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A brief history of numerical relativity

People have been simulating
astrophysical objects for longer than
there have been computers.

e.g. The Lane-Emden equations describing
stellar structure date back to 1870.

Computers opened up the world of more
complex, multidimensional simulations.

Up until the 1990s, even simulations of
black holes and neutron stars were
typically done in Newtonian, “quasi-
relativistic”, or background general
relativistic (GR) gravity

H Top: Lane (1870); Bottom: Michell (1783)

ART. IX. — On the Theoretical Temperature of the Sun ; under
the Hypothesis of a Gaseous Mass maintaining its Volwme by s
Internal Heat, and depending on the Laws of Gases as known
to Teﬁre&trﬁl Eaxperiment; by J. HoMER LANE, Washing-
ton, D. C.

[Read before the National Academy of Sciences at the session of April 13-16, 1869.]

MANY years have passed since the suggestion was thrown out
by Helmholtz, and afterwards by others, that the present vol-
ume of the sun is maintained by his internal heat, and may be-
come less in time. Upon this hypothesis it was proposed to
account for the renewal of the heat radiated from the sun, by
means of the mechanical power of the sun’s mass descending
toward his center. Ca.lculla).zions made by Prof. Pierce, and I
believe by others, have shown that this provides a supply of
heat far greater than it is possible to attribute to the meteoric
theory of Prof. Wm. Thomson, which, I understand, has been
abandoned b{ Prof. Thomson himself as not reconcilable with
astronomical facts. Some years ago the question occurred to me
in connection with this theory of Helmholtz whether the entire
mass of the sun might notr{he a mixture of transparent gases,
and whether Herschel’s clouds might not arise from the precipi-
tation of some of these gases, say carbon, near the surface, with
their revaporization when fallen or carried into the hotter sub-
jacent layers of atmosphere beneath; the circulation necessary
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Felocity of their Light, in cafe fuch a Diminutisn fbouwld be
feund ta take pisce i any of thens, and fuch atber Data flould be
procared from Obftrvations, as woald be fartber meceffary for
rbae Purpsfe. By tbe Rev, John Michell, B. D. F. R. 5.
I & Letter to Henry Cavendith, Efy, F. R. 8. and 4. S.

Read Movember 27, 1783,




General Relativity in one slide

Einstein’s General theory of relativity was
published in 1915. Itis one of two
fundamental scientific theorems which we
currently use to understand the universe -
QCD is the other.

Space is curved by matter, and objects
trying to move in straight lines on the
curved background seem to bend toward
masses — gravity!

The “metric” is the 4x4 object describing
how distances between points can be
measured.

“Matter tells space how to curve; curvature jjs

tells matter how to move.” — John Wheeler




Relativistic hydrodynamics - early days

Beginning in the 1990s,
simulations of neutron stars using
post-Newtonian and approximate
relativistic metrics began to appear
more widely

The gravitational background evolves

following the fluid, but not self-
consistently

D2: PN, I'=2.0, q=0.8
II__IIIIII|III|II__II|III|IIIIII

Increasing interest in gravitational
waves (GW) due to LIGO motivated
work into the nature of GW
sighatures and what they could tell
us about nuclear physics

Rapidly increasing computer Faber & Rasio 2002

power played an important role in

driving results forward




Gravitational Waves & LIGO

In one slide

Gravitational waves are predicted
by GR

Accelerating matter produces
“ripples” in spacetime - distances
between points oscillate

Accelerating charges give of
cyclotron/synchrotron radiation, by a
similar process

A stretch in one direction leads to
a compression perpendicularly

Interferometers are a natural
choice to look for these

Distance change is <1/100 times
the radius of a proton over 4km.

Livingston Hanford

Schematic Optical Design of Advanced LIGO detectors

Reflects International cooperation
Basic nature of GW Astronomy
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Relativistic Hydrodynamlcs = recent years

In the 2000s, we figured out
how to evolve the
spacetime metric around
gravitating objects stably
In full General Relativity

Much of the discussion
focuses on black holes,

but the same techniques
cure the same problems for
nheutron stars

Top: Shibata & Uryu,
1999; Middle:
Campanelli et al.
2005; Bottom: S.

Noble ‘TulsaiGSFC'

Today, we can evolve
heutron stars, black holes,
accretion disks, etc.




Magellan/PANIC
Current challenges 2005 July 25.01

Multimessenger astronomy - GWs
predictions are “easy” to predict, as they 4 -
depend only on the large-scale “bulk”
motion of a fluid object.

Electromagnetic (EM) predictions are
difficult — they depend on nuclear physics,
thermodynamics, magnetic fields, etc.
operating on many different scales

We know astrophysical jets exist, and have a pretty
good idea why they do, but no first principles
numerical model for them.

Multiscale/multidimensional physics -
Some physical problems are difficult to
handle numerically, and problems with
multiple scales even more so.

e.g. radiative transfer — photons have intensities per

frequency interval in different directions at different
positions in time

Crashing neutron stars can make gamma-ray burst jets

n Top: Berger: 2005; Bottom: Caltech



Overview: Light bending by black holes

Black holes are responsible for the
vast majority of the high-energy EM
signals (x-rays and gamma rays) that
astronomers observe.

We don’t see the black holes
themselves, or the matter inside.
Instead, we see matter about to fall
into black holes, as it heats up and

starts moving at speeds approaching
the speed of light.

Gravity bends the light, delays it,
redshifts it, etc.

Same process as gravitational lensing,
but potentially much stronger effects.

n Bottom: HST




Overview: Light bending by black holes

In order to work out the EM emission
from an accretion disk around a black
hole, we need to work out which
directions emitted photons end up

going

One of the first tests of GR was that
gravity bends light, as measured for
stars near the sun during the 1919
eclipse

This was a weak-field test. The sunis
NOT very relativistic. Bending angles
are small.

Eddington 1919




Strong-field limit

The strong-field limit involves light 7
passing very near a black hole. / 7
Too close, and the BH absorbs the - /

photon.

There i1s an “Innermost circular orbit”

(ICO) - as light approaches this photon sphere
distance, it ends up in “orbit” around

the BH.

These effects depend strongly on the
BH’s spin (angular momentum), not
just its mass.

black hole

More complicated than the weak-field,
but still fairly easily described.

Even a particle with

a contrary angular momentum
Is swept along by the

rotation of the black hole.

ErrFeCT oF FRAME DRAGGING
I



Connecting Limits

We know:
* How light bends when passing far from the BH (r - infty)
* How light bends when passing close to the BH (r - r_ICO)

* Light bends more when the BH spins more in the prograde
direction (BH spin and photon angular momentum aligned)

* Light bends more the closer it gets to the BH

What we want is a simple, easy-to-use formula to describe
light bending as it passes by a BH. We begin with photons
In the equatorial plane of spinning black holes.

I




The exact solution

The formula for this
case is known in
terms of a reasonably
awful elliptic integral. T ¢, o

1/ro
= fm TR e

a:—s*r—i-?./uo 1—21;,(1—%) du.
0 [1—2u+a,2u2]\/2 (1-49)

2 0. du
We want a simpler A sl (u-— 1)/l = w1 — ) (1 - )
approximate form that =t oo [/ PRSI remrey e e
could be used T du ]
repeatedly, taking less S
time, to track many i l/u ) )
photons originating in -/ (u__Mu_g(uru)(us_u)l

a disk or similar
conflguratlon. i e \/g{ﬂ+[ﬂ(n+,k)—ﬂ(n+,w,k)] 450 [H(n_,k)—H(n_,¢,k)]}, (34)

1—w,
I




Our method

We want a formula that reproduces the weak and strong-
field limits, but works for intermediate values, regardless
of BH spin:

- 4/ 1€ \
b"l Black Hole b3 < ;i_: <0
DY e e e e e
b
2% v >/ d_'h'- -0
>0




We constructed an asymptotic approximant that matches
the series expansion in the weak-field limit and the known
terms in the strong field limit, which converges toward the
true function:

N+1

G:AN——W+5+’ylnf+5alb—\(—'}flnb"+ ZB b"_( n+1x/§lnb’—|—ﬂn) (13)

aar= (T +B+yIn¢) (1 —b + b Inb) — 4 (¥ In¥) /b,
+9® —1)Inb +6,1V3(1/0 — b + 2V Inbd)
Coefficients may be pre-computed, to any order desired.
Simple? Definitely faster than numerical integrals.

I




Problem 2: Magnetized disks

Accretion disks are ubiquitous around black holes:
SMBH in the centers of galaxies
Stellar-mass BH in binary systems
The most popular theoretical models invoke “viscosity”
to explain angular momentum transport outward and the

generation of heat/light, but the gas in these systems isn’t
actually viscous.

Magnetic field effects drive the time evolution of the disk.

Magnetic effects also closely related to the formation of
jets along the polar axes.

I




Numerical Codes

Disks are long-lived phenomena, so typical 3-dimensional
Cartesian codes can’t always be run long enough to
examine phenomena of interest

Numerical codes can be much more efficient when tuned
to the symmetries of a problem.

Here: spherical coordinates, high degree of axisymmetry.

Spacetime is largely determined by the black hole itself -
doesn’t evolve much in time if at all (disks are typically
NOT self-gravitating).
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Accuracy of the approximant

Maximal Kerr (a=1) Black hole

| Clexact — & ‘




Accuracy of the approximant: max error vs. spin

Approximant is
extremely
accurate across
wide range of
spins

Errorsin a
simulation
would be
dominated by
other physical
effects




These results were for complete passage — photon started
far away, went by BH, finished far away again

Currently focusing on case where starting/ending point is
at arbitrary distance

Allows for generation of full approximate trajectories

Position vs. time can be added to evolution codes to track
photon emission and absorption.




y= 'U'/uﬂ = Tmin/Tﬁna.l

How close does photon GET to periastron?

Critical-Distance
Limit (CDL)

Tfnal = Tiin i Photon reaches i
i Periastron ' :
—> —

Strong Trajectory i / : Weak
F!EIFI approaches ? (b(b 3 y; a) Trajectory F!E|f:|
Limit circular orbit ; far from BH : Limit
(SFL) ' (WFL)

e < :

Photon path
ends far from BH

B =1-b,/b

b=b, Far-Distance h=oc | How close is photon AIMED
Limit (FDL) compared to critical path




Research Project 2: Magnetized disk

simulations and the B-to-A problem

Disks around binary black holes
are a fascinating astrophysical
source:

Multi-disk structure with circumbinary
disk + 2 BH disks

Binary BH systems have been observed
by LIGO

Merger may produce an EM transient
during merger

We may have observed post-merger
Kicked disks already

These are long-lived systems until
merger, requiring codes optimized
for disks — background metrics,
large physical scales

E Top: Bowen et al. 2017; Bottom: HST



1§r [\ \f Home About Download Documentation Help! Contribute
¥ tOO|k|t ome About Download Documentation  Help! ~ Gontribute  Gallery

- Einstein Toolkit Gallery
u O e m n This page contains example simulations that can be run using th Einstein Toolkit, either exclusively or mbination with external codes. The parameter files and thornlists required
I I 0 . : St G s . : 4 :

to reproduce the simulations are provide: examples also include images and movies, anaIyS|s and ualisation scripts, example simulation data, and tutorials.

Binary black hole GW150914 Poisson equatio Multi Patch Energy Equation

Evolving the black holes LN
through a merger requires full )
numerical GR

The code we wish to use
evolves the magnetic vector
potential, not the magnetic
field vector

Ny ‘nde for p
? ? ¥ i -30 -3 %
% 9
—_— = 30 20 -10 0102030 -0 20 -0 0 10 20 30
B p— V X A [Glide o Getting Started . IS
,

o4 GUIDE TO GETTING STARTED
SOURCE

FRIENDS ' . Step 0: Read the Requirements section of this document to make

b I h d ” o , sure you have installed all software packages on which
‘ ’ u e Ca=0CE E 1llinoisGRMHD and Einstein Toolkit's Cactus/Carpet adaptive-mesh
u r p ro e m L] OW 0 We :ggft‘:; g&ie i refinement (AMR) infrastructure depend. In addition, to run the
- - _Ein;ein Toolkit | test simulation, you will need a computer with at least 6--8GB of
invert the curl operator to find | @™ s fovuelhe e oupu, pomeimial s

s Kranc Coce Step 1: Click here to download the September 2015 version of

- =l lama Code a0 g . .
th e ve Ct r te ntlal 9 - Sim. Factory : IllinoisGRMHD and Einstein Toolkit software package.
0 0 = =SimulationTools | .  Step 2: Unpackage the software via
=Whisky Code ;
= Add to this list | tar zxfv




A note on coordinates

We use a staggered approach to
numerical grids. B-fields live on
faces so that the,divergence
constraint V- B =0 is
automatically centered for each
cell.

Vector potentials (A-fields) live —_
on grid edges,sothat g — v « 4 B{/ I i e
may be calculated by n

differencing around the edges of LA
a face.

This approach automatically ’ 1
enforces the divergence
constraint v . B —




Potential Approaches

1. Direct cell-by-cell

You can symmetrically set 12 A-field values to reproduce 6 B-field
values (only 5 are independent) for a single cell.

Progressing through the grid, there is always enough freedom to
continue setting A-fields to reproduce a given B-field

The method is highly efficient — scales linearly with the number of grid
cells! — but lacks overall symmetry, since order matters.

2. Global linear algebra — Solve a VERY big linear algebra
problem - about 3 equations per grid cell

Parallel linear algebra solvers for sparse matrices exist

For grids of (100)A3, we need up to 12-16 processors to be able to

guarantee a solution will be found




Vector Potential

Test 1: The rotor -
Begin from a uniform
density fluid with a > 200
horizontal magnetic field
Spin a circular disk with
uniform angular velocity B
so that the outer edge is EEEEEEEEE
moving at 0.99c.

Th e m a g n Eti c fi E| d i S sttt suninterrupted/Rbtor/ill_rotor_zJ5_full_480/Bx . pec” u 10:13 i 64
dragged along with the il

disk.

Convert A-field to B-field
exactly, then back to A-

field numerically in the
middle of the run.

27 s . . . . . .
-8.,2 a 8.2 8.4 8.6 0.4 1 1.2




Test 2: The TOV bomb

8.882

I"'B-:l.:l-:.as:c:" u 1E:I13 i -MEI
eaf 2ol oot e funinterrupted/ TOV unstablesuninterrupted_tdyn/By,x.asc” u 18313 i 443
Take a ol ool sl o fGlobalLASTOV Aunstable/runs/nagnet izedTOV _tdynl/By.x.asc” u 18:13 1 449

8,8815 -

maghnetized
heutron star

Turn up the
pressure by a
lot at T=0. °T

It explodes! -0.0005 |

-8.881 -

-8.8815

-B.,882




Public code release

Will be included within Einstein Toolkit or as standalone code for general
electromagnetic evolution codes

Multigrid code

Modern numerical relativity codes use adaptive mesh refinement — thing
very small well-resolved boxes within bigger, more coarsely resolved
boxes

Requires more complicated solvers

Live simulations - from circumbinary disks through
merger!

What does a binary black hole merger look like for electromagnetic
telescopes?



Our future: Multimessenger Astrophysics

LIGO has yet to announce its first
detection of merging neutron stars

Rumors abound that this may soon
change
3 interferometers (LIGO-H/LIGO-
L/VIRGO) can narrow down
locations for telescopes to follow-

up

- Rapid LIG@’and Virgolocalizatio

Immediate ramifications for

understanding gamma-ray bursts,
medium term for nuclear physics,
medium/long term for stellar
evolution

M hfthwoldh ney now
ns bee hrm\gptd

Brsiens esiil perpleres despitea
n Top: Virgo Team ’[ ‘ '
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ind o Oiver ¢ Rumors swirl that LIGO snagged
gravitational waves from a
neutron star collision

As latest search ends, there's speculation of a detected neutron star smashup
Y EMILY CONOVER & 572520

EASER
The rise of respectful robots




Our future: Multimessenger Astrophysics

From a theory/computation
perspective:

Simulating matter is relatively straightforward

Simulating the emission of photons is
somewhat straightforward

Simulating the interplay between radiation,
matter, magnetic fields, etc. is VERY
COMPLICATED!

From the observational side:

LIGO/VIRGO operational and improving;
KAGRA LIGO India to come...

LISA will also open up new horizons

We have made 4-5 detections to date — & B
eventually several per day? N ¥ Pathfmder

~ PAVING THE WAY TO GRAVITATIONAL
31 | WAVEIDETECTION/NISPACE




Shameless N/
Adve rti S i n g Compact Object Mergers

Primordial Black Holes
Gravitational Waves
Orbital Dynamics
Galactic Mergers

We have an REU
program in St
Multimessenger Wi
Astrophysics A

. | Reverberation Mapping
w-- — Recoiling Black Holes
. LIGO Data Analysis

Applications will A — LIGO DA

Computer Visualization

(0] p enin Program Activities Program Benefits:
D b * American Sign Language “bootcamp” * $5,000 stipend '
ecemper * Scientific Programming S Anart ety honsing

* Introduction to supercomputers s Meal PEr
* Lectures by prominent visiting speakers

8 Stu d e ntS pe r * Research presentation training * Present at the Undergrad

Research Symposium

year

2018 will be our
second year

E Thursday, January 26, 2017




PhD Programs

RIT has
Masters/PhD
programs in

Astrophysical e 2. Wy
Sciences and N 4 SCHOOLOFMATHEMATICALSCIENCES

Technolo
(AST) & W " Mathemathical Modeling

R -5__1 .,, | Use mathematics to understand and predict the world
* W, S
3 o

Mathematical
Modeling

Ask me about
both!
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