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Carnegie Observatories

+ Juna, Barry, Carlos, Konstantina, Francesco, David
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+ 70 observatories and 1500 physicists/astronomers around the world
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Success Stories

SN1987A: photons + neutrinos
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Gravitational Waves
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Hulse-Taylor binary
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Hulse-Taylor binary
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Fabry-Perot-Michelson Interferometers




Detecting Gravitational Waves
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Motivation

Gravitational Wave data only provides specific information

1. Precise Location/Distance Determination
* Provides environmental information
* Breaks degeneracy with inclination
2. Measure Influence/Test Merger Models
* Origin of short-duration GRBs
e Origin of r-process elements
3. Fundamental Physics
* Speed of gravity
e Lorentz invariance, equivalence principle, non-GR gravity
4. Cosmology
» “Standard Siren” Hubble diagram



Strain (10%)

Frequency (Hz)

GW 150914

Hanford, Washington (H1)

Livingston, Louisiana (L1)

| I I | | | | |
1.0
0.5
0.0
-0.5r
_1.0— - H — L1 observed =
[— H1 observed ] H1 observed (shifted, inverted)
T T T T T T T T
| | I I I
1.0+ - -
|
0.5 -
0.0~ V\/\/\'\/‘
-0.5r / .
-1.0n Numerical relativity ' | H H — Numerical relativity m
Reconstructed (wavelet) Reconstructed (wavelet)
B Reconstructed (template) I Reconstructed (template)
1 1 1 1 1 1 1 1
0.5 ~ T I T ' F T I 1 4
o.ow\/‘\/wwwww WMWMW
'0'5_|— Residual | || [— Residual I
I T I T [ | [ |

0.30

0.35
Time (s)

0.40

0.45

0.30 0.35 0.40 0,45
Time (s)

o N B~ O @

Normalized amplitude



GW 150814

Black Holes of Known Mass

GW150914

%)
)
0
)
>
—
=
0
)

GW170104 GW170814

LVT151012
GW151226

X-Ray Studies

LIGO/VIRGO




EM Signals from Neutron-Star Mergers
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Short-duration GRBs as NS mergers

s Short GRBs
9 Fong et al. 2010; Fong & Berger 2013
Long GRBs

Blanchard et al. 2016

NS-NS mergers
Fryer et al. 1999;

Bloom et al. 1999,
Belczynski et al. 2006
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Fong et al. 2010; Fong & Berger 2013




EM Signals from Neutron-Star Mergers
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r-process nucleosynthesis
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Kilonova
What will they look like?
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Kilonova
What will they look like?
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Gravitational Wave data only provides specific information

1. Precise Location/Distance Determination
* Provides environmental information
* Breaks degeneracy with inclination
2. Measure Influence/Test Merger Models
* Origin of short-duration GRBs
e Origin of r-process elements
3. Fundamental Physics
* Speed of gravity
e Lorentz invariance, equivalence principle, non-GR gravity
4. Cosmology
» “Standard Siren” Hubble diagram
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GRB 130603B a Kilonova?
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TITLE: GCN CIRCULAR

NUMBER: 21505

SUBJECT: LIGO/Virgo G298048: Fermi GBM trigger 524666471/170817529: LIGO/Virgo Identification of
a possible gravitational-wave counterpart

DATE: 17/08/17 13:21:42 GMT

FROM: Reed Clasey Essick at MIT <ressick@mit.edu>

The LIGO Scientific Collaboration and the Virgo Collaboration report:

The online CBC pipeline (gstlal) has made a preliminary
identification of a GW candidate associated with the time
of Fermi GBM trigger 524666471/170817529 at gps time 1187008884.47
(Thu Aug 17 12:41:06 GMT 2017) with RA=186.62deg Dec=-48.84deg and an error radius of 17.45deg.

The candidate is consistent with a neutron star binary coalescence with
False Alarm Rate of ~1/10,000 years.

An offline analysis is ongoing. Any significant updates will be provided
by a new Circular.

[GCN OPS NOTE(1l7augl7): Per author's request, the LIGO/VIRGO ID
was added to the beginning of the Subject-line.]
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Gravitational Waves
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Gravitational Waves
Component Masses
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Gravitational Waves
Masses in the Stellar Graveyard

In Solar Masses

Known Neutron Stars .

L L
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Sky Localization
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NGC 4993

April 28, 2017 Hubble Space Telescope | August 17, 2017 Swope Telescope

Coulter et al. 2017



Normalized Flux + Constant
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Normalized Flux + Constant
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Normalized Flux (f,) + constant

SSS17a vs. Other Transients
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SSS17a: Follow-Up
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Where in the World are...

Carnegie Scientists



Where in the World are...

Carnegie Scientists
+0.5 days (Thurs.)
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Where in the World are...

Carnegie Scientists
+1.5 days (Fri.)
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Where in the World are...

Carnegie Scientists

+2.5 days (Sat.)
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+2.5 days (Sat.)
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Where in the World are...

Carnegie Scientists
+3.5 days (Sun.)
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X-ray and Radio Emission
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What does it all mean?
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e Origin of r-process elements
3. Fundamental Physics
* Speed of gravity
e Lorentz invariance, equivalence principle, non-GR gravity
4. Cosmology
» “Standard Siren” Hubble diagram
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1 Micron Spectral Feature
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Consistent with an r-process powered transient in which
approximately 0.05 solar masses of lanthaniderich material
Is ejected

Nature of the blue component
(See Piro & Kollmeier 2017)

Nature of the GRB/Xxrays/radio
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Summary

We discovered the first EM counterpart to a gravitational
wave source

This begins the era of multi-messenger gravitational-waves
astronomy, with implications across many areas of
astronomy
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