New Understanding from Binary Black Hole
detections
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- Gravitational wave brief introduction
- The detections
+ The 1st detection - GW150914
+ The rest of the 1st observing run (O1)
- The 2nd observing run (0O2)
- The current observing run (O3)
- Additional properties - populations

’ Summary interspersed throughout are tutorial slides including some based on “The

basic physics of the binary black hole merger GW150914” LIGO-Virgo
Collaboration, arXiv:1608.01940 (2016)



Gravitational wave basics

Just to warm you up
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Compact binary coalescence
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Radiation from a binary

First we calculate the quadrupole moment
1
Qij = fdsxp(X)(xix]’—grzﬁij) = Z ma

For a circular orbit where
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Einstein found that the strain is then
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Radiation from a binary

Energy is then radiated according to the quadrupole
formula
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The 1st detection

GW150914



he data
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The data




A binary black hole?

* The first direct™ detection
of gravitational waves.

- The first unambiguous

detection of a black hole. 10
T 0.5
- The first observation of a = 0.0
binary black hole. -g_o .
£-0
+ The most luminous event L0}
ever detected!
| _ 206
- Still the highest SNR BBH 205
signal observed! S04
> 0.3

* the definition of “direct” in this case is subjective
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he mass scale

We can rearrange the expression for frequency evolution to give

Linear fit of fg,{? (t) from combined H1, L1 strain
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We use the value . = 30 for the remainder of this tutorial.

We estimate the minimum mass of the lightest component later on.

LIGO-Virgo Collaboration, arXiv:1608.01940 (2016)



Proving compactness

- For an equal mass system the chirp mass implies
that m; = my =254 =35My M = my; + my = 70M,

- For non-spinning objects with Keplerian orbit at the

time of peak GW amplitude the orbital separation is 350 km
1/3 | |
fow|max ~150Hz, R= ( ZGM ) — 350 km
wKeplmax

- Compared to normal stars this is tiny and although
NSs could have this compactness NSs could not
have this mass.

- The compactness ratio £ is defined as the orbital
separation divided by the sum of the smallest

possible radii.

100 km 100 km
- The Schwarzchild radii of these objects is 103km | , l .

allowing us to define the compactness ratio 200 km 200 km
Z =350km/206km ~ 1.7

LIGO-Virgo Collaboration, arXiv:1608.01940 (2016)



imeline of GW150914

* 1.3 billion years ago: 2 black holes merge and release 3 Mo of gravitational wave energy into the
universe.

* 100,000 years ago: these waves arrive at the edge of the milky way galaxy.

- November 25, 1915: Albert Einstein presents his General Theory of Relativity to the Prussian
Academy of Sciences. GW150914 is 99 years, 9 months, and 20 days away

* April 15, 1972: at MIT Rai Weiss’ Publication of Quarterly Progress Report No. 105 outlines the
concept behind LIGO

- 1992: The epoch of LIGO construction begins, leading to the realisation of the two observatories
LIGO Livingston (LLO) and LIGO Hanford (LHO).

- mid-late 90s: Some of this audience are born.

- 2002: The two initial LIGO detectors and the GEO 600 detector start their first period of scientific
data taking, ‘Science Run 1’.

LIGO-Virgo Collaboration, arXiv:1602.03844 (2016)



The rest of the 1st observing run (O1)

GW151012 (formerly LVT151012), and GW151226



» Initial LIGO and Virgo
successfully completed their
operations with the S6/VSR2,3
runs in 2011.

- Advanced LIGO began
operation in September 2015
with the first “Observing” run O1
spanning 12th Sep - 19th Jan.

- This accumulated 51.5 days of
coincident data.

he O1 run (Sep 2015 - Jan 2016)
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GW151226 (Boxing Day event) 3rd
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O1 Waveform comparison
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Is general relativity right?

GWI130914
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O1 Spins
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The 2nd observing run (O2)

[ONLINE] GW170104, GW170608, GW170814, (the BNS GW170817),

and...

[OFFLINE] GW170729, GW170819, GW170818, and GW170823



- The Advanced LIGO O2 run

began in November 2016 and
ended in September 2017.

- Sensitivity was marginally
improved but most importantly,
Virgo joined in September 2017.

- From this data we have

published 3 BBH detections and
1 BNS detection (GW170817).

he O2 run (Nov 2016 - Sep 2017)
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LIGO-Virgo Collaboration, PRL 119, 141101 (2017)



GW 1 7 O 1 04 Normalized Amplitude
0 1 2 3

512

Hanford

- This event had component masses
of 31+84 59 and 19+53.59 Mo.
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graviton mass and wavelength
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LIGO-Virgo Collaboration, PRL 118, 221101 (2017)



light
GW170608
b
- This event had component
masses of 12+7» and 7+2.» Mo. 1 1 L PN
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GW170814
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- This event had component masses of 31 and 19 Mo.

- This event was at redshift 0.2 and had SNR 13.
LIGO-Virgo Collaboration, PRL 119, 141101 (2017)



What happens next?

2016-2017 2018-2019

- The first observing runs O1 and |

02 are the first of many as the
detectors improve in sensitivity.

100%

80% —

O3 will have ~50 times the

sensitivity of O1. 60 —

- There will be many more

detections. 40% -

- We must also not forget binary
neutron stars, unmodelled
transients, stochastic
background, continuous 0% , —r
signals, ... 1 10

Increase in space-time volume
relative to O1

20% —

probability of observing more than N events

LIGO-Virgo Collaboration, PRX 6, 041015 (2016)



Additional properties

Characteristics of the ensemble



he big table of O1/02 BBH properties

Event m /My my/Mg M/Mg Xt  Mp/Mo  a;  Eng/(MoC?) Coea/(e1gs™) dp/Mpc  z AQ/deg’
GW150914 35.675] 30.67;7 28.67]7 —0.017017 63.1735 0.69705;  3.1707  3.6704 x10°° 4407120 0.097007 182
GW151012 23.211%% 13.67)5 152777  0.05%)55 35.673%% 0.67°017  1.670° 32193 x10° 10807550 0217005 1523
GW151226 13.73% 77122 89703  0.1870% 20.5%%¢ 0747007 1.070) 34707 x10°° 450115 0.09700% 1033
GW170104 30.8772 20.07;7 214772 —0.047077 48.9%3) 0.66°00F 22702 33708 x10°° 990730 020700 921
GW170608 11.0733 7.6555  7.9755 0.03%007 17.8%37 0.69705 09707 3574 x 10 32075 0.07700; 392
GW170729 50.21182 34.017:', 354782 037702 79.57137 0.81°0Y]  4.8F17 42707 x 10°° 2840130 0.497070 1041
GW170809 35.07%; 23.872) 249771 0.08%)!7 563737 07000 2770 35708 x10°° 1030735 0.20700; 308
GW170814 30.6735 252728 24177 0.075)15 53252 0727050 27707 37104 x 10 600750 0.127003 87
GW170817 1.467 015 1.2710% 1.186 0001 0.007007 <28 <0.89 >004 >0.1x10% 407 0017050 16
GW170818 354173 26.7t5 26577 —0.0970,F 59.4737 067100 27792 34707 x 105 1060735 0217057 39
GW170823 39.5%112 29.0%87 29.2+38  0.097922 6547191 0721090 3.3%10 36707 x 10° 19407509 0357013 1666

LIGO-Virgo Collaboration, PRX 9, 031040 (2019)



Masses and spins
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Masses and spins
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Waveforms
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Astrophysical Event Rate
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Cosmology
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he Hubble constant
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A distance Iimit

- The strain at the source can at most be ~1 at the
Schwarzschild radius. Since the amplitude decreases as

h~ R/d;

- Therefore we can set an upper-limit on the distance
based on the measured peak strain amplitude

dr <10°! x100km ~ 3 Gpc

- This is very rough. See problems for an opportunity to
refine it.

LIGO-Virgo Collaboration, arXiv:1608.01940 (2016)



A rough luminosity

- By Setting

w~clrand r ~GM/c? and Mw ~ c3/G
- By dimensional analysis of the quadrupole formula

L~ $M*rin®

- We get the following universal approximation

- Hence, to within factors of a few, all CBC events are equally luminous (3 x 1056
ergs/sec) since the mass sets both the characteristic energy and time scale of the
event.

- However, a more slightly refined analysis gives L ~

cdpie ¢ (0ewdihly, i
4G| | T 4G C

LIGO-Virgo Collaboration, arXiv:1608.01940 (2016)



What do the masses tell us?

- The most sensitive feature
In determining the mass of a

black hole is the metallicity gor- A A
of the star, Z. 70 - i
60 _— Weak wind —_
- Low metallicity stars — f .
typically have less stellar =0T }
wind allowing the progenitor [l 5
star to maintain a higher = 30 & =
mass. S ]
i Strong wind

- GW150914 comprised the or i
heaviest known* black-hole L X H—Ye

(~35Msun) and indicates a Z/ 74

possible low metallicity.

LIGO-Virgo Collaboration, ApJL 818, 2 (2016)



he effect of spin

S
We define the dimensionless spin parameter x = é—z
This modifies the gravitational radii (as well as orbital dynamics) such
that the radius of an extremal Kerr black hole is

rEK(m) = %rSchwarz(m) = Gm/CZ.

Hence we can get a lower limit on the Newtonian separation of 2
black holes
1 GM M
rex (my) +rex(mz) = ~rschwarz(M) = —— = 1. S(M
O]

2 c? )km

The orbital compactness (with eccentricity, unequal masses, spin) is
rsep(M) R(M) 02 c? c?

% = (M) = (M) = 23 = o 23 = (n6/5 23 =34,
TEK TEK (GM wkep) (25° G M wiep) (255 71 G M fow|pay)

LIGO-Virgo Collaboration, arXiv:1608.01940 (2016)



10

Really? Black-holes?

- We’ve shown that the system must have a compactness ratio <3.4.

- Therefore the Newtonian density scale is

—3x10" (3-4)3(35Mo )2 kg

P

>
" (4m/3)R3 R m m3

- This is less dense than NS densities but... again using the approximation

w~clrand r ~GM/c?® and Mo ~ c3/G-

- We can derive the following limit
(Mmax

M

- From which it follows that the max mass is 432Mo with q=83. Leading to a
lowest component mass of 5Me, far greater than the max NS mass.

) ~ 3.43/2 x 26/5 ~ 14.4

LIGO-Virgo Collaboration, arXiv:1608.01940 (2016)



Formation channels

- Possible BBH formation channels include:

- Dynamical formation in a dense stellar environment (possibly assisted
by gas drag in galactic nuclear disks).

- Or isolated binary evolution

- either the classical variant via a common-envelope phase (possibly
from population Il binaries).

- or chemically homogeneous evolution in close tidally locked binaries.

- All of these channels have been shown to be consistent with the
GW150914 discovery.

- The low masses of GW151226 are probably inconsistent with the
chemically homogeneous evolution model.

- A larger population (masses and spins) will help identify the correct
channel(s).

LIGO-Virgo Collaboration, arXiv:1606.04856 (2016)



Were there EM
counterparts?

- The event time and location was
shared with 63 teams of
observers covering radio,
optical, near-infrared, X-ray, and
gamma-ray wavelengths with
ground- and space-based
facilities (multi-messenger
astronomy).

- As this event turned out to be a
binary black hole merger, there is
little expectation of a detectable
electromagnetic signature.

- There was a reported Fermi
GBM trigger for GW150914
but...
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00 many to count

The ensemble of all binary
black hole mergers form an
astrophysical stochastic
background.

This would inform us on the
evolution of such binary
systems over the history of th
universe

This has implications for spac
based detectors (eLISA) and
for ultra-low frequency waves
detectable with pulsar timing
arrays.
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Problems

1.

Show that an asymmetric mass ratio would lead to a
more compact system.

Derive an expression for the distance to a CBC event as
a function of its frequency at peak strain and the peak
strain.

Show that ~3Mo of energy were emitted during the
merger of GW150914.

Repeat all calculations for GW151226 and LVT151012.



Conclusions

Extra things and a summary



What'’s happening now?
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Summary

* As the director of LIGO Lab put it “We did it!
We detected gravitational waves!” (Dave L ale
Reitze) g |

- Qur very first discovery has provided the
first observation of binary black holes.

- Our 9 additional BBH and a BNS detection
has proved that it wasn’t a fluke!

- This is just the beginning of a completely
new era of observational astronomy.

- We are in a uniquely exciting time for
gravitational research (LISA PathFinder,
LIGO India, Pulsar Timing Arrays).

Albert Einstein
Glasgow University
June 1933



