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What are we
interested in?

* Understanding the most
extreme astrophysical
objects!

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




The “Invisible” Universe ...

"Tt's black, and 1t looks like a hole.
I'd say 1t's a black hole."

Regions of space where gravity is
so intense that it prevents all
matter and even light from
escaping!



The Theory
. . “Space tells matter how to
of General REIat“"ty move and matter tells space

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

G,=8nT

T8y

Gravity iIs
Geometry!




Things that can ripple the space-time!

Colliding black holes
and/or neutron stars and
| explosions of stars!

A lot of mass in very rapid
~acceleration moving at speeds
close to

the s%eed of light!

Gravitational
waves stretch
and compress -
space-time
itself!

This stretching and squeezing of space is no more than
one ten thousandth the width of a proton ~10-1°!

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



Numerical
Simulation of a -
Binary Black Hole
Collision

Solving the Einstein’s
equations with the
use of
supercomputers!

?}R
Time=-316 ms R I T

Traveling at 60% of the speed of light!
Ripping space-time apart as they go!

Video Credits: Nicole Rosato RIT



Catching the waves from
these Cosmic Collisions

These waves are 4
entirely different
spectrum than -
light .. |
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W =3¢ u freed‘a speual
T /», ruléf‘to measure the
L stretching and

squeezing of space
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Strain (102")

The First Black Hole Binary Merger

Was detected on September 14, 2015

! ' ' ' GW150914 occurred
_LIGO Hanford Data (shifted) l 3t a distance of more

than one billion light
, years away!

|

AWV

i "**.l” y',\"‘,\" \\"

Original Black Holes:
T 36 + 29 solar masses
, , , Final Black Hole:
0.30 0.35 0.40 0.45 62 solar masses

Time (sec)

Vi

| LIGO Livingston Data
]

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 ... in 0.3 sec = 1 x 104 Watts
1 Solar Mass = 333,000 Earth Masses! radiated away in gravitational waves

19 000 000 000 000 000
000 000 000 000 000 000
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

I I 1 I I 1 ! I

1.0+
0.5+
0.0
"D.S -
-l.ﬂ -
| |
| I 1
1.0+
0.5+
0.0

0.5+
-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!

o7y = ~2ady,  They also change
Oix = gx (@K —8u5%)+ 50 character
il = el DByt depending on the
AR _2"4,?’“‘43)’ \ freedom we have
%K = —D'Dia+ta (44+lf" to explicitly write
8,1 Jkdjaka+ljﬁ,dka"+9JdJT = them down!

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

The BSSN formalism developed by
Baumgarte and collaborators in 1999



A lot of computer horse power!

This requires very advanced
2 numerical algorithms, which
NéSA's Blue Waters ' translates into in hundred
Wi thousands lines of code!

And the processing power
of several petabytes
(one thousand million

million bytes —
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! data!

EM Neutron Stars

e ® *
LIGO-Virgo Neutron Stars

pA



About that Neutron e oy
Star Merger ...

GW170817
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Aug 22, 2017 Aug 26, 2017 Aug 28, 2017

Hubble Optical

Counts per second

8

Gamma rays, 50 to 300 keV GRB 170817A

Gamma rays, 100 keV and higher GRB 170817A

I TR RRPRRTY I

\ 130 million li 'Egrth, in the More than 70

astronomy
follow-up
observations!



The Dawn of a New Kind of Astronomy

gammaray  X-ray ultraviolet visible infrared  microwave radio

LT Gravitational Wave Perlod\s/\/,

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

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



What happens when supermassive
black holes collide?

We are working on the modeling
and observations of these
monster collisions!

Credits: RIT/NASA simulation



More Sophisticated, Lengthy, Mathematics!!

Space-Time Curvature = Matter-Energy

General Relativity.

Ga,b — Rab - leab — 87TQ4Ta,b

pu
b T + pu'
Zc 1 acb R= ga Rab 1'“1'L } = v 9’[
ik bk — bk
acb—Ode 041, + e 'y, —T9.I't. < 1 Derivative (v = )

de
T'U_r_.f = [P +u+p+2pm) Uty + U—" + Pm " Guv — b,u.br.-' Radiative
' = t T Energy &
bc —
Mass— Intermal  Gas Fluid’s Magnetic Magnetic Momentum

Density E"e'”,gY Pressure  4.velocity  Pressure 4-vector Loss
Density

9Dy Ged + Ocgbd — Oaghe) — 1 more Derivative

l
29

Several physics scales from microphysics to astrophysics!
Vey long simulations and many parameters!
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We have Just.opened a new
o wmdov.lnto the-universe. -

There might be surp.rises ¥

o aWait.ihg-fUr'Us!* |
The most |nCQmprehenS|bIe |
thing aboutthe Universe'is *

| . that |t IS c:omprehen5|bleI

Stay Tuned for I\/Iore Soon'



MATHEMATICAL FRONTIERS

Mathematics of Gravitational Waves

William R. Kenan Professor of Physics

Einstein’s Gravity and
the Geometry of
Black Holes
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Thomas Baumgarte,
Bowdoin College
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Galileo Galilei (1564-1642

e Conducts experiments on
falling objects

Justus Sustermans




Galileo Galilel (1564-1642)

e Conducts experiments on
falling objects

» All objects fall at same rate

» Leads to equivalence
principle

‘Museo Galilei



Albert Einstein (1879-1955

» Equivalence principle leads to
General Relativity




General Relativity

<

: — ~  * Explains gravity interms of

| 5 | '___li-» curved spacetime
Nnwm e
R A@/_La:g’s‘cdr\'/es spacetime
-‘i&» P —— ,..-/ ( -’ -"‘in . “ .
. 7 _Oblocte-roroyw—straightest”

| , _ J——F—F——pbssibtepath
T-Pyle/Caltech/MIT/LIGO Tabl 11— |



General Relativity

- ~ * EXxplains gravity in-terms of
| 1= | __L—curvedspacetime
~J “~-',l\‘\ /I— '—‘, ‘ -
B B -
NN IMass curves spacetime
e : » .
. —_— e — - Objects-follow“straightest”

. , _. —————possiblepath
T.-Pyle/Caltech/MIT/LIGO Lab.. ‘ ' |



How to measure curvature?

* One option: measure interior
angles of triangles
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Carl
Friedrich
(Gauss

(1777-1855)

) . - } Va1
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Gauss measured the angles of a triangle with

% DBas padive von Baul x\ WGAUN vertices on three mountain tops and found no
yermessene Dreieck im Zuge (@ ;[ deviation from 180°, within the accuracy of

hannoverschen Gradmessung his measurements.

(1824 _HR2S)

yo Bestimmupas der Brdpestali.




How to measure curvature?

* One option: measure interior
angles of triangles

* Need metric to measure
lengths and angles



Coordinates and distances

e Coordinates are just labels
(think street numbers)

* Need metric to convert
coordinate distances into
proper distances

In one dimension: scale factor



Coordinates and distances

e Coordinates are just labels
(think street numbers)

* Need metric to convert
coordinate distances into
proper distances

In one dimension: scale factor



Example: Minkowskil Metric

« Metric of flat space (special relativity in Cartesian
coordinates): Minkowski metric




How to compute Curvature
(for real)?

e Compute Riemann tensor

a
R bcd

» Involves up to second
derivatives of metric 25

» Measures tidal fields, like
second derivatives of
Newtonian potential ¢




Einstein’'s equations

e Metric satisfies Einstein’s field equations

G

a

p = 71y

where Einstein tensor G, computed from R¢,_,




Karl Schwarzschild (1873-1916)

Letter to Einstein, 12/22/15:

AS you see, the war has
treaz‘ed me kinaly enough,



Karl Schwarzschild (1873-1916)

Einstein’s response:

| have read your paper
with the utmost interest. |
had not expected that

one could formulate the
exact solution in such a




The Schwarzschild solution

2M oM Tt
dsZ:—(l—T) dt2+(1_T) dr? + r2dQ?

- Astrophysical significance not 1
appreciated until 1960’s

- Describes non-rotating black
holes, characterized by

» Curvature singularity at
center: Singularity

Observer’s

a
R

\/ worldline

+ Event horizon atfg = 2M:
“one-way” membrane



Embedding diagram

M
ds® = — <1——> dls (1
r

To visualize geometry:
e Choose t = const
e Choose equatorial plane, 8 = /2

e Embed resulting 2D surface in flat
3D space

» Wormhole geometry

|
> dr? + r’dQ?



Recall: I had not expected
that one could formulate the

=
|
VA

exact solution in such a L Sees
simple way... T i

Can find exact solutions only
under special circumstances

In general need to employ
approximations

%+ Most suitable for binary
.. Mmergers: numerical relativity




3+1 Decomposition

e Cast Einstein’s equations as
Cauchy problem

* Introduce spatial foliation
(slices of constant coordinate
time )

e Splits equations into
» Constraint equations

» Evolution equations




Decades of
experimentation...

e [nstabilities...

» Formulation of evolution equations




...and a breakthrough!

First successful simulations of
binary black hole mergers in
2005

Pretorius
Campanelli et.al.

Baker et.al.

Campanelli et.al., 2006



Use coordinate freedom to
avold singularity...

 Campanelli et.al. and Baker et.al. used special “slicing condition”
that made simulations work almost miraculously




ds?

v

Trumpet geometries

R—M
R+M

2 2M M : 2 2 2
dT? +——dTdR + | 1 +— | (dR* + R*dQ%)

Dennison & TWB, 2014

Construct embedding diagram
as before

Geometry now resembles
trumpet

Does not reach curvature
singularity

Perfect for numerical simulations



More on the geometry of
black holes...

.

... Watch press conference on “groundbreaking results”
from Event Horizon Telescope tomorrow, 9 am EST.

Image credit: University of Arizona



Newtonian gravity

e GGravitational force

with g = GMg/Rg, = 9.81m/s>
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