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2019 Monthly Webinar Series, 2-3pm ET

Februaryl2:Machine Learning September 10Logic and~oundations

for Materials Science* :
October 8:Mathematics of Quantum

March 12: Mathematics of Privacy* Physics

April 9: Mathematics of Gravitational November 12Quantum Encryption

Waves : :
December 10Machine Learninfpr
May 14. Algebraic Geometry Text
Junell: I\/Iath_ematlcs of Made possible byupport for BMSA from the
Transportation National Science Foundation
: Division ofMathematical Sciences
July 9:Cryptography& Cybersecurity and the
_ : .. Departmentof Energy
AugusF :!'3' Machine Learningn AdvancedScientific Computingresearch
Medicine

* Recordings posted
View webinar videos and learn more about BMS#waiv.nas.eddiMathFrontiers 5
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Mathematics of Gravitational Waves
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Manuela Campanelli, Thomas Baumgérte, Mark Green,
Rochester Institute of Technology Bowdoin College UCLAmoderator)

View webinar videos and learn more about BMS#waiv.nas.eddiMathFrontiers
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Mathematics of Gravitational Waves

Professor of Mathematics
Director, Center for Computational
Relativity and Gravitation

Revealing the Hidden
Universe with
ManueIaCampaneIIi, GraVItathnal WaveS

Rochester Institute of Technology

View webinar videos and learn more about BMS#waiv.nas.eddiMathFrontiers 4 '




Frontiers in Mathematics:
Revealing the Hidden
Universe with
Grawtatlonal Waves N
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What are we
interested in?

A Understanding the most
extreme astrophysical
objects!

A Dangerous distant places
where gravity is very
strong, matter is very
dense and magnetic fields
are very extreme!




The “Invisible” Universe ... Black

Regions of space where gravity is
SO intense that it prevents all

"Tt's black, and 1t looks like a hole. :
I'd say it's a black hole.” matter andeven lightfrom

escaping!




The Theory i}
. . Space tells matter how to
of General REIatW'ty move and matter tells space

1915 how to curveo
Space-Time Curvature = Matter-Energy English translation by John Archibald Wheeler

G,=8nT

T8y

Gravity is
Geometry!




Things that can ripple the space-time!

Colliding black holes
and/or neutron stars and

Gravitational \

WEVESSIE ) explosions of stars!
andcompress. - . :
spacetime | A lot of mass in very rapid
tself acceleration moving at speeds

close to
the speed of light!

This stretching and squeezing of space is no more than
one ten thousandth the width of a protornl 0!

Animation created by R. Hurt, Caltech/MIT/LIGO Lab



Numerical
Simulation of a -
Binary Black Hole
Collision

Solving the Einsteino
equations with the
use of
supercomputers!

?}R
Time=-316 ms R I T

Traveling at 60% of the speed of light!
Ripping spacéime apart as they go!

Video Credits: Nicole Rosato RIT



Catching the waves from
these Cosmic Collisions

These waves are
entirely different
spectrum than -

......

S “You freed‘a speual
S u, ruléf‘to measure the
L stretching and
squeezing of space
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The First Black Hole Binary Merger

Was detected on September 14, 2015

' ! ' ' GW150914 occurred
_LIGO Hanford Data (shifted) i at a distance of more

than one billion light
[ years away!
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Original Black Holes:
g 36 + 29 solar masses
. | | Final Black Hole:
0.30 0.35 0.40 0.45 62 solar masses

Time (sec)

Abbott et al, Phys. Rev. Lett. 116, 061102 (2016)



How Powerful This Was? Mc2=E
3 solar masses x ¢c2 = 4.5 x 1047 Joules

3 solar masses missing e in 0.3 sec = 1 x 104 Watts
1 Solar Mass = 333,000 Earth Masses! radiated away in gravitational waves

19 000 000 000 000 00!
000 000 000 000 000 OC
000 000 000 000,
60W light bulbs

This is more than 10 times the combined the light power
of every star and galaxy in the observable Universe!
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2017 Nobel Prize in Physics

© Nobel Media. Ill. N. © Nobel Media. . N.
Elmehed Elmehed Elmehed

Rainer Weiss Barry C. Barish Kip S. Thorne

Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

"for decisive contributions to the LIGO
detector and the observation of
gravitational waves"




Big scientific discovery requires
big collaborations
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Operational
Under Construction
Planned

itational Wave Observatories

LIGO/Virgo scientific collaboration (LVC):
1000 scientists, 16 countries



How well does the predicted signal
match the data ?

Hanford, Washington Livingston, Louisiana
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-1.0 H — Mumerical relativity

Strain (10°21)

~ H = Numerical relativity -

Reconstructed (wavelet) o Reconstructed (wavelet)
. Reconstructed (template) | | . Reconstructed (template) | |
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time, seconds Time, seconds

Abbott et al, Phys. Rev. Lett. 116, 061102 (2016)



Solving the Einstein’s Equations

A system of nonlinear, coupled, partial
differential equations with hundreds of terms!

~2ady, A They also change

= gx (@K — 8.5+ B0, character

DD e depending onthe N0t @ $im ple feat!
i St LI freedom we have

= —DiDiata (ApdY +gK?), to explicitly write

= FO0HB" + 579805 + B0, them down!

£90,8° + 210,87 — 24%0;0+
20 (/fi;;';cflj‘"‘ + 649 8;¢ — %””@ I“J ) A And black holes
have singularities!

The BSSN formalism developed by
Baumgarte and collaborators in 1999



A lot of computer horse power!

/] . .
ANV This requires very advanced
VAL s /1L numerical algorithms, which

_, NCSAs Bm‘é"\‘/i/_até}s ' translates into in hundred
= i thousands lines of code!

And the processing power
of several petabytes
(one thousand million

million bytes d
1,000,000,000,000,000
bytes) of information at

once!




It took more
than four
decades for
researchers
to solve the
problem

But in 2005,
we finally
did it!




Catalogs of pre-calculated waveforms
To compare them to LIGO data, and extract information about the black holes
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How many have LIGO/Virgo detected so far?

Masses in the Stellar Graveyard

in Solar Masses

A

The LIGO/Virgo

t S t $ detectors found 10
: black hole binary
mergers and one

neutron star merger!

But stay
tuned as
LIGO/Virgo
just restarted

taking new
1 Solar Mass = 333,000 Earth Masses! d atal

EM Neutron Stars

e ® *
LIGO-Virgo Neutron Stars

21



Gamma rays, 50 to 300 keV GRB 170817A

About that Neutron =~ .9 1=
Star Merger ... |

Counts per sec

LIGO-Virgo g
e Gravitational-wave strain GW170817
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| 130 million li Earth, in the
wlE o More than 70
' : astronomy
follow-up
observations!

L » .
Aug 22, 2017 Aug 26, 2017 Aug 28, 2017

Hubble Optical




The Dawn of a New Kind of Astronomy

gammaray  X-ray ultraviolet visible infrared  microwave radio

TN Gravntatlonal Wave Perlod\s/\//
v V ',‘ Y V \Y u \/ \\/ \/

Minutes Years Billions

Milliseconds to Hours to Decades of Years

23



Black Holes are quite universal objects

Their masses can range from few times the one of our Sun to billions of Suns!

HTTP.//CHANDRA. .SI.LEDU

~2,400 billion Solar Masses

- W : : Stell ” 1 billion Solar Masses = 1,000,000,000 Solar Masses
; gi"a%?(rﬂg%mve : H(ﬁear ac 1 Solar Mass = 333,000 Earth Masses



Searching for All Black Hole Mergers

| s“ﬂ\y /ﬁ"\‘ ;’lﬁ'\\ :,"\“ /"’A\ /A\ /A\ A /’/\\ .’/\\ [\\ /\ /\ m
A0 Gravitational Wave Periods y
WVVVVVV VTV TV Vv \/

Minutes Years Billions
to Hours to Decades of Years

Milliseconds




Solving the mystery of supermassive black
holes at the center of galaxies

Because galaxies do merge,
the supermassive black holes
at their cores should merge too
é

Supermassive black holes
at the center of galaxies
are surrounded by
accreting hot gas and emit
powerful radio jets!



