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Black Holes

® Very dense collapsed matter

® Gravitational force so strong that not even light can escape






The Galactic Center at 2.2 microns

Adaptive Optics
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General Relativity predicts
Gravitational waves

® Waves in space which spread

out like ripples in a pond.

They are produced by large fast
moving concentration of mass
or energy.

Cause space to be stretched
and squashed, lengths get
longer and shorter.

The specific timing and
strength of the waves tell us
about the object which created
them.
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Opportunity and Challenge

GWs carry a lot of energy, but interact weakly: can pass
through everything, including detectors!
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GWV interferometry today

LIGO-Hanford
(4 km arms)
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Detection Challenges
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Detection Challenges
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|2 Selected for a Viewpoint in Physics

week ending

PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

S

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultancously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10~2'. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance ()1’41()_‘#3? Mpc comresponding to aredshift z = 0.09:((,)"(‘;'1.
[n the source frame, the initial black hole masses are 36:;M_,_‘ and .29:; M ,, and the final black hole mass is
62:‘4‘M -, with 30_:;:’&[ 7,‘;03 radiated in gravitational waves. All uncentainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102
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Inspiral Merger Ring-
down
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“Was that you I heard just now, or was it two black holes colliding?”

Was that you | heard just now, or
was it two black holes colliding?
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Credit: ESO Kornmesser/de Mink
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Time (Myr) Mass 1 (M ..) Mass 2 (M ..)

0.0 MS 995 MS 75.8

3.517 HG 95.2 MS 73.8

3.5185 HG 95.0 MS 73.8

3.5185 HeMS43.3 MS 79.7

3.8098 BH 34.3 MS 79.2

4.0664 BH 34.3 HG 78.7

4.0687 BH 34.3 CHeB78.4

4.0689 BH 34.3 HeMS34.9

4.393 : BH 28.1

Stevenson, Vigna Gomez, see also Belczynski+, 2016; Eldridge & Stanway, 2016;
Mandel, et al., 2017 Lipunov, 2016; Inayoshi+, 2016




chemically homogeneous
evolution

normal
evolution

/" Hrich \~

HRoche lobe )
H rich overflow Mandel & de Mink,

arXiv:1601.00007,
MNRAS
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Merger or see also Marchant+,
;eogslzsej:":j';vf arxXiv:1601.03718, A&A:
de Mink & Mandel,
arxXiv:1603.02291,
MNRAS
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Rodriguez, Haster+,
arXiv:1604.04254

see also Mapelli,
arXiv:1604.03559
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The Big Dog

The envelop
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THE GRAVITATIONAL. WAVE
DETECTOR WORKS! FOR THE
FIRST TIME, WE CAN USTEN
IN ON THE SIGNALS CARRIED
BY RIPPLES IN THE. FRBRIC
OF SPACE ITSELF!

EVENT BLACK HOLE MERGER IN CARINA (30 My, 30Mo)

EVENT: ZORUAX THE. MIGHTY WOULD LIKE To CONNECT ON| [INKEDIN
EVENT: BLACK HOLE. MERGER IN ORION (20 M, 50 M)
EVENT? MORTGAGE OFFER FRDM TRIANGULUM GALAXY

EVENT? ZORUAX THE MIGHTY LWOULD LIKE TO (ONNELT ON (INKEDIN
EVENT: MEET LONELY SINGLES IN THE. LOCAL GROUP TONIGHT !




GW150914: our first Binary BH merger
-0.76s
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