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Newtonian physics:
Space is a rigid grid described by Cartesian Coordinates

General Relativity goes beyond this view
Space becomes a dynamic and deformable medium,

combined with time in a 4D space-time
All dimensions are lengths (time is a light distance)

c=cost.

• Gravity is related to the geometric features of 
space-time

“Spacetime tells matter how to move; matter tells
spacetime how to curve.”



Minkowski metric
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GR Metric

In general space-time is curved

metrica

νµ
µν dxdxgds =2
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Einstein Equations

G = k T
“geometry”

“matter-energy”

‘Similar’ to the equation:

stressstrain

E=Young’s modulus

• space-time is an elastic medium
• space-time has an extremely high rigidity

(We passed from an infinitely rigid space-time to an extremely rigid one)

Equazioni di Einstein

G = k T
“geometria”

“materia-energia”

143
4 N 1008.2

8 −−⋅==
c

G
k
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Analoga all’equazione: εEó =
stress

strain

E=modulo di Young

•Lo spazio-tempo è un mezzo elastico
•Lo spazio-tempo ha una rigiditá estremamente elevata

(Si è passati da uno spazio-tempo infinitamenteinfinitamente rigido ad uno estremamenteestremamente rigido)

𝜀 = 𝐸$%𝜎



Gravitational Waves

Nearly-flat space-time

Minkowski

perturbation
Gauge Transverse-Traceless

Einstein equations take the form of WAVE EQUATIONS

Absence of matter
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PolarizationPolarizzazione
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Gravitational Waves (2)

The distance between free masses varies like:

Onde Gravitazionali (2)
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Gravitational Radiation

• Accelerated masses emit energy in form of 
gravitational waves.

• Emitted radiation can be expressed in terms 
of retarded potential.

• It is possible to use the multipolar
expansion of the gravitational field.



• Monopole
• Dipole
• Quadrupole

Energy impulse conservation laws

Radiazione Gravitazionale (2)
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Gravitational Radiation (2)

I is the mass quadrupole moment of the source.

Coherent relativistic motion of large masses can be directly observed.
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What is interesting about 
gravitational waves?

• Embody gravity’s obedience to the principle 
“no signal faster than light”

• Travel through otherwise opaque matter
• Can be generated by pure spacetime

– Black holes
– Early universe fluctuations

Thus, gravitational waves can reveal, like 
nothing else can, the dynamics of strongly-
curved spacetime.



What kinds of things 
might we see? Might we learn?

• Binaries of neutron stars and black holes
– Study black hole spacetime
– Learn neutron star equation of state
– What is the engine of gamma ray bursts?

• Stellar core collapse
– Dynamics that lead to supernova

• Rotating neutron stars
– What mechanisms can make neutron stars lumpy?

• Early universe dynamics



The First One Second of Universe’s Life



Experimental challange

• How to implement the measurement?
• How to make it sensitive enough?

N.B.: Relative motions of test masses 
turned out to be at the level of DL/L ~ 
10-21 !



Interferometer
Working principle

km scale

laser beamsplitter

detector  

A quadrupolar gravitational wave 
passing through the instrument 
moves the suspended mirrors (EM) 
of the two arms in counter-phase 
generating a change in the 
interference fringes.

EM

EM



Fabry-Perot Interferometer for GW

recycling
mirrors

Fabry Perot mirror

• Added mirrors at the input (PR) and 
output (SR) ports

• The arms become resonant cavities

• More complex 
optics (not shown) 
is added to filter 
and ‘clean’ the 
laser.

km scale

laser

EM

detector  

IM

IM EMPR
SR





Fabry-Perot Interferometer for GW
(The real design is much more complex)



Detector Network
Detector Network



LIGO (Livingston)

GEO600 
LIGO (Hanford)

LSC
Ligo Scientific 
Collaboration

Detectors in Operation (O1&O2)



Virgo
(since 2007 there is a 
formal collaboration 

between LSC and Virgo to 
exchange scientific 

competences and for 
common data Analysis)

Kagra



Amaldi12, Pasadena, July 11th, 2017 G Losurdo - INFN Pisa 3

iLIGO best (2010) 

aLIGO O1 (2015) 

aLIGO design 

D Martynov et al, PRD 93 (2016), 112004  

First Observation Run (O1)
(12th September 2015 – 19th January 2016)



Detection Timeline

Sept. 12th 2015 - Jan. 19th 2016 
51.5 days of coincident analysis time 
Approximately 3 days of contaminated data 
48.6 days of analysed coincident time

Detection Timeline

• 51,5 days of coincident analysis time
• Approximately 3 days of contaminated data
• 48.6 days of analysed coincident time 



Detection Timeline
Detection Timeline



B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), Observation of 
Gravitational Waves from a Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016)



What was momentous about the 
discovery of GW150914?

• First reception (“direct detection”) of 
gravitational waves.

• First observation of the existence of binary 
black holes.

• Demonstration that predicted waveform 
matches what nature produces.



Time trace from Hanford, high- and 
low-pass filtered to make signal 
more evident. Signal in-band for 
~0.2 secs. Amplitude ~1x10-21

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), Observation of 
Gravitational Waves from a Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016)



Time trace from Hanford and 
Livingston; Hanford is shifted 

by 7.1 msec and inverted 
(observatory orientation is 90), 

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), Observation of 
Gravitational Waves from a Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016)



Best fit waveform, assuming 
Einstein’s GR, using numerical 

relativity calculations (same high/low 
pass filtering). Same fit matches 

both observatories.

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), Observation of 
Gravitational Waves from a Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016)



Real time-series data, 
minus GR waveform: 

Shows only noise in residual.

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), Observation of 
Gravitational Waves from a Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016)



B. P. Abbott et al. (LIGO Scientific 
Collaboration and Virgo Collaboration), 
Observation of Gravitational Waves from a 
Binary Black Hole Merger, Phys. Rev. 
Lett. 116, 061102 (2016)

Early part of waveform 
from orbits of the original 

two black holes

How do we learn from h(t)?



B. P. Abbott et al. (LIGO Scientific 
Collaboration and Virgo Collaboration), 
Observation of Gravitational Waves from a 
Binary Black Hole Merger, Phys. Rev. 
Lett. 116, 061102 (2016)

Late part of waveform from 
vibration of final combined 

black hole.

How do we learn from h(t)?



B. P. Abbott et al. (LIGO Scientific 
Collaboration and Virgo Collaboration), 
Observation of Gravitational Waves from a 
Binary Black Hole Merger, Phys. Rev. 
Lett. 116, 061102 (2016)

Phase evolution gives 
chirp mass and aligned 

components of spin

How do we learn from h(t)?



How do we learn from h(t)?

B. P. Abbott et al. (LIGO Scientific 
Collaboration and Virgo Collaboration), 
Observation of Gravitational Waves from a 
Binary Black Hole Merger, Phys. Rev. 
Lett. 116, 061102 (2016)

Modulation of amplitude 
gives nonaligned spin 

components



B. P. Abbott et al. (LIGO Scientific 
Collaboration and Virgo Collaboration), 
Observation of Gravitational Waves from a 
Binary Black Hole Merger, Phys. Rev. 
Lett. 116, 061102 (2016)

Ringdown frequency and Q 
give mass and spin 
of final black hole 

How do we learn from h(t)?



General relativity works!

It took analytical relativity and numerical 
relativity to predict the waveform from a 
coalescing binary.

The best fit waveforms leave no significant 
residual – they work!

Future observations will provide more 
stringent comparisons, tighter tests of GR.
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FIG. 1. The gravitational waveforms for the three events GW1501914, GW151226 and LVT151012. Left: the detector strain amplitudes for
the two advanced LIGO detectors with the observed waveforms as observed in LIGO Hanford. Right: the time evolution of the waveforms
from when they enter the detectors’ sensitive band at 30 Hz. FIXME: First draft of this figure. It will be improved prior to submission

run. Further details are presented in [45].166

Based on a set of identical conditions applied to each in-167

dividual interferometer, data were marked as suitable to be168

used in a gravitational wave analysis. The first condition in-169

dicates the software used to determine and control the over-170

all state of an interferometer is in its nominal configuration171

or observation state. The second condition indicates that no172

measurements or excitations are occurring at the instrument.173

This condition is set by a scientist on site who is continuously174

monitoring the detector performance.175

Once the data have been declared ready for analysis, a cal-176

ibration process is used to compensate for the response of177

the interferometer control systems and convert the output data178

into units of gravitational wave strain [44]. These calibrated179

data are used as the input to the various analysis pipelines,180

each of which employ their own process for data selection181

based on how much time is needed to accurately estimate their182

background noise [3, 7]. The analysis pipelines searching183

for compact binary coalescences (CBC) produce initial results184

using at least 5 days of coincident, calibrated detector data,185

which are combined when performing extended background186

calculations.187

The output data of the interferometers are typically non-188

stationary and non-Gaussian; the data contain transient noise189

artifacts of varying durations. The longer duration artifacts,190

such as non-stationary behavior in the background noise, are191

not as damaging to the CBC searches as they occur on a time-192

scale that is much longer than any CBC waveform. However,193

the shorter duration artifacts can have a negative impact on194

CBC searches. Short-duration non-Gaussian transients can195

cause the CBC search to report an event, polluting the back-196

ground distribution. For this reason, data quality studies must197

be done to determine when the interferometer data are nomi-198

nal [13, 46].199

There are a large number of recorded signals used to mon-200

itor and control the interferometers that are not used in as-201

trophysical searches. These auxiliary channels are consid-202

ered safe to use for noise characterization because they are203

not sensitive to gravitational wave signals. Analyses of aux-204

iliary channels allow for the identification of systematic noise205

sources, such as environmental disturbances [47] or excess206

motion of auxiliary optics in the interferometer [1]. When207

a significant noise source has been identified using auxiliary208

channels, a data quality flag can be generated to indicate times209

when the output data from the interferometer is not nominal.210

There are two ways that data quality flags are used to re-211

move, or veto, data from a CBC analysis [17]. Should the212

data be particularly egregious, for example due to a hardware213

failure, data quality vetoes remove time from the input data214

before the analysis is started. This strategy removes the most215

problematic data so that the background noise estimation is216

not biased by their inclusion. If the non-nominal quality of217

the data is less severe, the data are included in the analysis,218

however any results from the analysis produced during these219

times are removed from the output of the search. This tech-220

nique is used for less critical data quality issues, such as mod-221

erate environmental noise, that will not bias the background222

noise estimation.223

The total coincident analysis time accumulated during the224

first observing run is 51.5 days. After critical data quality225

flags have been applied, the available coincident analysis time226

is 49.1 days. After the final stage of data quality flags have227

O1 BBH Detections
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Event GW150914 GW151226 LVT151012

SNR 23.6 13 9.7

FAR (yr�1) < 6.0⇥10�7 < 6.0⇥10�7 0.44

p-value 7.5⇥10�8 7.5⇥10�8 0.05

Significance > 5.3s > 5.3s 1.7s

Primary mass (M�) 36.2+5.2
�3.8 14.2+8.3

�3.7 23+18
�6

Secondary mass
(M�) 29.1+3.7

�4.4 7.5+2.3
�2.3 13+4

�5

Chirp mass (M�) 28.1+1.8
�1.5 8.9+0.3

�0.3 15+1
�1

Total mass (M�) 65.3+4.1
�3.4 21.8+5.9

�1.7 37+13
�4

Effiective inspiral
spin �0.06+0.14

�0.14 0.21+0.20
�0.10 0.0+0.3

�0.2

Final mass 62.3+3.7
�3.1 20.8+6.1

�1.7 35+14
�4

Final spin 0.67+0.05
�0.06 0.72+0.05

�0.05 0.65+0.08
�0.10

Radiated energy
(M�c2)

3.0+0.5
�0.4 1.0+0.1

�0.2 1.5+0.3
�0.4

Peak luminosity
(ergs�1)

3.6+0.5
�0.4 ⇥

1056
3.3+0.8

�1.6 ⇥
1056

3.1+0.8
�1.8 ⇥

1056

Luminosity distance
(Mpc) 420+150

�180 440+180
�190 1000+500

�500

Source redshift 0.09+0.03
�0.04 0.09+0.03

�0.04 0.20+0.09
�0.09

Sky localization
(deg2) 230 850 1600

TABLE I. Details of the three most significant events. The false
alarm rate (FAR), p-value and significance are from the PyCBC anal-
ysis; the GstLAL results are consistent with this. For source parame-
ters, we report median values with 90% credible intervals that include
statistical errors, and systematic errors from averaging the results of
different waveform models. The sky localization is the area of the
90% credible area. Masses are given in the source frame; to con-
vert to the detector frame multiply by (1 + z). The source redshift
assumes standard cosmology [41].

combine the results from GW150914 and GW151226 to place92

still tighter bounds on deviations from general relativity.93

The observed events begin to reveal a population of stellar94

mass black hole mergers. We use these signals to constrain95

the rates of binary black hole mergers in the universe. The in-96

ferred rates are consistent with those derived from GW15091497

[19]. We also discuss the astrophysical implications of the ob-98

servations and the prospects for future Advanced LIGO and99

Virgo observing runs.100

The results presented here are restricted to searches for bi-101

nary black hole systems with total masses less than 100M�.102

Results of searches for more massive black holes, compact103

binary systems containing neutron stars and unmodeled tran-104

sient signals will be reported elsewhere.105

This paper is organized as follows: Sec. II provides an106

overview of the Advanced LIGO detectors during the first107

observing run, and the data used in the search. Sec. III108

presents the results of the search, and details of the two109

gravitational wave events, GW150914 and GW151226, and110

the candidate event LVT151012. Sec. IV provides detailed111

parameter-estimation results for GW150914, GW151226 and112

LVT151012. Sec. V presents combined results from the con-113

sistency of the two events with the predictions of general114

relativity. Sec. VI presents the inferred rate of stellar-mass115

binary black hole mergers, and VII discusses the implica-116

tions of these observations. We include appendices that pro-117

vide additional technical details of the methods used. Ap-118

pendix A describes the compact binary coalescence search,119

with A 1 and A 2 presenting details of the construction and120

tuning of the two independently implemented analyses used121

in the search, highlighting differences from the methods de-122

scribed in [17]. Appendix B provides a description of the123

parameter-estimation analysis and includes a summary table124

of results for all three events. Appendix C provides details of125

the methods used to infer merger rates.126

II. OVERVIEW OF THE INSTRUMENTS AND THE DATA127

SET128

The LIGO Observatories at Hanford, Washington and Liv-129

ingston, Louisiana were observing with the recently com-130

pleted Advanced LIGO detectors for O1, after a first round of131

commissioning for sensitivity. The instruments are detailed in132

[43] and their performance for the O1 run is described in [1].133

The sensitivity is significantly improved from initial LIGO,134

giving a three-fold increase in the reach (or a volume of space135

⇠ 30 times greater) for binary black hole mergers in the mass136

range addressed in this paper. This enabled the successful137

search reported on here.138

The instruments deliver a time series which is proportional139

to the gravitational-wave strain. The instruments have a char-140

acteristic sensitivity curve determined by rapidly rising ⇠ f �2
141

thermal and technical noises for frequencies below ⇠ 150 Hz142

and by a gradual increase ⇠ f of quantum sensing noise above143

⇠ 300 Hz. The sensitivity of the detectors during O1 are show144

in Fig. 1. The gravitational-wave signal from a binary black145

hole (BBH) merger takes the form of a chirp, starting at low146

frequencies and increasing frequency and amplitude as the147

black hole spiral inwards. The amplitude is maximum at the148

merger, after which it decays rapidly as the final black hole149

rings down to equilibrium. Figure 1 shows the waveform for150

the GW150914, GW151226 and LVT151012 overlaid on the151

noise curves of the detectors, with the amplitudes scaled so152

that the area under the curve provides the signal to noise ra-153

tio of the events. The amplitude of GW150914 is significantly154

larger than the other two events and the merger lies well above155

the noise. GW151226 is weaker but sweeps across the detec-156

tor’s sensitive band. The time series plots show the difference157

in duration and amplitude: GW150914 lasts only a few cycles158

while GW151226 is lower amplitude but lasts longer.159

The first Advanced LIGO observing run included data from160

September 12, 2015 to January 19, 2016. The configuration161

of the detectors was reported in [1], while detector characteri-162

zation relevant to the first 16 days of data was reported in [13]163

and the calibration of the data in [44]. Here we give a brief164

summary of the data set for the whole of the first observing165

O1 BBH Detections



Sky LocationSky Location

230 deg2
850 deg2



Sky LocationSky Location



# EVENTS d3 T

1 day of data at a range of 80 Mpc is equivalent to 64 days at 20 Mpc
1 day of data at a range of 100 Mpc is equivalent to 2 days at 80 Mpc

it’s good to observe for a long time,
it’s even better to improve the sensitivity further

for this reason science runs are stopped and time is dedicated to commissioning
in order to further increase the volume of observable universe (d3) and improve

the machine stability (T)

Why does data taking stop?



Second Observation Run (O2)
(November 2017 – end August 2017)

L1 
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Improvement at low 
frequency mostly due to 
mitigated scatter light 

noise 
 
 

Significant average range 
improvement (+20%) 
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H1, O2 range: BNS = 68 Mpc

LIGO G-1602060 

Noise improvement at high 
frequency due to 30% 

higher power 
 

Average range slightly 
worse than O1 (by 10%): 

higher power à larger jitter 
noise at low frequency 

Advanced Virgo will join later O2



GW170104 
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BP Abbott et al (LVC), PRL 118 (2017), 221101  
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JAN 4TH, 2017: FIRST O2 DETECTION. PUBLISHED ON PRL, JUN 2ND    



with a network matched-filter signal-to-noise ratio (SNR) of
13. At the detection statistic value assigned to GW170104,
the false alarm rate is less than 1 in 70 000 years of coincident
observing time.
The probability of astrophysical origin Pastro for a candi-

date event is found by comparing the candidate’s detection
statistic to a model described by the distributions and rates of
both background and signal events [8,32,33]. The back-
ground distribution is analysis dependent, being derived from
the background samples used to calculate the false alarm rate.
The signal distribution can depend on themass distribution of
the source systems; however, we find that different models
of the binary black hole mass distribution (as described in
Sec. VI) lead to negligible differences in the resulting value of
Pastro. At the detection statistic value of GW170104, the
background rate in bothmatched filter analyses is dwarfed by
the signal rate, yielding Pastro > 1 − ð3 × 10−5Þ.
An independent analysis that is not based on matched

filtering, but instead looks for generic gravitational-wave
bursts [2,34] and selects events where the signal frequency
rises over time [35], also identified GW170104. This
approach allows for signal deviations from the waveform
models used for matched filtering at the cost of a lower
significance for signals that are represented by the consid-
ered templates. This analysis reports a false alarm rate of
∼1 in 20 000 years for GW170104.

IV. SOURCE PROPERTIES

The source parameters are inferred from a coherent
Bayesian analysis of the data from both detectors [36,37].
As a cross-check, we use two independent model-waveform
families. Both are tuned to numerical-relativity simulations
of binary black holes with nonprecessing spins, and intro-
duce precession effects through approximate prescriptions.
One model includes inspiral spin precession using a single
effective spin parameter χp [38–40]; the other includes the
generic two-spin inspiral precession dynamics [41–43]. We
refer to these as the effective-precession and full-precession
models, respectively [44]. The two models yield consistent
results. Table I shows selected source parameters for
GW170104; unless otherwise noted, we quote the median
and symmetric 90% credible interval for inferred quantities.
The final mass (or equivalently the energy radiated), final
spin, and peak luminosity are computed using averages of fits
to numerical-relativity results [45–49]. The parameter uncer-
tainties include statistical and systematic errors from aver-
aging posterior probability distributions over the two
waveform models, as well as calibration uncertainty [37]
(and systematic uncertainty in the fit for peak luminosity).
Statistical uncertainty dominates the overall uncertainty as a
consequence of the moderate SNR.
For binary coalescences, the gravitational-wave frequency

evolution is primarily determined by the component masses.
For highermass binaries, merger and ringdown dominate the

signal, allowing good measurements of the total mass M ¼
m1 þm2 [53–57]. For lower mass binaries, like GW151226
[3], the inspiral is more important, providing precision
measurements of the chirp mass M ¼ ðm1m2Þ3=5=M1=5

[58–61]. The transition between the regimes depends upon
the detectors’ sensitivity, and GW170104 sits between the

TABLE I. Source properties for GW170104: median values
with 90% credible intervals. We quote source-frame masses; to
convert to the detector frame, multiply by (1þ z) [50,51]. The
redshift assumes a flat cosmology with Hubble parameter H0 ¼
67.9 km s−1 Mpc−1 and matter density parameter Ωm ¼ 0.3065
[52]. More source properties are given in Table I of the
Supplemental Material [11].

Primary black hole mass m1 31.2þ8.4
−6.0M⊙

Secondary black hole mass m2 19.4þ5.3
−5.9M⊙

Chirp mass M 21.1þ2.4
−2.7M⊙

Total mass M 50.7þ5.9
−5.0M⊙

Final black hole mass Mf 48.7þ5.7
−4.6M⊙

Radiated energy Erad 2.0þ0.6
−0.7M⊙c2

Peak luminosity lpeak 3.1þ0.7
−1.3 × 1056erg s−1

Effective inspiral spin parameter χeff −0.12þ0.21
−0.30

Final black hole spin af 0.64þ0.09
−0.20

Luminosity distance DL 880þ450
−390 Mpc

Source redshift z 0.18þ0.08
−0.07

FIG. 2. Posterior probability density for the source-framemasses
m1 and m2 (with m1 ≥ m2). The one-dimensional distributions
include the posteriors for the two waveform models, and their
average (black). The dashed lines mark the 90% credible interval
for the average posterior. The two-dimensional plot shows the
contours of the 50% and 90% credible regions plotted over a color-
coded posterior density function. For comparison, we also show
the two-dimensional contours for the previous events [5].

PRL 118, 221101 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
2 JUNE 2017

221101-3

GW100104: PARAMETERS

BP Abbott et al (LVC), PRL 118 (2017), 221101
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Image credit: LIGO/Caltech/Sonoma State (Aurore Simonnet) 

MORE ON GW170104 AND ITS IMPLICATIONS FOR ASTROPHYSICS AND GR TESTS IN  
THE TALKS BY C VAN DEN BROECK (THU) AND M MAPELLI (FRI) 



To find the direction to a source, 
triangulate with a global network

Abbott, et al., Living Rev. Relativity, 19, (2016), 1

… here, 
illustrated 
with LIGO 
and Virgo.
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3-D	projec+on	of	the	Milky	Way	onto	a	transparent	globe	shows	the	probable	loca+ons	of	confirmed	detec+ons		
GW150914	(blue),	GW151226	(orange)	and	GW170104	(pink),	and	the	candidate	LVT151012	(green).	The	outer		
contour	for	each	represents	the	90	percent	confidence	region	while	the	innermost	contour	is	the	10	percent	region.		
Image	credit:	LIGO/Leo	Singer	(Milky	Way	image:	Axel	Mellinger)		
 

– Localization is a key ingredient to find electromagnetic 
counterparts and open the era of multimessenger astronomy

– Virgo will soon contribute to improve the localization (adding a 
3rd detector to the triangulating network) 

Towards the network



Since last Virgo Week
• First AdV Commissioning Run (C8) performed in May (5th to 8th);
• ER11 in June in coincidence with LIGO:

• First fraction from 16th to 19th: BNS range fluctuating between 5 to 9 Mpc, duty cycle around 70%;
• Second half from 23rd to 26th: reduced BNS range fluctuations (8-9 Mpc), duty cycle close to 80%;

• Since then, activities focused on noise hunting and sensitivity improvement:
• Investigation on scattered light from B4 ghost beam;
• Magnetic and acoustic noise injections;
• Switch off tests;
• Tackling the origin of the moving lines forest;
• SDB1 scattered light.

• Non linear growth of the BNS range:
• Milestone “20 Mpc” reached on July 14th.
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– First	AdV Commissioning Run (C8)	performed in	May (5th	to	8th);	
– ER11	in	June in	coincidence with	LIGO:	

– First	fraction from	16th	to	19th:	BNS	range fluctuating between 5	to	9	Mpc,	duty	
cycle around 70%;	

– Second	half from	23rd	to	26th:	reduced BNS	range fluctuations (8-9	Mpc),	duty	
cycle close to	80%;	

– Since then,	activities focused on	noise hunting and	sensitivity improvement:	
– Investigation on	scattered light	from	B4	ghost beam;	
– Magnetic and	acoustic noise injections;	
– Switch	off	tests;	
– SDB1	scattered light.	

– Non	linear	growth of	the	BNS	range:	

Milestone “20	Mpc”	reached on	July 14th.	

Advanced Virgo Status



Sensitivity evolution
Sensitivity evolution
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default

Summary

Sum of projected noises at 32 Mpc
Gap between measured noise and explained noise is shrinkingx

Michał Wąs (VIR-0571A-17) 2017 Jul 17 6 / 6

Where do we stand

• Between 20 Hz - 30 Hz, control noise
or timing noise?

• From 30 Hz to 70 Hz nearly thermal
noise limited (except 50 Hz bump); 

• In the bucket, from 70 Hz to 150 Hz, 
non stationary noise; 

• Above 150 Hz:
• Violin modes;
• Some structures and peaks most likely

associated to SDB1;
• Mystery noise floor above shot noise.

Sum of projected noises at 32 Mpc
Gap between measured noise and explained noise is shrinking



– Currently:	BNS	range 20	Mpc and	30	Msol BBH	range about 107	
Mpc;	

– Improving the	sensitivity at low frequencies:	
– BNS	range increase by	a	few Mpc;
– 30	Msol BBH	range increase 20-25%;	

– Between 70	Hz	and	200	Hz:
– About 15Mpc	increase for	BNS;

– Marginal gain	for	30Msol	BBHs;

– Above 200	Hz:
– About 2.5	Mpc for	BNS;
– No	gain	for	30Msol	BBHs.	

Where do we stand
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• Between 20 Hz - 30 Hz, control noise 
or timing noise?

• From 30 Hz to 70 Hz nearly thermal 
noise limited (except 50 Hz bump);

• In the bucket, from 70 Hz to 150 Hz, 
non stationary noise;

• Above 150 Hz:
• Violin modes;
• Some structures and peaks most likely 

associated to SDB1;
• Mystery noise floor above shot noise.

• More in Irene and Michal talks.

Where do we need to push?



We have now reached the minimum 
sensitivity goal for the “Early” 
configuration; 
This matches the milestone to join O2;

There is still room for improvement:
– Design sensitivity accounts for about

45 Mpc for BNS;
– Not all noise sources identified;
– More noise hunting and loops fine 

tuning ongoing;
– Not easy to predict how fast 

improvements could come. 

Steps towards O2
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• We have now reached the minimum 
sensitivity goal for the “Early” 
configuration;

• This matches the internal (but told to 
LIGO, the STAC and the EGO Council) 
milestone to join O2;

• There is still room for improvement:
• Design sensitivity accounts for about 45 Mpc

for BNS;
• Not all noise sources identified;
• More noise hunting and loops fine tuning 

ongoing this week, profiting of the improved 
sensitivity;

• Not easy to predict how fast improvements 
could come.

• LIGO plans to end O2 on August 25th

On the way to join O2



Roughly 1 year gap between O2 and O3

Both LIGO and Virgo will undergo significant upgrades

Virgo:
– monolithic suspensions
– high power laser

LIGO:
– high power laser
– squeezed light injection 

Pushing forward to O3



LIGO

Virgo

 2015 2016 2017 2018 2019 2020 2021 2022 2023

KAGRA
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B.P.	Abbo]	et	al.	"Prospects	for	Observing	and	Localizing	Gravita+onal-Wave	Transients	with	
Advanced	LIGO,	Advanced	Virgo	and	KAGRA"	(in	prepara+on)	

…and LIGO India plans to come on line with Advanced LIGO sensitivity  
– with any upgrades incorporated – in 2024 



THE MID-TERM GOAL 
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Localization capabilities of the 2G network 
at mid 2020s: 
>60% of the sources localized within 10 deg2 

S Fairhurst, CQG 28, 2001 

The mid-term goal



The path from Advanced Virgo to Einstein Telescope
See VIR-0136A-16

Sensitivity of Advanced Virgo will be improved further within current infrastructure limits
• Additional hardware implementations are planned: MS, FDS, HPL, SR
o Main limits: mirror thermal noise and quantum noise

• New ideas are under study
o Larger beam and larger mirrors, and better coatings
o Newtonian noise subtraction, and improved suspensions

Phased approach
• Phase I: achieve design sensitivity (2017 – 2021)
• Phase II: achieve maximum sensitivity (1.5 x AdV design) within infrastructure limits (2021 – 2025)
• Phase III: optimize AdV in view of a new available infrastructure (> 2025)

From Advanced Virgo to Einstein Telescope
• Scientific excellence with the network of advanced detectors: LIGO, Virgo, KAGRA
• Vigorous and international R&D program focused on third generation with spin-off to advanced detectors
• Position Virgo as an attractive international gateway to GW science

Strategic decision of EU agencies on their commitment for ground-based GW science is required
• Important roles for ApPEC and GWIC

56

Vision beyond Advanced Virgo



Visions of 3rd generation detectors
Schematic of the Einstein 
Telescope, a proposed 10-km 
underground detector.

Noise spectrum of Cosmic 
Explorer, a proposed 40-km 
above-ground detector.

Source: https://www.aei.mpg.de/18498/
03_Einstein_Telescope

Abbott et al., Class. Quantum Grav. 34 
(2017) 044001

3G

Einstein Telescope 
Underground 
Cryogenic 
10 km arms 
Triangular configuration 
1Hz - 10 kHz 

LIGO Voyager / Cosmic Explorer 
LV : reduce low frequency to 10Hz 
LV : Silicon mirrors 
LV : cryogenic 
CE : 40km arms 
CE : Triangular configuration


