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LIGO/Virgo: 5.87 confirmed stellar mass black hole mergers + GW170817
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List of binary merger events

Detection D Location | Luminosity Energy Chirp Primary Secondary Remnant
time ¢ published 4| areal"!l & | distance 4 radiated 4| mass ¢ Mass Mass Mass - Notes s
1 Type ¢ ¢ Type ¢ ¢ Type ¢ 4 | Spin $
(uTC) (degd) | (Mpo)nZ | (@Mo)I | (Mo)n 4 TYPE gy ) S VPE S gy SRS gy TP
2015-09-14 600: mostl First GW detection; first BH
et atecem | ST | o0 5008 g2t BHRY 354’53 BHOT 208703 BH | 62273 06835 mererobsered;ares
- progenitor masses to date
0161042 Not significant enough to
PULs +500 +0.3 +1.4 +18 +4 +14 +0.09 + .
09:54:43 LAt s 1000 _500 1.5 04 151 44 BH | 23" | BH 13 ¢ BH 357, | 0.66 510 coT\flr)m (~13% chance of being
noise
2015-12-26 +180 +0.1 +0.3 +83 +2.3 +6.1 +0.06
03853 | 20160615 850 440 *1 o0 THY) 24 8.9 03 BH |1427;7| BH | 7577 | BH | 2087|0747
2017-01-04 +450 +0.6 +2.4 +8.4 +53 +5.7 +0.09 '
SR 2017-06-01 1200 880 500 20757 Bl 2o BH (312 e BH |19.4 5o BH 487 J,5 | 0.64 J5og Farthest confirmed event to date
2017-06-08 520; to the Smallest BH progenitor masses
2017-11-16 ’ +140 +0.07 +0.2 BH +7 BH +2 BH +4.8 +0.04
02:01:16 o 340 _y40 0.85 547 79 oo 12 , 7 5 18.0 g | 0.69 g5 oo CE
2017-08-14 60: towards First detection by three
-08- ; towar o
10.3043 2017-09-27 - 540 ’:;:138 27 ‘_”8:3 241 ﬂ :‘11 BH 305 fg:g BH |253 tig BH | 532 tgg 0.70 fg:gg observatories; first
o measurement of polarization
< First NS merger observed in
2017-08-17 28; NGC 8 0.004 1.36 - 1.17 - 0.04 GW; first detection of EM
2017-10-16 * 0.025 - NS NS BHIN 10] -
12:41:04 4993 40 14 z 1.188 _9.002 1.60[ 8l 1.36[0 9 274 01 counterpart (GRB 170817A; AT

1]
2017gfo); nearest event to date
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Complementarity! Multi-band  2030s: Einstein Telescope vs. LISA
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Characteristic Strain

LISA sources: “the whole enchilada”
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Massive black holes
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Can we tell apart models with different growth/merger physics?
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Models chosen to have different

Seeds:
light or heavy?

Metallicity Z:
efficiency of gas inflow

Accretion efficiency:
Eddington vs. Merloni-Heinz

Accretion geometry:
coherent vs. chaotic

[Sesana+, 1011.5893]



Black hole spins encode growth history

Growth by:

Mergers only: Mergers+coherent accretion: Mergers+chaotic accretion:
spin ~0.7 spin close to one spin close to zero

T o LI ‘\77\\\‘\\\‘\Ak\ T ‘ T 7T ‘ ] T o LI ‘\77\\\‘\\\‘ '—L‘ T ‘ T 7T ‘ ] T o LI ‘\77\\\‘\\\‘\Ak\ T ‘ T 7T ‘ ]
0.8 - z< - = - 0.8 - z< 1T - % 0.8 - z< - - -
wb £ B B e - | ol - E
N japsasraasca el o EEFFER A i 08?é<z<5:7}?
Y A I E DO T S 4 ‘I D i
05%2/2‘——@% o%;r#/:ﬁ%§;:wﬂw%‘% o%;m—rﬂ“:g””“::%%‘f
sosEocaciol £ T T 508 Fo<klo £ TS ged PRSI
= - = = ] = E T zn = = 7 v Y ]
0.4 = = = 0.4 - e - 0.4 + = =
05%:%%2 E 0 E ,—":C%% D | 7 o% : ?Z — :Z — ]
O 8 :? \Z;id LI ‘ \7; LI ‘ LI ‘ \{; LI ‘ T T ‘ \j 0.8 }\ \Z\>]6 LI ‘ \{;\ LI ‘ L ‘ {;\ T ‘ LI ‘ { 0.8 7% \Z;id 1 ‘ \{Z 1 ‘ L ‘ \{% T ‘ L ‘ \{
04 p 4 . 1 oap - = o oef - 4 .

0O 04 080 04 080 04 0.8 0 04 08 0.4 080 04 08 0 04 080 04 080 04 08

Isthropy Alignjed Equat(%rial Isthropy Alignjed Equat(%rial Isthropy Alignjed Equat(%rial

[EB+Volonteri, 0802.0025; Sesana+, 1402.7088]



How many binaries can we detect? Can we measure parameters/localize?

Amy,o./my,,,<0.01 Ay, <0.01 Ay, <0.1 A0, , < 10 deg Ay, <0.1
Configuration ID  popIll Q3-nod Q3-d poplll Q3-nod Q3-d poplll Q3-nod Q3-d poplll Q3-nod Q3-d poplll Q3-nod Q3-d .
N2A5SM2L6 146.6 141.8 13.3 453 76.8 26 418 44.7 39 210 40.9 9.4 3.5 314 10.9 all detections, T=5yr, S/N>8
N2A5SM2L4 94.6 108.5 11.3 324 60.5 2.1 21.2 27.2 2.5 11.5 19.1 4.8 3.0 18.5 10.7 SUA SUA IMR
N2A2M2L6 714 996 109 283 544 20 171 222 21 117 189 51 33 270 105 4 qoE T T T T T TIET T T -
N2A2M2L4 40.7 69.1 8.4 19.6 40.8 1.5 8.2 11.1 1.1 6.0 7.7 2.3 29 17.0 102 = E ElS 3
N2A1IM2L6 30.4 66.4 8.5 18.7 393 1.5 7.4 10.8 1.0 6.1 9.2 2.9 3.1 21.3 9.5 go F F 1
N2A1IM2L4 15.3 41.2 6.3 13.4 27.6 1.0 3.8 4.9 0.6 3.1 3.0 1.0 29 12.3 93 o - o 4
NI1A5M2L6 407 493 70 205 298 09 73 80 06 57 68 19 30 221 105 @ - //‘A\‘ - //3\ o« 1
N1ASM2L4 187 298 47 146 203 06 36 37 04 25 22 06 27 165 103 9 // S A« AN
N1A2M2L6 11.6 20.4 32 12.6 12.6 0.2 2.2 24 0.2 1.8 2.2 0.6 2.7 15.0 9.2 ) 1 E 7, /f;_‘r e 3 E_A; R E
N1A2M2L4 4.4 10.1 2.3 7.5 8.2 0.1 1.1 1.0 0.1 0.8 0.6 0.2 2.6 12.1 92 5 FE o ﬁ;/ JF g =
NI1AIM2L6 3.3 8.7 24 4.8 5.7 0.1 0.6 0.6 0.1 0.7 0.6 0.2 2.2 9.1 6.6 S N K// 1C ]
NIAIM2L4 1.6 3.8 1.0 2.4 33 0.0 0.3 0.4 0.1 0.3 0.2 0.1 2.1 7.8 6.4 % L A 4L i
~ 0.1 | | | | | | | | |
I I I I I I I I I I
AQ < 10deg?> & AD;/D; < 0.1 & z <5 z>7& AD;/D; < 0.3 . 108 | =HE =
SUA SUA IMR SUA SUA IMR 2 F %" A= :‘ﬁfﬁ 1F & —A=A =i 'f,' ]
- s 4 .
Configuration ID  poplll  Q3-nod Q3-d poplll Q3-nod Q3-d poplll Q3-nod Q3-d poplll Q3-nod Q3-d g L ,'g///& ~ 1//A/ 1L /2\ ~ 1//A/ ]
=] ’ -
N2A5SM2L6 14.5 34.8 6.0 16.1 474 10.1 71.6 117.2 1.2 71.6 141.1 14 & 100 2/ 2,/ \A/ L A \A/ _
N2A5SM2L4 32 8.7 1.1 4.8 16.0 4.9 10.2 54.4 0.6 304 96.8 10 5 E . X ElS 3
N2A2M2L6 6.8 23.2 3.8 9.2 35.2 9.5 20.8 82.6 0.9 20.8 134.4 14 35 C A// F h
N2A2M2L4 1.6 42 0.4 2.6 5.8 1.6 2.8 18.0 0.2 10.1 54.0 07 & r r 7
N2AIM2L6 34 14.9 2.5 5.7 26.4 7.8 39 50.9 0.6 39 120.1 13 < i 1r )
N2AIM2L4 0.6 1.7 0.1 1.0 26 0.5 05 0.8 00 26 418 02 e ' e .
N1A5M2L6 4.0 13.7 1.9 7.0 27.3 75 98 305 04 99 1119 12 ¥ q§9 FP q§’ ¥ F P qu F
NIASM2L4 0.7 1.6 0.0 1.2 2.6 0.2 1.3 2.2 0.0 52 9.0 0.2 ¥ X ¥ & & \z N A A 4
FTFTFY FFEFFese
NI1A2M2L6 1.9 5.1 0.8 4.4 18.0 5.5 2.3 6.6 0.2 24 77.7 1.0
N1A2M2L4 0.4 0.5 0.0 0.6 1.0 0.1 0.2 0.4 0.0 1.0 2.0 0.0
NIAIM2L6 0.7 1.5 0.2 2.7 9.8 3.9 0.2 0.1 0.0 0.5 0.4 0.6
NIAIM2L4 0.2 0.2 0.0 0.2 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

[Klein+, 1511.05581]




P(p1>p)

P(p1>p)

Can we tell models apart?

Accretion Geometry - co vs ch
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Extreme mass ratio
binaries



EMRIs: rates, GR tests, new physics?

Mass MBH  Cusp M-c CO EMRI rate [yr~']

Model function spin  erosion relation N, mass [Mg] Total Detected (AKK) Detected (AKS)
M1 Baraussel2  a98 yes Gultekin09 10 10 1600 294 189
M2 Baraussel2  a98 yes KormendyHo13 10 10 1400 220 146
M3 Baraussel2  a98 yes GrahamScott13 10 10 2770 809 440
M4 Baraussel2 ~ a98 yes Gultekin09 10 30 520 (620) 260 221
M5 Gairl0O a98 no Gultekin09 10 10 140 47 15
M6 Baraussel2  a98 no Gultekin09 10 10 2080 479 261
M7 Baraussel2  a98 yes Gultekin09 0 10 15800 2712 1765
M8 Baraussel2  a98 yes Gultekin09 100 10 180 35 24
M9 Baraussel2  aflat yes Gultekin09 10 10 1530 217 177
MI10 Baraussel2 a0 yes Gultekin09 10 10 1520 188 188
Mil1 Gairl0O a0 no Gultekin09 100 10 13 1 1
Mi12 Baraussel2  a98 no Gultekin09 0 10 20000 4219 2279

Rates very uncertain (1-10%/yr): depend on
Low-mass MBH mass function, spin, cusp erosion post-merger, M-c,
ratio of direct plunges to EMRIs, waveform model

Tests of GR: Kerr BH quadrupole within AQ~10*
New physics: Dark matter, scalar clouds (e.g. axions) modify dynamics

New astrophysics: Multiband EMRIs, standard candles [Babak+, 1703.09722]



Astrophysics / physics payoff

Reveal MBH mass function at low masses?

Detect boson clouds / dark matter?

|

0.1 =
—. 0.01 | .
Y - .
Q, r ]
£ - .
= 10-3
& 107 E
o C ]
~N L ]
o L i
o B 4
104 & W\=
= A\
i W
i , \\\_
10—5 IIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIII-:lllll \I.

[Babak+,

104 105 106 107 108 109
1703.09722] Mess (Mol

[Ferreira+, 1710.00830]



Multiband

black hole
binaries



characteristic amplitude

Complementarity! Multi-band
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characteristic amplitude

Complementarity! Multi-band
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LISA early warning (At ze~15)
and localization (AQ2~0.1-1deg?)
for LIGO/EM observations

LISA can measure eccentricity:
Clusters? [Rodriguez+]

Triples? [Antonini+]

Primordial BHs? [Cholis, Kovetz+]

LISA improvements on LIGO PE
[Vitale 1605.01037]

New population of standard sirens
[Del Pozzo+ 1703.01300]

Better tests of GR [Yunes’ talk]



Complementarity! Multi-band
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2030s: 3G (e.g., ET) vs. LISA
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Complementarity! Multi-band

Limited improvements on 3G PE
GW150914:
SNR~700 (2000) in Voyager (Cosmic Explorer)

LISA breaks degeneracies:

(%1, %) from LISA, %+ and y; from LIGO
M_}irp from LISA, M from LIGO

IMBHs?

Post-process LISA data after 3G detection:
boost LISA multiband event rates

Use 3G detections to remove foreground
and go after stochastic backgrounds

Use LISA for 3G phase/amplitude calibration

2030s: 3G (e.g., ET) vs. LISA
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[Figure courtesy of Neil Cornish]
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dN/dlog(e)

dN/dlog(e)

0.8

Field or cluster formation? Kozai or primordial black holes?

| f=10 Hz i

1 - f=0.01 Hz MBH _
0.5 | s
ol
10-8¢ 10-* 10-¢ 10-®% 10+ 103 0.01 O.1 1
eccentricity

Kozai around MBHs
[Antonini, 1509.05080]
or
primordial black holes
[Cholis+, 1606.07437]
can generate
large eccentricity
in LISA band

e~ f1O/18  p—1

Measurable
if e,>1073 at f=10"2Hz

[Nishizawa+, 1605.01341; 1606.09295]



Field or cluster formation? Kozai or primordial black holes?

30 So
eLISA base Nobs Nso Nop N5 Ny

N2A2-2y 11-78 35  >100 95 >100] Not enough detections?
N2A5-2y  85-595 34 95 80  >100
N2A2-5y 45-310 25 60 61 100 50 confidence

N2AS5-5y 330-2350 25 62 60 100 with 90% probability

Table 1. Expected number of sources (column 2) for each eLISA baseline
(column 1), compared with the number of observations needed to distinguish
between models field and cluster at a given confidence threshold in 50%
(Ns5p) and 90% (Ngg) of the cases (columns 3-6).

Predictions may be pessimistic!
Correlations between e and masses/spins/kicks will help
Can ask the same question for MBH vs. primordial scenarios

[Nishizawa+,1606.09295]
[Breivik+, 1606.09558]



Independent assessment of geometry of the Universe at all z

Example of possible eLISA cosmological data
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Eccentricity: measurable if e,>1073 at f=10?Hz
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Probability
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events/year

Earth vs. space-based: ringdown detections and black hole spectroscopy
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dN/dz

dN/dz

Earth vs. space-based: redshift distribution
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Time of arrival: seconds, localization: <1 deg?
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Errors on primary (circles) and secondary (diamonds) spins
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