Gravitational Waves from Binary Black
‘Hole Mergers
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LIGO Gravitational waves and LIGO: short version O

Binary black hole system

R Frey June 24, 2016

As detected by LIGO:
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GW ripples are a space strain h,
where h=AL/L

Realistic sources: h ~ 1023
= AL~ 10" m (Yikes!)




LIGO Hanford Observatory
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LIGO observatories

LIGO

2 or more sites provides

coincident detection -
a crucial feature




LIGO

September 14, 2015, 2:51 AM Pacific

O

Boom !
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Strain (10721)
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LIGO monitoring the non-GW environment — UQO’s key
contribution to first detection
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LIGO UO at work

Installing sensors




Lico s itreally anastrophysical signal? O
o . B
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17 Magnetic field injection | —+» GW waveform precludes
£ 0 = wao || KNOWN environmental
= | | disturbance.

* Would see a much
larger environmental
- o | signal on nearby
Magnetic-field-induced differential arm motion .
I |l Contribution frolrn Ambient magnetic noise | SenSOrS than Seen In
| GW detector.

g 1019} ’ | _
=07 | '« Saw nothing.
S 1077 :

8 10—227 : 1 g
21073} ; > ah
Zo

10 100

10 100

Coupling of magnetic field to differential arm motion

E Measured coupling ||

Magnetic coupling [m/T]

10 100
Frequency [Hz]



LIGO GW150914 publications by LSC/Virgo O

 Discovery paper: Phys. Rev. Lett. 116, 061102 (2016)
« Astrophysical implications: ApdJL, 818, L22, 2016

» Tests of General Relativity: arXiv:1602.03841

« Rate of BBH mergers: arXiv:1602.03842

« Parameter estimation: arXiv:1602.03840

« Data characterization: arXiv:1602.03844

» Detector status: arXiv:1602.03838

« Compact binary searches: arXiv:1602.03839

« Searches with minimal assumptions: arXiv:1602.03843
« Calibration: arXiv:1602.03845

* |Implication for a stochastic GW background: arXiv:1602.03847
* High-energy neutrinos: arXiv:1602.05411
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LIGO Is it really a merger of black holes ? O

Inspiral Merger Ring-
down
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LIGO Black holes? O

| o
__ Ll |

The chirp function tells us we have 2 objects each of
mass about 30 solar masses ( 30M, )

At merger, they are orbiting each other 75 times per
second and their separation is about 350 km... And they
are still missing each other!

They are indeed black holes.

RFrey June 24,2016 12



LIGO |5 General Relativity the correct description ? O

Phys. Rev. Lett. 116, 061102 (2016)

* Predicts gravitational waves... |
« Waveforms from GR fit the data beautifully... ¥
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A uniqgue and important test of GR
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LIGO Main GW150914 parameters O
Primary black hole mass 3672 Mg
Secondary black hole mass 2074 Mg
Final black hole mass 62+fL Mg
Final black hole spin 0. 67+8 8?
Luminosity distance 410+£8 Mpc
Source redshift, z 0. 09+8 gi

« Energy radiated in GWs:

« Peak GW power:

R Frey June 24, 2016
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LIGO

GW150914 Parameters

EOBNR IMRPhenom Overall
Detector-frame total mass M /Mg, 70.315:2 70.7+3:8 70.5—_1—2{2?%8
Detector-frame chirp mass M /Mg 30.2%75 30.57 1% 30-3f%:$i823
Detector-frame primary mass m1 /Mg 39.4%%°9 38.3153 38.875 9403
Detector-frame secondary mass ma /Mg 30.9fi:2 32.2f§:8 31.6f3:§ig:é
Detector-frame final mass My /Mg 67.175S 67.441?’,):% 67'31&:6;8:3
Source-frame total mass M>°""° /M, 65.07:2:2 64.6f§:% 64.8f§:8i(1):g
Source-frame chirp mass M®°"¢ /Mg 27.9%73 27.9717% 27-9t%%i8:§
Source-frame primary mass m{°""“° /Mg 36.3173 35.1152 357454411
Source-frame secondary mass m5°""° /Mg, 28.6755 29.5+33 29'1t21§1i8:§
Source-fame final mass M7°"°¢ /Mg 62.0155 61.61737 61,8f§:§i8:?l

Mass ratio ¢

Effective inspiral spin parameter g

+0.18
0.79 0719

4+0.19

+0.14
0-84_0‘21

+0.14
—0.035515

+0.16£0.01
0.8270.2130.03

—0.06+0'17:|:0'01

—0.184-0.07
Dimensionless primary spin magnitude a; 0.32"_"8:;12 0.31f8:g% 0.31f8:§§i8:8§l
Dimensionless secondary spin magnitude as 0.57‘_L8:§(1) 0.39f8:§2 0.46f8:i§i8:81
Final spin a; 0.6719-06 0.6779-03 0.670- 025500
Luminosity distance Dy, /Mpc 3907150 4407140 4107150%20
Source redshift 2 0.08310 b33 0.09310-03% 0.0880-031 20002
Upper bound on primary spin magnitude a 0.65 0.71 0.69 £ 0.05
Upper bound on secondary spin magnitude as 0.93 0.81 0.88 £0.10
Lower bound on mass ratio ¢ 0.64 0.67 0.65 4+ 0.03
Log Bayes factor In B /,, 288.7+£0.2 290.1 £0.2 —
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LIGO  some Astrophysical Implications of GW150914 O
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LIGO Fun with faculty — Oct 1, 2015 O

Simulated (ideal) binary black hole system, D ~ 100 Mpc ,

30 M, + 30 Mg
i *
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: ey
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LIGO The importance of sleep... O

04:32 AM, Sep 14, 2015
LIGO Livingston (Louisiana)

Robert Schofield leaves the
site with one last test undone.
The test would likely have
taken the detector out of
operation.

GW150914 arrives 18
minutes later.

Robert Sch.ofield, UO Research Professor

R Frey June 24, 2016 18



LIGO #2 Il Christmas/Boxing Day Gift

k endi
PRL 116, 241103 (2016) PHYSICAL REVIEW LETTERS 17 JUNE 2016

S
GW151226: Observation of Gravitational Waves from a 22-Solar-Mass Binary
Black Hole Coalescence

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 31 May 2016; published 15 June 2016)

We report the observation of a gravitational-wave signal produced by the coalescence of two stellar-mass
black holes. The signal, GW151226, was observed by the twin detectors of the Laser Interferometer
Gravitational-Wave Observatory (LIGO) on December 26, 2015 at 03:38:53 UTC. The signal was initially
identified within 70 s by an online matched-filter search targeting binary coalescences. Subsequent off-line
analyses recovered GW151226 with a network signal-to-noise ratio of 13 and a significance greater than
56. The signal persisted in the LIGO frequency band for approximately 1 s, increasing in frequency and
amplitude over about 55 cycles from 35 to 450 Hz, and reached a peak gravitational strain of
34707 x 10722, The inferred source-frame initial black hole masses are 14.2782M and 7.533 M,
and the final black hole mass is 20.8f16:71 M . We find that at least one of the component black holes has spin

greater than 0.2. This source is located at a luminosity distance of 44Of11938 Mpc corresponding to a redshift

of 0.097703. All uncertainties define a 90% credible interval. This second gravitational-wave observation
provides improved constraints on stellar populations and on deviations from general relativity.

R Frey June 24, 2016 19



LIGO What's new with #2 ? O

Primary black hole mass
Secondary black hole mass

Chirp mass

Total black hole mass

Final black hole mass

Radiated gravitational-wave energy
Peak luminosity

Final black hole spin

Luminosity distance

Source redshift z

14.2152 Mg
7.5152 Mg
8.9702 Mg
21.8722 Mg
20.870-1 Mg

101_8% M@C2

< Lighter masses

40.8 56 Non-zero
B X DT el initial BH spin
0.747 5 06
440—1__188 MpC 1.00 —  Prior
0.094_0.03 0.75 - — Posterior
—0.04 0.50
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LIGO what's new #2 (contd)

Strain (10721)
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« About 30 cycles of GW waveform observed
* Precision test of General Relativity
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LIGO

Actually, three BBHs Observed in First Run!
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LIGO
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LIGO

~30 Mg, BHs ??

O
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LIGO Sky location of the 3 events

R Frey June 24, 2016 25



LIGO and as seen from earth

-120°
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LIGO A gamma-ray counterpart ?

Fermi GBM Observations of LIGO Gravitational Wave event GW150914

V. Connaughton®', E. Burns?, A. Goldstein™3, L. Blackburn®*, M. S. Briggs®, B.-B. Zhang®
C. M. Hui?, P. Jenke®, J. Racusin’, C. A. Wilson-Hodge?, P. N. Bhat®, W. Cleveland®,
G. Fitzpatrick®, M. M. Giles®, M. H. Gibby®, J. Greiner?, A. von Kienlin”, R. M. Kippen!’,
S. McBreen!'!, B. Mailyan®, C. A. Meegan®, W. S. Paciesas!, R. D. Preece®, O. Roberts'?,
L. Sparke'?, M. Stanbro?, K. Toelge®, P. Veres®, H.-F. Yu”!3

and other authors

ABSTRACT

With an instantaneous view of 70% of the sky, the Fermi Gamma-ray Burst Monitor
(GBM) is an excellent partner in the search for electromagnetic counterparts to gravi-
tational wave (GW) events. GBM observations at the time of the Laser Interferometer
Gravitational-wave Observatory (LIGO) event GW150914 reveal the presence of a weak
transient source above 50 keV, 0.4 s after the GW event was detected, with a false alarm
probability of 0.0022. This weak transient lasting 1 s does not appear connected with
other previously known astrophysical, solar, terrestrial, or magnetospheric activity. Its
localization is ill-constrained but consistent with the direction of GW150914. The du-
ration and spectrum of the transient event suggest it is a weak short Gamma-Ray Burst
arriving at a large angle to the direction in which Fermi was pointing, where the GBM

R Frey June 24, 2016 27



LIGO  can we expect more LIGO BBH events ? O

arXiv:1602.03842
e Short Answer: “Yes”

 Longer Answer:
* The ~3 months of run O1 yielded 3 BBH events.

= For O1, LIGO was at ~30% of its design sensitivity

= Expect improved sensitivity for O2, O3, ... until 100%
reached 2019-ish

 O2 scheduled to start late summer 2016
= At design: 1 event/month - 1 event/day

/.
(
s ;;;,,E)
e,
R oy
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LIGO Compact binary coalescence: O
predicted rates ~2010

""""""" ‘ arXiv: 1003.2480 , CQG
2
TABLE V: Detection rates for compact binary coalescence sources.
[FO Source” Niow Nee Nuigh  Nmax
yr ™t oyt oyt !
NS-NS 2x 107*  0.02 0.2 0.6
NS-BH 7x 107°  0.004 0.1
Initial BH-BH 2x 107% 0.007 0.5
IMRI into IMBH < 0.001° o0.01°
IMBH-IMBH 10744 1073
NS-NS 0.4 40 400 1000
NS-BH 0.2 10 300
Advanced BH-BH 0.4 20 1000
IMRI into IMBH 10° 300°
IMBH-IMBH 0.1¢ 1€

For O1, sensitivity 3x lower.
Expectation <1 NS-NS event

R Frey June 24, 2016 29



LIGO Our expectations on September 12, 2015 O

* Advanced LIGO had just turned on with sensitivity
about 30% of the eventual (2019-ish) goal.

« Expectation was that we would have about a
10%-ish chance for observing a faint binary neutron-
star merger. o

« Speculation was rife for other kinds of signals, such
as supernovae, black-hole mergers, gamma-ray
bursts, ... But all very uncertain.

» EXxpect other types of astrophysical sources!

R Frey June 24, 2016 30



LIGO :
The 2" generation GW detector network
Virgo
Advanced GEO O'Ij
LIGO, 2015 |l 2014 [
— R T ] /:g“ o
/ / == EDONTE
e s | T Sl
7 < 0 k i /
1 N =« || LIGO-India
. |~2022
"?‘ < «*—Xfflﬂmj’:":

50,

3 or more detectors: localization from
~100 square degrees to ~10 sq degrees
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LIGO take home...

 Gravitational Waves discovered.
= UO rocks!

» General Relativity (still) looks good.

A lot of science from a few events

* The (really) exciting part:
A new window on the Universe...
The fun is just beginning!

R Frey June 24, 2016 32



LIGO

A few extra slides with some math...

R Frey June 24, 2016 33



LIGO Gravitational Waves (GWs) in O
General Relativity (GR)

In special relativity:

/1 0 0 0)

“lo-1 0 o

=10 0 -1 0
L0 0 0 -1/

GR:
L€ 1
GW:%TW, Guv = Ryv — - Rguw Einstein, 1915
C

Nuv — Guv = Nuv + huw

> 1 97 n
V (9152 hyy = —167T),, Einstein, 1916
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LIGO Bjack holes? The inspiral waveform (lowest order) O

1 + cos?.

VW2t 2, ozee
‘ | hx —ho COSLSIiNn 2P (t)

| — Numerical relativity
W Reconstructed (template)
I I

 The phase evolution

The : 15/8
implies M =~ 30M (1) = b, te — 1
5(1 4 z)M
* = Mtot > 7OM@
M= (m1mg)3/5
at merger, orbit freq is  (mq +mno)1/5
, 1 m>
~ 75 Hz. Separation is
~ 350 km ~ 3Rs A +2)M

ho (87 F(1 + 2)M]?/3

Rs = 2GM/c?
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