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The Gravitational Wave Detectors Network
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& Currently LIGO-H & LIGO-V operative (first scientific run ended, now stopped
until the end of the year for upgrade)

& Virgo will join at the next scientific run.
& This will be important to improve sentitivity, coverage and estimation of parameters



The detector principle

& Description can be coordinate
dependent

& Physical observable is not

& Intuitive picture (when Agy, > FL):

tidal force 5 1 d2 hg;_T ~
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on the end mirrors.







The observing scenario

Advanced LIGO

™

H Early (2015-16, 40—-80 Mpe)
-1 I Mid (201617, 80120 Mpe)
-4 I Late (2017 - 18, 120170 Mpe)
R Desicn (2019, 200 Mpe)

I BNS-optimized (215 Mpe)
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Frequency/Hz

& Plan: a series of scientific runs with
intermediate commissioning
interruptions

& Sensitivity will increase in steps
toward the design one

& Quite successful until now....
http://www.livingreviews.org/lrr-2016-1

de/Hz

Strain noise amplitu

Advanced Virgo

g

Early (2016-17, 2060 Mpe)
I M iid (2017-18, 6085 Mpe)
. I Late (2018-20, 65115 Mpc)
creed [ Design (2021, 130 Mpe)
] BNS-optimized (145 Mpe)
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Stochastic background 1n a nutshell

History of the Universe
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®  compact binaries, supernovae, rotating
NSs, core-collapse to NSs or BH,
supermassive BH. ..

Age of the Universe

1)  Gaussian, because sum of many contributions
2)  Stationary, because physical time scales much larger than observational ones
3) Isotropic (at least for cosmological backgrounds)

4)  Unpolarized



Description (stmplest model)

1. Correlation between GW modes

< WA(f, 0 0)hp(f, 2, 0) >= d450(f-1')

2. Connection with GW energy density

hg2guw(f) = —
Wiy pedlod fl 0312

3. Strain at the detector: sum over modes

2 & 00 5 e e
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4. Signal at the detector: projection on the detector’s tensor

h(t,r) = DYRhY(t,r)

-0.5



How 1t 1s possible to (directly) detect 1t

¢ We have a vector-valued Gaussian stochastic process

: 1 :
& S (m;\hrgo, mﬁHanford’ ) ) s NH exp (_51}5 C_l(f) if) dif
/

L

xz, = h; +n; @;@Bj):fcfzj

¢ We must discriminate between two hypothesis:
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& Optimal statistic (two detectors):
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Overlap reduction function (a.k.a. coherence)
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Overlap reduction function (a.k.a. coherence)
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Upper limits & expected
sensitivities

constrain the total GW
energy at the time of BBN
(integral bound)

Similar bound from

Too much GW gives too
much

by the Sachs
Wolfe effect

Signal from
works as a (big)
interferometer:
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Inflation

Parametric amplification
of vacuum quantum
fluctuations

Standard inflationary
models are weakly
dependent on frequency

Tight bound: CMB large
angle anisotropy

Out of reach of advanced
detectors by 5 orders of
magnitude

Energy Spectrum £2
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Resonant preheating

s

® During a resonant
preheating phase at the
end of the inflation,
inflaton energy can be
transferred efficiently to

other particles

Can produce a
significant GW
background

Spectrum peak depends
on energy scale (here 10
GeV, higher frequencies
for a larger scale)
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Cosmic (super)string
models

® Dynamical network:
Strings entering in the horizon

Interconnection: loops
generation

Radiation (GW and other
fields): loop destruction

® Most efficient emission

mechanisms: cusps and kinks

e Integrating over the whole
universe leads to a GW
background

® [arge parameter space
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Axion-based inflation
models

® Models include
axion-gauge
couplings

Gauge backreaction
on the inflaton
extends inflation

The late inflationary
phase increases GW
production at high
frequencies

Energy Spectrum £2

10°

CMB+LSS

PLANCK

I PULSAR
-
-

LISA
= -
ADVANCED

10 10
Frequency v [Hz]




Pre-BB models

Alternative } cMB LSS
cosmologies

PLANCK

Evade the CMB large
angle anisotropy
bound

Evade the BBN-CMB

PULSAR
-
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-
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integral bound

Energy Spectrum £2
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Can be significant at
Virgo/LIGO
frequencies
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Isotropic upper limits

QGW(f) = {,

Best current upper limit

Frequency (Hz) fref (HZ) 2, 95% C.L. upper limit Previous limits

41.5-169.25 ( 3 5.6 x 107° 7.7 x 1076
170-600 ( (9.6 +£4.3) x 107 1.8 x 107*
600—-1000 900 3 0.026 £ 0.052 0.14 0.35
1000-1726 1300 3 —0.077 £ 0.53 1.0 ‘e

Colocated interferometers

Band (Hz)
4601000
460537 O mnE
537-628 )1 1 analy

628733 18 (advanced detectors)

733-856 2.53 1S 1N Progress.
856—1000 2.6




Constraint on early universe state equation

Spectrum
parameterization:

Qow(f) = Af*P fH40 1

alf) =2

n:(f) effective tensor
tilt parameter

r ratio of tensor and
scalar perturbation —AdVLIGO (22 = 110 x 10°9)
amplitudes <o Pulsar (Q = 3.9 x 107)

(here r=0.1)

w(f) equation of
state parameter



Constraint on cosmic strings models

Network of cosmic strings
parameterized by:

String tension u

Reconnection probability
p

Loop size
(parameterized by ¢)

lel"a
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---CMB
o Planck
Gu<10° *  LIGO burst

(CMB observations)

€ unconstrained

10 dpi=gil
(pi=" LU liere)

Region excluded: entire
plane will be probed by
advanced detectors.



Constraints on pre-Big-Bang models

Spectrum:

Qaw (f) o« f°
below £, , f. = 30 Hz here
W ioets
apoyer=SE=sS (Rl Alhere

[_]AdvLIGO
[ S5
B s4

f; : cut off frequency —— BBN

(a factor 10 from 4.3 x 101?) - --CMB
== Planck
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Astrophysical Stochastic
Background

e Core collapse supernovae

® Neutron star formation: Blair & Ju
1996, Coward et al. 2001-02, Howell et al. 2004,
Buonanno et al. 2005

o Stellar Black Hole formation: Ferrari
et al. 1999, de Araujo et al. 2000-04

® Neutron stars

® tri-axial emission: Regimbau & de F.
Pacheco 2001-06

® bar or r-modes: Owen er al. 1998, Ferrari
et al. 1999, Regimbau 2001

® phase transitions: Sig/ 2006

Qgu(f) =

(s

dR
ng(faQ) == pi %

(2,0)

1E-8 core collapse to BH: ringdown

1E-9 5 nshs

N
. NS fphase transition
Regimbau et al. gr-qc/07074327

— — ~ Sigl\astro-ph/0602345
1E-10 -

~

1E-11

RS
1
|
|

1E-12

d% 1E-13 —

-

de Sitter inflation

1E_14; T
g g slow roll inflation
1E-15 — -

-

-

1E-16 I'bar modes
Maclauren/Dedekind
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Catalog of models:
http://fhomepages.spa.umn.edu/~gwplotter/

v. (Hz)

@® Stellar Compact Binaries

® near coalescence (NS, BH): Regimbau et al. 2006-07,
Coward et al. 2005 (BNS), Howell et al. 2007 (BBH)

® low frequency inspiral phase: Ferrari et al. 2002,
Farmer & Phinney 2002, Cooray 2004 (WD-NS)

I (Q) (2 gqw (f, Q ) 4O @ Capture of compact objects by SMBHs :

Barack & Cutler 2004

et B
dmed) dr

(0, f(1+2))dz



Astrophysical Stochastic
Background

Duty cycle: ratio between
the observed typical
duration of the event and
the average time between
events.

® D K 1:resolved sources

e Burst data analysis,
optimal filtering

® D = 1: «popcorn noise»

e Maximum likelihood
statistic (Drasco et al.
2003)

e Probability event horizon
(Coward et al. 2005)

® D > 1: Gaussian
stochastic background

® Cross correlation statistic
(isotropic/anisotropic)




Non standard polarizations

e Looking at alternative theories
of gravity

® Indirect constraints on scalar
modes

® Binary pulsars

e WMAP

® Need many detector pairs to
disentangle different
contributions

Tensor

Breathing/
Longitudinal

Vector Scalar

Cross Vector-x Vector-y

-

Tensor

Breathing Longitudinal

L |

Scalar
Nishizawa et al., 2009




Comparison of different SGWB projections and models: Q= const. Overlap reduction function for the LIGO(H) — LIGO(L) pair

—y(h)
pre-Big-Bang : N : R SR : v
models Ligo S5 . . Lo . . Y A X Y (f)

e L L Ty Sy — N S Y : Y(f)

’
r

!---J-----------------------------

Plank CMB experiment
’ (projected sensitivity)

AdVirgo — AdvLIGO (L)
(2021 projected)

:L---------------------------------
FCosmic strings
rmodels

AdvLIGO (L)-(H)
(2019 projected)

1l
10°
Frequency [Hz]

SNR integrand LIGO H - LIGO L SNR integrand LIGO L - Virgo

a

—Tensor —Tensor
— Vector —Vector
Scalar | Scalar

100 120 140 160 180 200 120 140 160 180 200
f[Hz] Hz]




Targeted search reconstruct a map of the gravitational wave ¢
. luminosity in the sky

Correct the direction-
dependent modulation

Cross-Correlate

At least 3 detectors needed to
close the inverse problem.

~@_Angular resolution limited by 1/D

3000km
272 5 X 3
0 o= o F [ O P
P(Q) = / (V)s2(0,0)dQy  «radiometer» search
P(Q) = B Com Yo (L) «SA» search
£,m

Dealination [degres]
Dezlination [degres]
Declination [degres]

Right ascension [haours] Right ascension [haurs] Right ascension [haurs]

Phys. Rev. Lett. 107, 271102
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Implications of LIGO first detection

w— (01:2015-16|]
----'02:2016—17:
= = =(5:2020-22|]
- Total
- = = Residual

[_1Poisson

-10,

1
10
B.P. Abbott et al. (LIGO Scientific Collaboration and Virgo F re q uen Cy ( H Z)

Collaboration) Phys. Rev. Lett. 116, 131102
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Perspectives
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Expectations for future runs

Signal-to-noise ratio vs z
for 30 M, BBH

The median value and 90% credible
interval for the expected number of highly
significant events (FARs <1/century) as a
function of surveyed time-volume in an
observation

30M, Black Hole Binaries S6 run
= 01run

=== Adv. LIGO design
=== Future upgrades

S6 Threshold (SNR=8



What next? The third generation detectors




What next? Space detectors

eLISA Space Based GW Detector

* Laser Interferometer in Space Antenna, LISA, provides unique capabilities
— Immune to seismic noise

— Long baseline provides 0.001 - 1Hz GW spectrum sensitivity needed for observing
massive black hole mergers

* Multiple identical or similar detectors to improve detection confidence

LISA: a mission to detect and observe gravitational waves, O Jennrich, in Gravitational Wave and Particle
Astrophysics, Proc SPIEv5500




Big Bang Observer

& Fill the gap between (e)LISA &
earthbound detectors

\ Advanced

v LIGO
g ' ¢ Designed to detect SB produced by
F Big Bang \ : inflation
g 3
z Observer & Space based

& Shorter arm than (e)LISA

10" 10"
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* Higher laser power
» Improved acceleration noise
e Two phases
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Increasing strength of gravitational waves —

—NANOGrav 2015

Inspiral of
billion-solar-mass
black holes

eLISA

Million-solar-mass black holes
(inspiral and collision)

Inspiral of
i white dwarfs

Binaries of extremely
~ unequal masses
(inspiral and collision)

|- Unnesolvable /

MNeutron stars

hackf;ﬂ:? 3 and stellar-mass '
T black holes — Supernovae
{inspiral and =
Relic of =T collision) = Pulsars

the Big Bang

1 | 1 |
10 105 10-4 0.001 0.0 0.1 1 10 100 1,000 10,000 100,000
Frequency (hertz)

10-10 10-% 10-8 10-7

Thank Yyou for your attention....
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