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GGravitational waves

Gravitational waves are quadrupolar distortions of
distances between freely falling masses. They are
produced by time-varying mass quadrupoles.
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ANS-NS coalescence in the Virgo cluster has /# ~ 10-?! near Earth:
changes the distance between the Sun and the Earth by ~ one atomic diameter, and
changes 1km distance by ~10-8 m



GW landscape

}, 4 Cosmic Microwave Many sources, many frequencies, many
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Big Bang

quantum-gravity era

Big Bang plus ”
10743 seconds
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Big Bang plus
380000 years

gravitational waves
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Primordial GWs
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Primordial GWs
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FIG. 6. Likelihood results from a basic lensed-ACDM+r+dust model, fitting BB auto- and cross-spectra taken between maps
at 150 GHz, 217, and 353 GHz. The 217 and 353 GHz maps come from Planck. The primary results (heavy black) use the
150 GHz combined maps from BICEP2/Keck. Alternate curves (light blue and red) show how the results vary when the
BICEP2 and Keck Array only maps are used. In all cases a Gaussian prior is placed on the dust frequency spectrum parameter
Ba = 1.59 £ 0.11. In the right panel the two dimensional contours enclose 68% and 95% of the total likelihood.

P.A.R. Ade et al. (BICEP2/Keck and Planck Collaborations)
Phys. Rev. Lett. 114, 101301



GW detection with an interferometer

“LIGO generations”
http:/lwww.kaistaats.com/film/ligo-generations/

Einstein’s messengers,
National Science Foundation video

http://www.einsteinsmessengers.org/



NANOGrav

" PPTA

Measuring changes in phase of pulsar radio
beams on Earth, we have a “galactic scale
interferometer” measuring gravitational waves
with periods of several years (nHz
frequencies): mergers of super-massive black
holes (galaxies!). They are limited by noise in
the time of arrival of radio beams, number of
pulsars and integration time.  [===— ‘ 1L — 1 T i1
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Pulsar timing results

NASA/JPL-Caltech/GSFC
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Probability (normalized)
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GW PTA detections are coming soon
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Figure 4. Detection probability versus time in years for the NANOGrav PTA. We show the
" detection probability for three different amplitudes A = 5.6 x 10~ (dash-dot), A = 1 x 10~1°
(dashed), and A = 2 x 10~13 (solid) of the stochastic background generated by SMBBHs [7]. We
have used the combined epoch RMSs of the 17 pulsars in [26], started timing 35 total pulsars in
2013, and added 3 new pulsars per year with an epoch combined RMS of 200 ns prior to hardware
improvements (this is the median of the 17 pulsars in [26]).

Siemens et al., Class. Quantum Grav. 30 (2013) 224015

Demorest et al. (NANOggrav), ApJ 762, 94(1/2013)
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Space-based detector: (e)LISA
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eLISA: ESA large L3 mission, launch date 2034,
Mission design call 2022 (or 20167?)
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LISA Pathfinder
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Launch date October 2015!
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LISA Science
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Very incomplete history of LIGO GW detectors

(V. GRAVITATION RESEARCH)
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LIGO Scientific Collaboration
900+ members, 80+ institutions, 16 countries

LIGO today
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Ground Based Detectors: 2005-2010




LIGO GW Searches 2005-2010
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ﬁ
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LIGO-Virgo detectors 2005-2010

Astrophys. J. 681 (2008) 1419

Average range for a binary neutron star system (with m=1.4 solar masses)
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Its 2005-2011

ing resu
h star system (with m=1.4 solar masses)

Some interest
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Some interesting results 2005-2011

Upper limit on GW stochastic background
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Cumulative Rate (yr!)

Some interesting results 2005-2011

False alarm rate ~1/7000 yrs!

_5 [ | *xxx Extended Background

1n=1.4 solar masses)

10 A A A Foreground
il 5 0 ITh hold
reshold p. 7 \
GW100916 i
I
{ 1
10f----—-{  Phys. Rev D85 (2012) 082002
d . H v e 3 1 |
P
: 1
“b I |
5|y L G R t
I ! I
I I !
I I |
: ! . |
. | { ! I
1 ! l !
i i i i
2006 2007 2008 2009 2010

21



Exciting experimental results too

NATURE PHOTONICS Dpo!: 10.1038/NPHOTON.2013.177
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The future is here! Advanced LIGO
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~10 times better than initial LIGO
First observing run starting this year (!!)
with increasing sensitivity to follow.
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Dual recycled Fabry-Perot
Michelson interferometer

Advanced LIGO H1 Optical Layout
Optical parameters from LIGO-T0300043.08
Coordinates & wedges from D0G01920-v13

Fabruary 25, 2013
P Fritschel
D0202038-v4 E Gusafson

y
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Global Coordnates
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Current Spectra

aLIGO DARM

H1: 24 W, 66 Mpc (2015 Jun 06)
L1: 25 W, 65 Mpc (2015 Mar 03)
GWINC: 23 W, 129 Mpc
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Engineering Run

- Stable and reliable locking of both detectors in a configuration that
could be plausible during observation runs

- Best effort for similar sensitivities

- Several hours of coincidence data taking (May 26t — June 15t)
- Sufficient automation

« Hardware injections, blind injections implementation, and testing
* Includes some maintenance

20 Binary neutron star inspiral range
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When Wil We

Advanced LIGO
[ M Early (2015, 40 — 80 Mpc)
Mid (201617, 80 — 120 Mpc)
I Late (2017-18, 120 — 170 Mpc)||

Il Design (2019, 200 Mpc)
'BNS-optimized (215 Mpc)

107%:

strain noise amplitude (Hz~'’?)

107
10

10° 10°

frequency (Hz)

arXiv:1304.0670

Already here!



Predictions

Estimated | Faw = 107°M;c* Number

Run Burst Range (Mpc) | BNS Range (Mpc) of BNS
Epoch Duration LIGO Virgo LIGO Virgo Detections
2015 3 months | 40 — 60 40 — 80 0.0004 — 3
201617 6 months 60 — 75 20 — 40 &0 — 120 20 — 60 0.006 — 20
201718 9 months 75 — 90 40 — 50 120 — 170 60 — 85 0.04 — 100
2019+ (per year) 105 40 — 80 200 65— 130 | 0.2 - 200
2022+ (India) | (per year) 105 80 200 130 0.4 — 400

arXiv:1304.0670 (based on Class. Quantum Grav. 27 (2010) 173001)
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How many coalescences to expect?
Gamma Ray Bursts

Jet—ISM Shock (Afterglow)
Opdical (hours—days) ,
Radio (weeks-years)
Ejecta-ISM Shock

eobs
\ C\S‘Iiﬂonova
\ Opucal(r Lday)

(t~Q1-15)

Figure 20:

Potential electromagnetic counterparts of compact object binary mergers as a function of the observer view-
ing angle (6.,). Rapid accretion of a centrifugally supported disk (blue) powers a collimated relativistic
jet, which produces a short GRB. Due to relativistic beaming, the y-ray emission is restricted to observers
with fae < 6. Afterglow emission results from the interaction of the jet with the circumburst medium
(pink). Optical afterglow emission is detectable for observers with éus < 26;. Radio afterglow emission is
observable from all viewing angles once the jet decelerates to mildly relativistic velocities on a timescale
of months-years, and can also be produced on timescales of years from sub-relativistic ejecta. Short-lived
isotropic opticalnear-IR emission lasting a few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of 7-process elements synthesized in the ejecta. From Metzger & Berger
(2012).
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Figure 18:

Distributions of jet opening angles for short (blue) and long (red) GRBs, based on breaks in their afterglow
emission. Arrows mark lower or upper limits on the opening angles. The observations are summarized in
$8.4. From Fong et al. (2013) and references therein.

If beaming factor is ~ 70 (6 ~10°), [?7]
source rate is ~1/Mpc3/Myr,
similar to inferred from DNS in the galaxy (!).

DOI: 10.1146/annurev-astro-081913-035926
arXiv:1311.2603
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The GW Detector Network~2020

Advanced LIGO
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More detectors = better
localization

Position uncertainties O - 90% confidence localization areas
with areas of tens to X -> signal not confidently detected

hundreds of sq. degrees




Multi-messenger astronomy
with Advanced GW Detectors

After the first four published GW events, LSC and Virgo will promptly
release public triggers to be followed up.

To initiate the multi-messenger from the very beginning, LSC and Virgo
opened a call to sign agreements for the identification of EM counterparts
to GW triggers in Advanced detectors starting in 2015.

We have signed more than 70 agreements with groups from 19 countries,
with about 150 instruments covering the full EM spectrum,
from radio to high-energy gamma-rays.

M UV/OPTICAL/IR
M RADIO
[ X-RAY

B GAMMA-RAY

33



GW ground-based detectors:

the future (perspective session)

10

LIGO Upgrade Timeline

Ultimate R&D + Design

Cosmic Explorer — New Facility

Strain [14 Hz]

Si, Cryo, 1550nm R&D Voyager — Current Facility
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—A+
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https://dcc.ligo.org/LIGO-T1400316/public

aVirgo

LIGO

f (Hz)

RV N v

34



Gravitational waves are coming!
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