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According to Einstein's theory of
gravity, an accelerating mass causes
the fabric of space-time to ripple
like a pond disturbed by a rock.
These ripples are Gravity Waves.

This picture represents Gravity Waves
roduced by a pair of rotating neutron stars.

This picture represents ripples in a pond
disturbed by a rock.




Electromagnetic Waves

Electromagnetic Waves
oscillate perpendicular to their
motion.

They oscillate in the X and Y

> directions and the wave moves
1n the Z direction.




Gravity Waves

/ Gravity waves have 2
polarizations like

Electromagnetic Waves. The

A j

/ / only difference 1s that Gravity
R \Wave polarization lies 1n a
vr”,

/

horizontal-vertical “+” shape
and 45 degrees to that in a “x”

, — shape.
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Figure 1.8: A ring of proof
masses freely floating in the
xy-plane and a gravitational
wave that propagates along
the z-direction. While a
+-polarized wave will
change the proper distance
in x and y directions, the
influence of a x-polarized
wave is rotated by 45° so
that distances along the x-
and y-axis remain
unaffected.



Why are they important?

Gravity Waves would give us a new way to observe the universe. Like
a new sense, they would bring a new dimension to astronomy.

They would:

| | Verify general relativity's prediction that gravity
waves exist.

Test that they travel at the speed of light.
Test that the graviton has zero rest mass.

Study black holes, and a binary black hole
| system.

ll Allow us to study astronomical entities that we
either know little about, or have yet to discover.



Gravitational Radiation

Gravitational Radiation, for example, occurs in a

binary system with two massive objects circling
one another. The large accelerations due to their
gravitational attraction would release gravitational

radiation. The noticeable affect of the expelled

radiation 1s the loss of mechanical energy of the
system, the two circling
objects would draw closer
to one another.




[Laser Interferometer

A laser 1s split into two beams and aimed down either arm.

The beams reflect off a mirror at the end, return to the middle, bounce
back to the end, and back to the middle for a total of 50 times. This
makes the distance the light travels longer, and increases the sensitivity
of the detector.
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LIGO Gravitational Wave Detection

Suspended Interferometers

» Suspended mirrors in “free-fall”

’:élbry.pe

» Michelson IFO is 4km

“natural” GW detector

test mass

light storage arm

» Broad-band response test mass S0t Storgge
(~50 Hz to few kHz)

test mass
g.w. output
port

beam

»  Waveform information splitter photodetector

(e.g., chirp reconstruction)

power recycling
mirror

LIGO design length sensitivity: 10-18m



LIGO mirrors

Steel fibers Single
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Suspension

iLIGO vs aLIGO suspension systems

These engineering drawings illustrate the striking
differences between Initial- and Advanced LIGO’s
suspensions. The suspensions are shown to scale.

Initial LIGO’s suspension was a single pendulum
design with an 11 kg (22 Ib) ‘test mass’ (mirror)
hung by steel fibers.

Advanced LIGO’s suspension system is a much
heftier quadruple (“quad”) pendulum with a 40
kg (88 Ib) ‘test mass’ (mirror) hung by fused silica
fibers.
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LIGO Sensing the Effect of a Gravitational

Wave
Gravitational | |
wave changes Change in arm length is
arm lengths and 10-8 meters,
amount of light or about |
in signal 2/10,000,000,000,000,000 inches

Laser
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GO LIGO sites

LIGO (Washington) LIGO (Louisiana)
(4km and 2km) (4km)

Funded by the National Science Foundation; operated by Caltech and MIT; the research focus
for more than 670 LIGO Scientific Collaboration members worldwide.

LSC
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= The LIGO Observatories

TLLIGO H'\'\,!f Observatory (LHO)
e Hi 5 m arms
= H2 2 kﬁf’

~
~

. LIGO Livingston Observatory (LLO)
. L1:4 kmarms

~
~

' ,\‘
Adapted from “The Blue M Ie Land Surf

NASA Goddard Space Flight Center zge by Reto Sto { surface, shallow water, clouds). Enhancements by Robert Simmon (ocean color, compositing,
3D globes, animation). Data and technical support: MODI@ Eand Group; MODIS Science Data Support Team; MODIS Atmosphere Group; MODIS Ocean Group

Additional data: USGS EROS Data Center (topography); USG! 5Téfrestr|al Remote Sensing Flagstaff Field Center (Antarctica); Defense Meteorological Satellite
Program (city lights). 0
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LIGO The First Detection
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LIGO Previous Events

GW150914 Advanced LIGO

» GW 151226 Advanced LIGO

» GW 170104 Advanced LIGO

» GW 170814 Advanced LIGO + VIRGO

» All of these event ware due to BH mergers

1.2 URAVYIIATIUNAL WAVYED
e LIGO, Virgo and
g Cosmic microwave Pulsar timing by Laser interferometric other Earth-based
e background telescopes radio telescopes observatories in space laser interferometers
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GW170817

Before merger After merger

y-ray burst
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neutron stars

Neutron star
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Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg’; light green), the initial LIGO-Virgo localization (31 deg”; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.



Localizations of the gravitational wave, the y-ray burst and the kilonova on the sky

| Arcavi et al. Nature 1-3 (2017) doi:10.1038/nature24291
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The TOROS
Collaboration

Transient Optical Robotic Observatory of the Sout.. 1 AL CIaSS telescope

:)om onstruction completed at Cordon Macon on

May 7,2012 Gravitational Wa




LCO discovery image of the kilonova AT 2017gfo in the galaxy NGC 4993

LCO o
18 August 2017 00:15:23

RA 13:09:48.1
DEC -23:22:53

. . . g L ” - . .
Original image ¢ o After galaxy subtraction and core masking

Figure 1. Left: pseudo-color image of a small subsection (9/5 on a side) of the FoV of T80S, centered on the transient. Intensity
scaling is logarithmic in order to better display the light distribution of the host galaxy. Right: 3x zoom into the residual image
after host galaxy subtraction and core masking (hatched circle; see §2.2 for details).
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Figure 2. gri light curves of the EM counterpart to
GW170817, obtained with T80S on 2017 August 18. The
g points have been offset by —0.4 mag for clarity.

Table 1. Time-series photometry

Time® Band Mag o (mag)
1.4390 g 18.43 0.06
1.4447 g 18.51 0.04
1.4458 g 18.48 0.04
1.4469 g 18.62 0.04
1.4481 r 17.93 0.02
1.4492 r 17.97 0.02
1.4502 r 17.94 0.02
1.4514 i 17.74 0.03

NOTE—a: days since GW trigger.
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Figure 4. Comparison of our photometry (g: blue triangle;
r: black hexagons; i: red square) adjusted to D = 38 Mpc
with models from Tanaka et al. (2017) plotted using the
same color scheme. The dotted lines represent a “red kilo-
nova” model with dynamical ejecta rich in lanthanides. The
dashed and solid lines represent “blue kilonova” wind models
with decreasing amounts of lanthanides. The measurement
uncertainties are smaller than the size of the symbols. The
two possible r values at 2.456 days are discussed in §3.



Apparent magnitude

LCO light curves of the kilonova AT 2017gfo
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Extended Data Figure 3 | Bolometric luminosity, photospheric radius MCMC fits of an analytical model™ to the bolometric luminosity are

and temperature deduced from blackbody fits. Error bars denote 1o shown 1n blue, and the numerical models® from Fig. 3 are shown In red in
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Extended Data Figure 4 | AT 2017gfo evolves faster than any known and — 18 mag, respectively)®™”!, to r-band data of two rapidly evolving
supernova, contributing to its classification as a kilonova. We compare supernovae®>> (SN 2002bj and SN 2010X) and to R-band data of the drop
our w-band data of AT 2017gfo (red; arrows denote 50 non-detection from the plateau of the prototypical type IIP supernova® SN 1999em
upper limits reported by others®~°) to r-band templates of common (dashed line; shifted by 1 mag for clarity).
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Spectroscopic identification of r-process
nucleosynthesis in a double neutron-star merger
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The merger of two neutron stars is predicted to give rise to
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platinum®. The most compelling evidence so far for a kilonova
was a very faint near-infrared rebrightening in the afterglow of
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GW170817 and ~y-ray burst'™* GRB 170817A associated with a
galaxy at a distance of 40 megaparsecs from Earth. Using a series of
spectra from ground-based observatories covering the wavelength

with sp | mode: mhﬂhw
epnedMJloO.ﬂSlohr of high-opacity
lanthanides.

GWI170817 was detected an 17 August 2017, 12:41:04 untversal
time (uT)'%. A weak, short-duration (f =2 s) v-ray burst (GRE) 1n
the gravitational-wave error reglon triggered the Ferm! GRB mant-
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Figure 1 | Multiband optical light curve of AT 2017gfo. The data shown
for each filter (see legend) are listed in Extended Data Table 1. Details of
data acquisition and analysis are reported in Methods. The x axis indicates
the difference in days between the time at which the observation was
carried out T'and the time of the gravitation-wave event Ty. The error
bars show the 1o confidence level. The data have not been corrected for
Galactic reddening.
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Extended Data Figure 1 | Image of the NGC 4993 galaxy . The image was ~ marked by a blue circle. The position of the line emission in the slit s
obtained with the X-shooter acquisition camera (z filter). The X-shooter  marked by an ellipse. The dust lanes that are visible 1n the host intersect
it s overlaid as a rectange. The posttion of thesitat the por X
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Figure 2 | Time evolution of the AT 2017gfo spectra. VLT/X-shooter,
VLT/FORS2 and Gemint/GMOS spectra of AT 2017gfo. Detalls of data
acquisition and analysis are reported in Methods. For each spectrum,

the observation epoch Is reported on the left (phases with respect to the
gravitation-wave trigger time are reported 1n Extended Data Table 2;

the flux normalization is arbitrary). Spikes and spurious features were
removed and a filter median of 21 pixels was applied. The shaded areas
mark the wavelength ranges with very low atmospheric transmission. The
data have not been corrected for Galactic reddening.

SN2008D

1.0 J‘w\x '
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Wavelength (A)

Extended Data Figure 2 | Blackbody fit to the AT 2017gfo spectra.

The two early X-shooter spectra of GW 170817, obtained 1.5 and 3.5 days
after discovery, are compared with the spectra of the type-Ib supernova
SN 2008D*, obtained 2-5 days after the explosion (light grey, arbitrarily
scaled 1n flux, x 10~*). The shaded areas represent wavelength intervals
with low atmospheric transmission. The dotted green lines show the black-
body fits of the optical continuum of GW 170817 with temperature 5,000 K
and 3,200K.
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Figure 3 | Kilonova models com‘g:red with the AT 2017gfo spectra.

first four epochs and kilonova models:
dynamical ejecta (¥, = 0.1-0.4, orange), wind regton with proton fraction
Y.= 0.3 (blue) and ¥_ = 0.25 (green). The red curve represents the sum of

X-shooter spectra (black line) at

the three model components.

The two main n-capture processes were first identified by Burbidge et al.
1957.

They are the slow (s) and rapid (r) processes:
the s- and r-processes.

In the s-process the neutron capture happens in a time scale (7,) much
longer than the mean time for 3-decay (), ie., 7,>> 75

In the case of the r-process: 7, <<7,.

While 7; depends only on the nuclear species, 7, depends strongly on the
environment, specifically on a strong neutron flux.



The strong flux of neutron is a transient phenomena. After it stops, the
nuclei will B decay until they reach the valley of stability. The magenta
points show stable nuclei produced by the r-process.

The black points mark
the elements made by
mainly the s-processes.

The solar system
elements are an
admixture of s- and r-
process elements
(~50/50).

Jeweler’s elements like
gold and platinum are
made almost exclusively
by the r-process.
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The s-process is relatively well understood.

The nuclear properties of the involved species that are easier to measure
in the lab than the ones of the r-process (longer 7;).

The site is also much better constrained: primarily low- and intermediate-
mass stars (less than 8 solar masses).

The r-process element formation is much more uncertain.

The nuclear properties of the participating elements is much more difficult
to measure.

And the sites where the r-process take place are a mistery.

R-process element formation requires large neutron fluxes that are
associated to rather catastrophic events. The two main candidates are
type Il (core-collapse) supernova explosions and neutron star mergers. At
present the astrophysical conditions of these two phenomena are not well
understood (good review: Sneden et al. 2003).
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We got the infrastructure

Integracion de los observatorios del INAOE para Seguimiento
Multifrecuencia de Eventos Transitorios
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Red Tematica Conacyt: Agujeros negros y ondas Gravitatorias

Several groups in NR

ICN-UNAM

Miguel Alcubierre (binaries)
Dario Nunez

(Post Mergers, multimessenger)
Marcelo Salgado (Neutron stars)
Cinvestav

Tonatiuh Matos

(Compact objects mimickers)
UMSH

Francisco Siddhartha

(binaries, accretion)

Jose Antonio Gonzalez
(binaries, accretion)

Oliver Sarbach

(Post mergers, Foundations)
UdG

Claudia Moreno
(Perturbation theory)
ICF-UNAM,

JCD

(Post mergers, multimessenger, BH
instabilities)

INAOE

Omar Lopez
(Observation, EHT)



This is a new era for the
exploration of the universe




