obtaining boxing day
as a function of BH natal kick

Average over stellar population ~~
Belczynski+2016

. GW151226 consistent only
with a natal kick of at least

" B e =

e Towards those X-ray measurements”?
* Such high kicks are challenging for SN theorists!

0 1

V(v /v
2

F\
A 0.1 BH field binaries
— — = [sotropic orientations
OO ! T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
o/v
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0 100 200 300 400 500 600
00— ——=— | — T |
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y I
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Black hole generations

D .
G Berti 2017 1g BH ‘ ‘ lg BH

lg BH ‘ ' lg BH redshiftzl\ /
2¢ BH ‘
\ / odshift 2

‘1gBH

15 BH @) @ 281 \ /
\ / redshift
redshift z
Q® @

2g BH

lg+1g event lg+2g event

A — e e———
. Orthogonal but complementary dwechon
‘“ '1 to the usual field vs cluster debate




Spins, 1st and 2nd generations

4F — —
' - Primary’s spin
o At merger, the binary’s orpital Lot 1g Imary’s spi
angular momentum nas to be 3t Lt o
converted into spin & 48
=2 2g + 2g

* More or less whatever you do when
you merge two BHs, you get ~0.7! 1

Spins remember
previous mergers!

Secondary’s spin




More mergers means...

0.030 3.0 . . .

0025 Jil 1g + 1g Mergers
lg+2¢ means:

0.020 | 2.0} Qg 4 Qg I‘_.-, .

S 0.015} * More massive
0.010] * cqual mass
0.005 } e Closer
0.000 ° higher sSpiNs

10 20 30 40 50 60 70 &0 90 100
M
20 Analysis:
i e filter SNR

* measurement
errors, spread
over multiple bins

S 1.0¢

0.5 |
e Bayesian model
ogk comparison




Can we infer previous mergers happened?

1010 F [ I I I I B
1092_ m— lg+1g true _ m— ]g+1g true _ _ flat m— 1g+2g true _
1081 === 2g+2g true | === lg+2g true | === 2g+2g true |
107} —f
TR /. bl Lo e 3T I SR AR S e o
105}

< 100} [ Aol [ b dol [ J L e 4o
103}
T S 301 FAE 301 L ALE 307
102}
Y 200 L 201 4B 20
e 2 lod B loy B 7 ... 1o
0
10 lg+1g vs. 2g+2g E lg+1g vs. 1g+2g E 1g+2g vs. 2g+2g

Need only 10-60 observations to distinguish 1g+1g vs 2g+2g at 50!

Numiber of observations needed to distinguish two models at a given significance

50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200
Nobs Nobs Nobs

Already' Usmg O71 events only :

\

1g1g vs. 2g2g. Odds: 12 l

?

1g1gvs. 1g29. Odds: 2 20 statement our BHs are not 2g+2g! kl
1g2g vs. 2g2g. Odds: 6

-

250



Can we infer previous mergers happened?

2e+2g

fAat 1.0
%\}(SO — 100 0.9
figrg = 60% 0.0
freroe = 10% o Three models mixed,
Fagizg = 0% o can we measure their
15 mixing fraction?
—2.0

each pure model is on a comer
assuming 100 BBH
90% and 50% confidence intervals

lg+1g lg+2¢

Yes, but that’s harder.
Need O(100)
observations and/or a
Detter detector!
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Hold on... How about the prior?

e bverything derived using priors with isotropic spins! . Xeff
* Risky situation: our prior is one of the models we il GW151226
are trying to discriminate! T Gwis0914
3L

rst independent reanalysis | |

of the LIGO data

Vitale, DG+ 2017

LIGO/Virgo Collaboration

LVTI151012

GW170104

prior

0 05 00 05 L0

Default: everything is uniform and isotropic

Spins uniform in BH rotational energy
Spins uniform in volume

Bimodal in the spin magnitudes
Spins preferentially aligned

Stellar initial mass function

Stellar initial mass function v2

Small spin magnitudes

Xeft



Impact on inferred BH spins

p(Xeff)

Xeff
4
o] GW151226
0]

' |
Y 0.1 0.2 0.3 VY, 0.6
Xeff

p(Xeff)

p(Xeff)

GW151226 not consistent with zero spins (robust!)
The bimodal spin prior choses the high spin mode.

Support misalignment.
All others fully consistent with zero spins (robust!)
More severe issues for low SNR like LVT

14

12 -
10 1

3
6
41
2
0

Vitale, DG+ 2017 GW150914

14 1
121

LVT151012

- Variations in the 90%
confidence interval

| up to ~20°/o
S — —




Impact on inferred BH masses

40_.|....|....|....|....|....|...‘.“|....|....|...._
35 1 ]  Chirp mass (GW151226 and
] [ LVT151012), total mass (GW150914)
1 ] are very solid.
30 : \ : e Median change of ~ 0.1 Mg
g v’ ] * But component masses are not
GW150914 '
[f you insert the analysis the information
~o IVT151012 F that BH should come from stars:. ..
_y
T~ ~o ; * Data tends to favor more equal
~—o =— | mass systems
e ———— * ...especially if info from dynamical
e T R e . interactions are in
: GW151226 Vitale, DG+ 2017 |
O-'I'"'I'"'I""I""I""I'"'I""I""I""
10 15 20 25 30 35 40 45 50 55
my [MG)]
== [P1 Default: everything is uniform and isotropic
— % Stellar IMF, uniform mass ratio sana. o012
= 7 Stellar IMF, logistic mass ratio rodrigues 2016
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LISA: the next revolution

10-165 \ : T : OO SO Ot et o ! S EEESEOos SOCREE: S e S ot | : SR o e o o 0 |
i Galactic Background
A day hour, . ] MBHBs at z =3
1 0‘1 7 . ) iy % Verification Binaries 1
- : YG\aK month — EMRI Harmonics :
3= _ | \ | day-{ -l — LIGO-type BHBs _
v 6
2107181 \ 7Mool — GW150914 |
O C \year rmont) . Gal B1n (SNR > 7)
0-4% . hdyir J
‘2 19 \ 10° M., o
2 10 3 \ v\,' £
) N \ v
© J
‘I \ N
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* Fully approved by ESA. Now being commissioned. NASA expressed interests
* Amazing LISA pathfinder performance
* The next big thing in G\ astronomy



Outline

1. A new astronomy 2. \Where do BH come from”?

Intro Review

ok = 2 OP 3. Spins remember
/

formation channels. .

5. But careful DG+ arXiv:1302.4442 (PRD)

with the prior!

Vitale, DG+ arxiv:1707.04637

9. ... and multiple 2

merger generations! . and Supernova kicks!
DG, Berti arXiv:1703.06223 (PRD) O’ Shaughnessy, DG+ arXiv:1704.03879 (PRL)




