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Taken from the 22 November 1919 edition
of the lllustrated London News.

Coverage|in the (more excitable)
New YorkLlimes.
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Men of Science More or Less
Agog Over Results of Eclipse
Observations.

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.

A BOOK FOR 12 WISE MEN

No More in All the Worid Could
Comprehend It, Said Einsteln When
His Daring Publishers Accepted It.
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The Einstein equation

lﬁ geodesics <—‘

spacetime curvature ——» matter distribution
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Solve for metric
guu(t,x,y,Z)
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flat spacetime (Minkowskii spacetime): S
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"gravitational waves explained”

SO YOU NEED SOMETHING REALLY, REALLY
MASSIVE MOVERG VERY, VERY FAST, TO MAKE
THE BaG RIPPLES TUAT WE CAN DETECT,
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TG A RPPLE IN THE FABRIC OF GPACE AND TIME.

GRAVITATIONAL WAVES EXPLAINED

WHAT 16 A GRAVITATIONAL WAVE?
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4‘% The Nobel Prize in Physics 1993
2 Russell A. Hulse, Joseph H. Taylor Jr.

Share this: I EIE 25

The Nobel Prize in Physics
1993

Russell A. Hulse Joseph H. Taylor Jr.
Prize share: 1/2 Prize share: 1/2

"for the discovery of a new type of pulsar, a
discovery that has opened up new
possibilities for the study of gravitation”
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EHEE® (Numerical Relativity)

li geodesics <—‘

spacetime curvature ——» matter distribution

1

1 | R
Einstein tensor Energy-Momentum tensor

cosmological constant
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time direction
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2: Initial 3-dimensional Surface

Class. Quantum Grav, 12 (1995) 133<140, Printed in the UK

A ‘3+1 method for finding principal nuil directions

Laurens Gunnarsent, Hisa-Aki Shinkaif and Kei-Ichi Maedat
Department of Physics, Waseda University, Shinjuku-ku, Tokyo 169, Japan

Received 7 June 1994, in final form 24 Qctober 1994

Abstract. We present a new method for finding principal null directions (PNDs). Because
our method assumes as an input the intrinsic metric and extrinsic curvature of a space-like
hypersurface, we expect it will be useful to numerical relativists. We illustrate our method by
finding the pnos of the Kastor~Traschen spacetimes, which contain arbitrarily many Q = M
black holes in a de Sitter background,

2.1. Our strategy

Here, we present our method as it applies to vacuum spacetimes with cosmological constant
A. We begin by fixing a triple (X, Agy, pas), where T is a smooth 3-manifold, Ay is a
Riemannian metric on X, and p,s is the extrinsic curvature of £, The constraints on A
and p,p are
R = papp™ + p* = 2A (1)
Du(p® - ph**) =0. (2)
Here p = pph“®, D, is the (unique) torsion-free derivative operator compatible with /g5,
and R = R.,h®®, where Rgyv® = —2D(, Dy)v™ for all smooth v* on E.
From (hgs, pap) we construct two further tensor fields E,p, Bgp as follows:
Eap = Rap = p," Pom + PPab = %’Ahab (3)
By = &,"" D Pap 4)
where the tensor field gape = &papc| Satisfies £,5.67% = 3! It follows from (1) and (2) that
the fields E,, B,» are both trace-free and symmetric.

The next step is to choose a unit vector field 2 on I, and to decompose E,p, B, into
components along and perpendicular to 2%, We set

e = E7°3° (5)
= Epe3®(8,° = 242°) (6
eab = Eca(8,° = 22°) (8,7 — 262°) + tesa (7
b = B2z’ (8)
by = Bp?" (8,5 = 247°) 9
bop = 8,4(6“‘ - 2,2 )(50“’ — ibid) + %esab (10)
where 5z = hgp — Z,25. Finally, we set
Yo = (—e,,b + J‘cbk)mamb (11)
1
¥ = — - J b )m® 12
[ ﬁ(fa a c)m (12)
W, = 3(—e+ib) (13)
1 -
Vs = (0 4, B (14)
Wy = (—eap — I, bpc)m®m® (15)

where J,® = 3. is a rotation by 90 degrees in the plane orthogonal to z°, and
m® = 1/4/2(%° - i§°) for some pair of orthogonal unit vector fields which span that
plane.

Finding Principal Null Direction for Numerical Relativists

Laurens Gunnarsen, Hisa-aki Shinkai, Kei-ichi Maeda
(Submitted on 2 Jun 1994)
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Cactusd—FKODRH (RED Einstein Toolkit )
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EHEE® (Numerical Relativity)

F geodesics <—I

spacetime curvature ——» matter distribution

1
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Einstein tensor Energy-Momentum tensor

cosmological constant
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Blow up The Adjusted system (procedures): Box 2.9
1. Prepare a set of evolution eqs. Ou=Jou+ K
2. Add constraints in RHS Ou = Joju+ K +kC
——r
E Choose the coeff. k so as to make the

3. eigenvalues of the homogenized adjusted 0C = Do;,C + EC
d:C eqs negative reals or pure imaginary. C = Do;C + EC +Fo;,C + GC
(See Box 3.2 and 3.3)

time The details are in §3.
Formulations of the Einstein Equations for Numerical Simulations
Hisa-Aki SHINKAI*
Department of Information Systems, Facully of Information Science and Technology,
Osaka Institute of Technology, Kitayama 1-79-1, Hirakata, Osaka 573-0196, Japan
Constrained / Surface (Received 24 January 2008)

(satisfies /Einstein's constraints)

We review recent efforts to re-formulate the Einstein equations for fully relativistic numerical
simulations. The so-called numerical relativity is a promising research field matching with ongo-
ing gravitational wave observations. In order to complete long-term and accurate simulations of
binary compact objects, people seek a robust set of equations against the violation of constraints.
Many trials have revealed that mathematically equivalent sets of evolution equations show differ-
ent numerical stabilities in free evolution schemes. In this article, we overview the efforts of the
community, categorizing them into three directions: (1) modifying of the standard Arnowitt-Deser-
(1 " 7 Misner (ADM) equations initiated by the Kyoto group [the so-called Baumgarte-Shapiro-Shibata-

a dJ u Ste d I I I et h O d Nakamura (BSSN) equations), (2) rewriting the evolution equations in a hyperbolic form and (3)

constructing an “asymptotically constrained” system. We then introduce our series of works that
tries to explain these evolution behaviors in a unified way by using an eigenvalue analysis of the
constraint-propagation equations. The modifications of (or adjustments to) the evolution equations
change the character of constraint propagation and several particular adjustments using constraints

“ u [}
C O n S"t ra l n t_d a m I n are expected to damp the constraint-violating modes. We show several sets of adjusted ADM and
BSSN equations, together with their numerical demonstrations.

teC h n iq u e 7 Journal of the Korean Physical Society, Vol. 54, No. 6, June 2009, pp. 2513~2528

Fig. 1. Origin of the problem for numerical relativists:
Numerical evolutions depart from the constraint surface.
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Kamioka Gravitational wave detector, (Large-scale Cryogenic Gravitational wave Telescope)
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Gravitational Wave Detectors and Sources
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| Selected for a Viewpoint in Physics week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

6

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef 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 simultaneously 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 1072'_ 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 of 41075 Mpc corresponding to a redshift z = 0.097] 5.
In the source frame, the initial black hole masses are 363 M, and 297 M ., and the final black hole mass is
621 M, with 3.0%03 M ;¢ radiated in gravitational waves. All uncertainties 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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BH candidate: Cygnus X-1
GG USPXE

The fifst black hole candidate discovered
in 1972, is part of an x-ray binary system,
orbiting its visible companion HDE 226868.
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https://www.youtube.com/watch?v=qZZ9jRan9eo
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https://www.ligo.caltech.edu/system/avm_image_sqls/binaries/57/page/Black_Hole_Mass_Chart.jpg?1465864737
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http://shop.nationalgeographic.com/ngs/product/maps/wall-maps/space-maps/the-milky-way-map%2C-laminated
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Fig. 1. Illustration showing three pathways to MBH formation that can occur in a distant galaxy (56). The starting Fig. 3. Possible VOUt?S t‘? MQH and gala.xy _coevolution, st.arting
point is a primeval galaxy, composed of a dark matter halo and a central condensation of gas. Most of this gas will from black holes forming in distant galaxies in the early universe.
eventually form stars and contribute to making galaxies as we know them. However, part of this gas has also goneinto  [Image credits: NASA, European Space Agency (ESA), A. Aloisi

making a MBH, probably following one of these routes. (Space Telescope Science Institute and ESA, Baltimore, MD), and
The Hubble Heritage Team (Space Telescope Science Institute/
Association of Universities for Research in Astronomy)]

REVIEW

The Formation and Evolution
of Massive Black Holes

M. Volonteri?

Volonteri, Science 337 (2012) 544

The past 10 years have witnessed a change of perspective in the way astrophysicists think about massive black
holes (MBHs), which are now considered to have a major role in the evolution of galaxies. This appreciation
was driven by the realization that black holes of millions of solar masses and above reside in the center of
most galaxies, including the Milky Way. MBHs also powered active galactic nuclei known to exist just a few
hundred million years after the Big Bang. Here, | summarize the current ideas on the evolution of MBHs through
cosmic history, from their formation about 13 billion years ago to their growth within their host galaxies.
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Signal-to-Noise Ratio (SNR)

Let the true signal h(t), the function of time, is de-
tected as a signal, s(t), which also includes the unknown

noise, n(t):
s(t) = h(t) + n(t). (17)

The standard procedure for the detectien _is judged by
the optimal signal-to-noise ratio (SNR), p, which'is-given

by 1/2
=3 [ /0°° h(f) R*(f) df] | 18

Sn(f)

where h(f) is the Fourier-transformed quantity of the
wave,

i = [ T ATt d (19)

— 00

and S,(f) the (one-sided) power spectral density of
strain noise of the detector, as we showed in Fig. 1.
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47). Narrow-band features include calibration lines (33-38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.
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Home Computers Discover Gamma-ray Pulsars

Einstein@Home volunteers find four cosmic lighthouses in data from
NASA's Fermi Gamma-ray Space Telescope

November 26, 2013

The combination of globally distributed computing power and innovative
analysis methods proves to be a recipe for success in the search for new
pulsars. Scientists from the Max Planck Institutes for Gravitational
Physics and Radio Astronomy together with international colleagues
have now discovered four gamma-ray pulsars in data from the Fermi
space telescope. The breakthrough came using the distributed computing
project Einstein@Home, which connects more than 200,000 computers
from 40,000 participants around the world to a global supercomputer.
The discoveries include volunteers from Australia, Canada, France,
Germany, Japan, and the USA.

What is SETI@home?

SETi@home is a scientific experiment, based at UC Berkeley, that uses
Internet-connected computers In the Search for Extraterrestrial Intelligence
{SETI). You can participate by running a free program that downloads and
analyzes radio telescope data

hitp://setiathome.berkeley.edu
. : Einstein@Home Discoveries in Fermi LAT Data

einstein
@ home

PSR J522-5735

-

Einstein@Home &R TIH? R S L P AR

NEWS 82 =374 ALY

o

Einstein@Home is a program that uses your
computer's idle time to search for gravitational wave
from spinning isolated compact objects (among
which are pulsars) using data from the LIGO
gravitational wave detector. Learn more

-

https://www.aei.mpg.de/972495/einsteinathome_gammapsrs2013

https://einsteinathome.org/ja/home
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