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Description of an inverse problem

Various examples

Brutal force vs intelligence methods

Inverse / Direct problems involving BHs
Binary black holes from the strain
Kicked black hole

Wandering black hole
Intrinsic parameters out of an image




Direct and Inverse problem

Consider a phenomenon described by

given x define F(x) =:y

Here = may represent initial conditions or physical parameters.

And F represents the model or theory assumed to rule the phenomenon.

Direct problem. Given x and F' calculate y. Easy y = F(x).

Inverse problem of the cause. Given F' and y, find x that produces y. It could be z = F_l(y)

Inverse problem of the model. Given y and values z, find F such that F(x) produces y.

Inverse problem of the cause and the model. Given y, find F' and = such that F'(x) produces y.




Examples of direct problem

Given m, b, k, (0) and #(0) determine x(¢) when it obeys

mx +bx +kx =0

Given the initial position x(0) of a particle of mass m
moving around an object of mass M, calculate x(t) for ¢ > 0, provided

These are simple PVIs




Examples of Inverse problems / data fitting

Kepler’s problem / Newton problem
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Inverse problem

1. Of the cause provided Newton’s law
2. Of the model as it happened to be



Example: Sgr A*
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Solving Inverse problems depend A LOT on F (when there is one): see non-linear cases
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Imagine when the system

— =aly—z
— =aly—1)
dy
— =rr—Y— Tz
dt
dz b
— =Y — 0z
dt
b=8/3 1‘0:y0220:5.0
r = 10,15, 50 0 <t <100

is ruled by PDEs: computer power, time, time, time



Modeling data vs data science
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Solving Inverse problems depends A LOT on F (when there is one)
On the capacity to solve direct problems

And F is really challenging as one approaches a realistic model

Systems ruled by ODEs are actually friendly, one can still run millions of
combinations of parameters and initial conditions

Then estimate one of the combinations with the minimum error
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Methods of solution

Brutal force:
Works fine for system ruled by ODEs (for instance)
Does NOT work for complicated PDEs . .

Genetic algorithms

Artificial Intelligence methods




Inverse Problem 1: BBH ... the direct problem first

In a simulation one estimates the Weyl Psi4 scalar

It is decomposed in spherical harmonics and get the dominant modes
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Inverse Problem 1: BBH ... the direct problem first
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Direct problem: kicks

Escape velocities:
Globulares clusters 30Km/s
dSph 20-100km/2
dE 100-300km/s
giant galacies  1000km/2

CollIMng GaMaa NGC 4036 and NGO 4039

TORIVPLALNEmEYr S 0 R AR o

http://www.ifm.umich.mx



Numerical Relativity: TOO SLOW - too expensive

PostNewtonian approximation: leading order
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Plus ringdown

Ringdown Nl
—_— _ian(t_tmatch)
hm_zge
n=0
n Ove rtone 0 2‘00 4‘00 N 62)0 860 1000
N number of overtones considered
A, Amplitudes determining the MATCHING
o,=w, —1a,
w, >0 | o o
son las frecuencias de oscilacion ina It
. . . . e
0,>0  son el inverso del tiempo de decaimien ', DA ¢o

-
n o
1

Strain (1077
~ o o o©
o w o w
§
\
r ——
-_—
—_—
——
<
-

These quantities depend on the MASS
And SPIN of the FINAL BLACK HOLE

M = Namerica relativity
m Recanstracted [temaiate)

=06 4

> 0sk— Elack hole separation 3

G w Black hole 2137 va velocity 2

Z04F

T -1

> U..’ - 1 1 1 1 0
0.30 0.35 0.4¢ 0.45

Time (s)

Separation (Rq)



Inverse Problem 1: BBH parameters from GW strain

0.4

0.4

e

03

(=S =)

QOoQQ |
o
W~ =

02

0.1

rh/M
Th/M

(h,)22

I I I I I I I
0 50 100 150 200 250 300 350 400 -0.15
t/M

0 50 100 150 200 250 300 350 400 80 60 40 20 0 20 40 60 80
t/M M

Parameter estimates in binary black hole collisions using neural networks
M. Carrillo, M. Gracia-Linares, J. A. Gonzalez, F. S. Guzman
Gen. Rel. Grav. 48, 141 (2016)

One parameter Binary Black Hole inverse problem using a sparse training set
M. Carrillo, M. Gracia-Linares, J. A Gonzales, F S Guzman
Int. J. Mod. Phys. D 27, 1850043 (2018)
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Inverse Problem 2: kicked BH inverse problem

Of the cause
Of the cause + model
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Inverse Problem 3: QSO 3C 186 (radio-loud quasar)

Best candidate for GW recoil kicked black hole

ILLUGTHATIOUN

11kpc off-set from center ... Broad emission lines -> -2140 \pm 390km/s




Bleeding edge

MODELING THE BLACK HOLE MERGER OF QSO 3C 186

CARLOS O.LOUSTO, YOSEF ZLOCHOWER, AND MANUELA CAMPANELLI

Center for Computational Relativity and Gravitation,
and School of Mathematical Sciences, Rochester Institute of Technology, 85 Lomb Memorial Drive, Rochester, New York 14623

Draft version April 5, 2017

ABSTRACT

Recent detailed observations of the radio-loud quasar 3C 186 indicate the possibility that a super-
massive recoiling black hole is moving away from the host galaxy at a speed of nearly 2100km/s. If
this is the case, we can model the mass ratio and spins of the progenitor binary black hole using the
results of numerical relativity simulations. We find that the black holes in the progenitor must have
comparable masses with a mass ratio ¢ = mj/mg > 1/4 and the spin of the primary black hole must
be g = So/m3 > 0.4. The final remnant of the merger is bounded by a; > 0.45 and at least 4% of
the total mass of the binary system is radiated into gravitational waves. We consider four different
pre-merger scenarios that further narrow those values. Assuming, for instance, a cold accretion driven

merger model, we find that the binary had comparable masses with ¢ = 0.7070:2) and the normalized

spins of the larger and smaller black holes were az = 0.947595 and a; = 0.957005. We can also

estimate the final recoiling black hole spin a; = 0.937052 and that the system radiated 9.6105% of
its total mass, making the merger of those black holes the most energetic event ever observed.

Keywords: supermassive black holes — binary merger — gravitational recoils
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A sample: 4 out of 900
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Ray tracing process

camora scroen

Ray Tracing “
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A little sample 2 out of 900

I'=1.28, v;,=0.6C
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Characterizing the velocity of a wandering black hole and properties of the surrounding medium using
convolutional neural networks

J. A Gonzélez, F. S. Guzman

Phys. Rev. D 97, 063001 (2018)







GOAL

Given an image track the following:

Properties of the black hole candidates (spin, mass)
Properties of the matter around (which are model dependent)
These include equation of state -> degree of ionization
Temperature - feedbacks the scattering properties

Opacities (both thermal and scattering)

Magnetic fields

QSO 3C 186
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Magnetized winds
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MHD
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Inverse Problem 4: EHT Inverse problem

Spin and orientation — M is estimated from stars around

Is this a black hole?

Is General Relativity ruling there?

Simulated Image EHT 2017-2018

r




Ray tracing process

camora scroen
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Accretion
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Accretion disks (s=0.85, orientation 45, 2)




Spherical distributions
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Power spectrum, s=0.95
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Final comments

In order to solve an IP, one NEEDS to solve DIRECT PROBLEMS
Binary black holes have good data banks generated with PPN approximations
NS-BH Need the solution of the GRMHD equations (very expensive)

The addition of electromagnetic and neutrino radiation to GW sources
is the multi-messenger astronomy, very expensive too... state of the art

Wandering black holes: simulations and observations needed

Shadows of black holes does not need that much power: observational
technology is needed

WHAT TO DO WITH SOME OF THIS TECHNOLOGY?
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