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Outline

® | ecture 1: Introduction
to gravitational waves

x | ecture 2; detecting
gravitational waves
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Resolved
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Coalescence

—— SN Core
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Listening to the Universe
GWs are like sound;:notlight:

® Jetectors are omnidirectional

® detectors don't image

x GWs from bulk, not surface, processes
® pDhase coherent
x weak ((
= difficult to scatter/absorb

® freguencies of stellar
mass events occur In human auditory band







| Oots of sources | won't
dISCUSS

x Quasi-normal ringdown modes of black holes

® Extreme mass ratio inspiral
® [ntermediate mass ratio Inspirals

® [esting GR

x (G00d review:

Sathyaprakash & Schutz 2009
_Iving Reviews In Relativity
nttp://www.livingreviews.org/lrr-2009-2



http://www.livingreviews.org/lrr-
http://www.livingreviews.org/lrr-

GWs from inflation

x Quantum fluctuatior

scalar) In the early u

S (tensor In addition to
niverse are amplified by

inflation. Subsequent phase transitions also
might generate GVVs

x Once emitted, GVVs travel (almost) unimpeded

x |[f detected, give pristine measurement of the
very, very early universe: 102% seconds, not
400,000 years, atter the Big Bang

INflation

Directly measure the expansion rate during



GWs from inflation

®x Show up as Gaussian NoISE

®x Noise Is correlated for detectors separated by

ess than relevant wavelengt

n

x [Use correlations to detect background
(assuming instrumental noise Is uncorrelated)

» Energy density/strain noise in GVVs in a

frequency bin:

1 d
Qow = —===¢  Saw(f) =

pe dln f

Sow ()2 =56 x 10 %2 Qggv (

SH-
1O7r02 f 2 Qaw(f)

! 3/




GWs from inflation

BBN Constraint







Compact binary coalescence

x \Most promising source

= Neutron star and/or black hiole binary: coalescence

.l.:-:!-_ ‘ , |l,‘.'.“

systems merge in LIGO band
® Systems are strong gravitational wave emitters

x Advanced LIGO will see such systems to
cosmological distances (>300 Mpc)
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Multi-messenger
astronomy

= Combine GW & EM
(and neutrinos’? cosmic rays?)

[V W S
observers

» G\V: teaches us about the physics
® Measure masses, spins, geometry
» £V teaches us about the astrophysics

® measure energy, baryonic timescale, beaming,
environment



Most promising GW+EM source:
Short/hard Gamma-ray burst

x GRBs definitely exist AR R .
| | i —
w Ay B IS G e e L e
= GRBs are very bright/relativistic .= -

x GRBs can be detected "all sky” throughout
the Universe

x GRBs have been observed “nearby”

®x SOME long, and some short (2 second divide)



Short GRBs are (almost certainly)
binary systems

x Deep optical followup of GRBs
does not show evidence for
supernovae/stellar collapse

x (GRBBs are not assocliated with: star
formation

x GRBs are found far fromthe
centers of their host galaxies

® [ imescales are consistent

x Simulations produce GRBS

R Rezzolla




| ﬁi’}éoiix’tesy of Sam Finn (PSU)
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Petrillo, Dietz, & Cavaglia 2013 ApJ
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
redshift
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x Short GRBs have happened at low redshift (z < 0.2)
x \\ithin range of advanced LIGO!



Short GRBs are beamed

x Detailed observations of the afterglows
of short GRBs (Swift, XMV, Chanara,

optical, radio)

x Jet breaks are found, ana imply
beaming:

» GRB051221A: 0, ~ 7°
« GRB 111020A: §; ~ 3-8°
» GRB 130603B: #; ~ 4-8°




Multi-messenger astronomy
with GRBs

® Probe the inner engine of GRBs
® pinary progenitors? NS-NS vs NS-BH? masses?
® peaming angles: measures:total energy

» Properties of neutron star: stuft

® Macronovae/r-process elements

= vent rates
» predictions for LIGO

® constraints on star formation
and evolution

x Cosmological measurements




GWs and GRBs

x |f GRBs are binary systems, can observe them in
EM (as GRBs) and in: GW-(as binary: inspirals)

x Opbservables:
x Rate of short GRBS (in-gamma-rays);
RGRB =10 yl”_1GpC—3
» Beaming angle of short GRBs: 0

x Rate of GRB progenitors (in GWSs):
Raw = Rarp/(1 —cos0)



| IGO limits on GRB beaming

GRB Beaming Angles Lower Limit

\

Rerp =30 Gpe 2 yr™!

e
Rers=10 Gpe °yrt

____

x | |GO S6/V2 didn’t see any binaries: constrains beaming



How long will LIGO have to wait”
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Chen & Holz 2013 PRL

10
0, |degrees]

x First binary within ~6 months for LIGO (HL; Hanford +
Livingston), ~1 month for LIGO + Virgo (HLV)

» Best estimate for LIGO detection ratel



% [rigger: (see GRB ana GWs:atthe same time)

® provides time and: sky position: drastic

improvement ir
algorithm, and hence lower
detection threshold

GV search

x probably face-on, thus stronger signal

- Untriggered:(donitisee: G

® JO
at

Nt need t

e gam

US, SO MU

ch higr

q

S50

=Vl spectrum)

. " .‘k“

-
-

<.

ma-rays to be pointing
er space density



High rates. No trigger needed.

Chen & DH 2013 PRL

x Early sensitivity: Untriggered

~10 events/year

x Mature sensitivity:
~50 events/year

| —
s
Q
o
O
e
C
@)
‘S
o
Q
)
Q
0O

= \Will see untriggered
before triggered

10 20 3040 60 90
0; [degrees]




GW standard sirerns

...............

» Black holes are S|mple T
they have no hair - i

deuwwwuu‘u

x Binary black hole mspwals are WeII modeled

* Binary blac< hole mspwals are understood from
first principles

Schutz 1986, Nature

DH & Hughes 2005, ApJ

Dalal, DH, Hughes, & Jain 2006, PRD
Cutler and DH 2009, PRD

Nissanke et al. 2010, 2013, ApJ



GWs from binary systems

x Strongest harmonic (widely separated):
MY

i -

» dimensionless strain /(f)

% luminosity distance 1

» accumulated GW phase @ (7 )

x GW frequency: 1) = (1/2m)dP/dt

x position & orientation dependence F'(angles)

% (redshifted) chirp mass:
M, = (1 + 2)(mim2)*® /(mq + ma)'/°

h(t) Flangles)costP{t))



NOl

x Gravitational waves provide a direct measure
of luminosity distance, but they give no
iIndependent information about redshift

® (Gravitation is scale-free

» GWs from a local binary with-masses {1 715)

are indistinguishable from masses i : i
55 S aeees Bets e

at redshift 2

® [0 measure cosmology, need independent
measurement of redshift:

A



What good Is a cotnterpart?

n Determination: of:-redshift

® puts a point onthe
luminosity: distance-redshift curve

x Preciselocation:oEGWEsotirce

x drastic improvement in GW modeling,
and hence distance determination




‘Optical” counterpart?

energy. Is convertea
would be easily Visio

notons, tr

e atr

igh redsh

Tt

x Boughly 5% of the systemisimass: IS being
released in gravitational:waves (= 10225 ergs)

x Even if only 1 part in 10'% of this available
INto P

e SOuUrce

x Need: fantastic:etficiency to-remain “dark”
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Gamma-ray Burst
Standard Sirens

x Short GRBs are known to
occur at low redshitt

(z < 0.2)

x Short GRBs are thoughtto -
oe the result of binary
mergers (NS or BH)

= Will be seen by alLIGO.
Perfect standard siren!

ILLUSTRATION

Dalal, DH, Hughes, & Jain 20006, PRD
Nissanke et al. 2010, 2013 ApJ



Short gamma-ray bursts are
perfect standard sirens

x \ery bright in EM and GW
x Happen frequently
x Happen nearby

x [ime of burst improves

parameter estimation

x Can identify redshift from M
host galaxy - R P .

No distance ladder. Provides absolute distance



How well do GRB standard
sirens measure distance?

x Markov-Chain Monte Carlo code

x Non-spinning restricted 3.5 post-Newtonian
wavetorm

® Detection priors in population selection
®x [ndependent interferometric noise realizations
® Advanced GV detector configurations

Nissanke et al. 2010, 2011, 2013



Measuring the Hubble constant

. Hubble: the overall
scale of the Universe

x gdvanced LIGO/Virgo

x 15 jsotropic NS-NS
binaries

x assuming GW-+EM:
standard sirens

» distributions are
non-Gaussian 100 150

Ho (km/s/Mpc)

® 3% measurement of Ho

Nissanke et al. 2013



Measuring the Hubble constant

add Japan+india:
factor ~2

it GRBs are beamead:
factor >2
NS-NS->NS=BH:
factor ~4

100 150
Ho (km/s/Mpc)

Nissanke et al. 2013




Precision cosmology from GVVs!

Measurement error in H0

|IIIIIIII| Mlnsmnnnm:
5 15 20 25

10
Number of GW-EM NS-NS mergers

x \easure the Hubble constant to the few percent level
Nissanke et al. 2013



Golden binaries

x Most events are at
detection threshold

x No extinction, obscuration,
or evolution

x Can preaict the full
distribution of signal
strengths

x Gan predict the distribution
of the strongest events

he loudest events provide the most physics!



GW strength in a LIGO aetector

x Signhal-to-noise ratio-(restricted; first:order; stationary:phase):
2
SNR® = 4DA— F2(0, 0, 0) (1 + cos™ o)> +4FZ (0, ¢,) cos” ] I
L
with (this color text - doesn:t:shiow:tip2Hh):

o g GM. 576 : :/fhigh f—7/3 i
Vo6 723\ 3 ; Si(f)

low

= sky-position;-orientation;inclination: (6, @), b, ¢

- [uminosity:distance: Py

x antennapowerpatterns (2 polarizations): F. . F
x LIGO noise spectral-density: Sy { f)

x (redshifted) chirp-mass;
M = (1 —+ z)(m1m2)3/5/(m1 = m2)1/5



Universal distribution of SNR
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® \ost events at detection threshold,
with a tail to louder events

» Predictable, analytic, universal distribution



Universal distribution of loudest events
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100 150
SNR (maximum)

x Predictable, analytic, universal distribution. Independent of
all details of source population. Extreme value statistics.

® For 4 events, loudest has SNR>14.5 (for threshold =12;
90% likelihood). SNR>31 for 40 events.
SNR>42 for 100 events.



The louder, the better

© © © © o

Cumulative probability
© ©
— N w

o
o

=) 10 20 30 40 50 60 70 80 90
90% localization area(deg” )

x | arger SNR means better parameter estimation

= [he best out of 4 events reduces the sky localization from
~30 deg? to ~15 deg?. Out of 40 events, the best one is

localized to better than ~2 deg?

x Probability of finding counterparts increases dramatically
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Unresolved
Galactic
Binaries

Coalescence of
Massive Black Holes

/

Resolved
Galactic Binaries

— NS-NS and BH-BH

Coalescence

—— SN Core
Collapse

1074

1072 10°
Frequency [HZ]

10?
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BBOis a fantastic
cosmological probe
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Thunder and lignhtning
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THUS Tar e e only:seen the Uql\w/’e‘r“éé [@nd-95% of it
ISidarkEdarkmatierand-dark-energy).
N inethenextiew:years-we Wil -finally be able to

isten:tothe dniverse.
s wili-be revolutionary!




