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Primer on gravitational waves

* Wave-like perturbation of space-time that travel at

the speed of light

* Predicted by Einstein in 1916

* Result from linearization of General Relativity field

equations

* Produce a change in proper distance between

geodesics

* Actin plane orthogonal to direction of propagation
* Two independent polarization
* Relative distance change (strain)

e Generated by systems with non-zero second derivative

of the mass quadrupole moment

e accelerated, non-symmetric mass distributions (i.e. binary

systems)

* Typical effect from astronomical sources is very small!
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Laser interferometers

* Inherently differential
* Broad band

* Long baseline

Laser

Phase: ¢ =4 (L,— L) /A~ AL
Power: Ppp = Pgs Sin?0

“+” polarized GW
propagating
orthogonal to the
screen
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Initial detectors: not just Michelson interferometers...

Arm cavities:
Input mode cleaner:

—_ L, Fabry-Perrot cavities
stabilizes frequency % >~ store light to
and cleans the laser mode - 3 effectively increase

length
v 3 km
Laser S > 4
Laser: . 10kW
10W -1064nm Power Recycling Mirror: Input End
reflects back light coming Mirror Mirror

from the beam splitter,
increasing power in the
arm cavities —r
RF Heterodyne
Readout
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A planetary network
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, Triangulation: source localization ==

Enhanced sky coverage More reliable source parameters estimation \
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Coincidence: increased detection confidence




Initial detectors results
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Adapted from R. Adhikari, Rev.Mod.Phys. 86 (2014) 121

e Showed that such instruments can be successfully operated

e Set upper limits on GW emission from several sources

10* 10
Frequency [Hz]

» Paved the (scientific, political and financial) way for Advanced Detectors
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From

Initial to Advanced

= = = Dual rec., 125W, tuned SR. Range: 119/985 Mpc
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...... — Virgo+ (Sept 13, 2011): BNS range: 13 Mpc
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Advanced detectors layout
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Laser: < >
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Signal Extraction =] 4 DCHomodyne
Mirror: : Readout
Changes the

frequency response

of the detector efodyr@utput mode cleaner:

doutReject junk light to clean
signal on photodetector
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From Initial to Advanced (design values)

Input Laser Mirrors Topology Seismic isolation ~ Mirror susp. Readout Sensitivity
10W Power-Recycled Single pendulum , RF 23 1412
(10 kW arm) 10ke Fabry-Perot (LF cutoff = 40 Hz) R etherodyne 3 10 Hz
180W Dual-Recycled  Quadruple pendulum L e DC 51024 Hz'Y/2 broadband
(>700 kW arm) 40 ke Fabry-Perot (LF cutoff = 10 Hz) MonothicS0: homodyne (tunable)
10W 21 k Power-Recycled Superattenuators Steel-wire RF 5 1023 Hp 12
(10 kW arm) & Fabry-Perot (LF cutoff few Hz) (SiO, in En. Virgo)  etherodyne
125W Dual-Recycled Superattenuators e DC 5 1024 Hz'V/2 broadband
(>600 kW arm) 42 ke Fabry-Perot (LF cutoff few Hz) MopolthieB10; homodyne (tunable)
——— Quantum noise : . I . ‘
- - B Gravity Gradients . D : :Qtl:iasrrlrt?cmngiosi:e
AISO Im p roved o _ : Suspension thermal noise . S : _gravnyGradiems I
: Coating Brownian no.ise . DT . - R - :ggsa::iigs;g:::ﬁ;r:ilo?:eise I
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10 "¢ ' Excess Gas : RIS 7 107 : i —Tzfaelsrfoiszs
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14 September 2015: the birth of GW astronomy |

The near future

Inspiral

* Engineering run (ER6) ongoing at LLO
*  Working towards 2 hours full lock at Hanford
* Ongoing commissioning
* First coincident Engineering Run: early 20157

10—21)

We could be listening
to the universe!

~—

* First coincident Observation Run: late 2015?

Strain

13-Sep-15

Cu rrently investigating Virgo Start Full Lock Test

5-Jan-15

-1.0

Physical Review Letters 116, 061102 (2016)

"""" loss (cleanliness?) issues ™\ .14 lHOEndOMCReadoutTest —  \ | — ﬂ:ﬁﬂiﬂt"ﬁﬁ -
LLO End OMC Readout Test 23-Feb-15 - 1-Mar-15 T b L 1

31-May-14 1-Dec-14 - 7-Dec-14 ER7-cal 12-sends - 13-Dec.15 . ; ; . :

N —
LLO Achieves OMC Readout ER-6 Cal 3-Aug-15 - 9-Aug-15 o1 L6} 44 E
\ I 01-Cal ﬁ 2 0.5 [ — Black hole separation 43 6
i [l (] / 'g 0.4 === Black hole relative velocity 42 B
S 04 e
— G | @ It . =
| u >03FE | | 1 1 1lp @
n

Loct1s |_| — i oectd e : 1Dects 0.30 0.35 0.40 0.45
13-Jan-14 - 14-Mar-14 -De¢-14 - 27-Dec- "Aug-1S -

3-Jun-14 - 12-Aug-14 ER6 —

LHO Vertex Final Installation 2-Mar-15 - 23-Mar-15
17-Sep-14 ER7

LHO Start Full IFO Test/Lock

—— - GW150914: a lucky first!

* C(Clear detection
* Unexpected source
* Important physical and astrophysical consequences
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LIGO: O1 and O2... up to August 2017

* 4 Binary Black Hole detections and GW150914
one likely candidate 70 i

e 12 (15) new Black Holes observed 60
* Unexpected mass range

* LIGO-Virgo Collaboration effort,
def_pite only LIGO instruments being
online
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GW150914 X-Ray Studies
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Tests of General Relativity —
o . N 08 Abbott et al. PRL 116, 221101 (2016)
* GW exists! No big surprise here... % o - T ——
* Signal vs GR models: o N AT T Y T R
* Deviation in residuals from random 02|
noise: <4% - -05 AAAAAAAAAAAAAAAAA AAAAAAAAAAAAAAAAA AAAAAAAAAAAAAAA |
 Parameter inferred from pre- and R I
post-merger phase are consistent - L
. . . . 03 :: ' N ! GWISMHTGWEIM_ 12: ' Abbott et al. PRX 6, 041015 (2016) |
* No evidence of deviation in PN ol Ll T |
parameters s ii O i - I-_g:i o= - t *

* Test of modified GW dispersion T
relation: |
Abbott et al. PRL 118, 221101 (2017)

E2 — pzcz +Ap“c“ ~ ?
* Upper bounds on graviton’s mass

]
&

We didn’t see new physics either!
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But we are happy about it... © lowl} S As0
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@
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Astrophysical results

* Bounds on merger rates: K Weak wind ]

12 — 230 Gpcyr~t i :

r— ;

* Observed black holes in unexpected o] 104~ 20ms  soa — -

mass range (R ol ;

* Hints on formation mechanisms and ' | ' RN
environment 2/,

e Estimates of mass distribution law
* Population estimates (needs more data)

Abbott et al. APJL 818:122 (2016)

* Hints on formation channels
e Low-metallicity needed for high-mass BH

% i | 3
remnant (;l’ lllllllllllllllllll 1.5Z v E
. . 75.102 ................ 075%6 ------- 'a
* Rates too high for some formation > e —
channels (but could contribute to total) & 10 XEig—

* Misaligned spins slightly favored T BH_BH
g i | , 3

0 1 2 3 4 5
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Advanced Virgo el

* Located near Pisa, Italy

* 3km long arms input
Mode
° Un|que Cleaner
superattenuator mirror
suspensions "
siB1 — o
SPRB
Isolator \
\
PRM POP

* Initial configupation:
* Low-power laser
* No SRM
* Steel-wire suspensions
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magnetsactuators)

|Coits fixed to ground

Suspended
Seismic Filters
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AdV guest to join O2

Advanced Virgo Semmvxty Progreqq

AdV best BNS range from May 7 (C8) to July 30 (ER12)
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Detectors sensitivity in O2

I.‘_\: 1)~ 19 e ]
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GEO-LIGO-Virgo gravitational-wave strain [h(t)]
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Virgo operated with very high duty

cycle (~85%)

I Science: 85.08 %
[ Locking: 8.71 %
B Calibration: 1.86 %
I Maintenance: 1.28 %
=3 Not locked: 1.26 %
I Locked: 1.15 %

B Adjusting: 0.41 %
Il Unknown: 0.25 %

((@)/ANINEY,



LIGO: O1 and O2... up to August 2017
|

L1 | | 1 L1

Duration Detections

H1 | | | 1 H1 | |
On
~8 mo. 2 On Off Sep oOct = Dec Jan Feb Jun Jul Aug Sep
~1 mo. 2 On  On \ \ \ /
T T T 100
Detections/month ~0.5 ~2 I UEIF“ 00
. - 80
70
L1 I - 60 &
]
2 — 50 5
S5 ﬁn o a2 o 4
-:% | ] 30
o 20
10
1 1 1 1 1 0
o] A M iy =] A )
o o + £ o2 2 5 5
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GW170814: 3-detectors BBH observatlon

I Hanford . ‘ Llwngston ‘ . Virgo

i
\

e 31 + 25 solar masses BBH coalescence

* Virgo contribution:
* Improved sky localization
* First ever polarization studies

Abbott et al. PRL 119, 141101 (2017) St ro ngly
= ~L0 5o 050 052 051 0% 046 048 00 052 051 056 046 048 050 052 051 0.6

favored Time [¢] Tome 12 .

T T T T T
D=0 250 500 750 1000
Mpc

Distance

Detectors antenna patterns for GW
polarizations

Vector Scalar

Localization

Tensor (GR
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GW170817: the birth of multi-messenger astronomy

* Signal promptly recognized as BNS candidate — @e(%e&%

* Long d uration @ 1750 Lightcurve from Fermi/GBM (50 — 300 keV)
* High merger frequency £ 1500
. Srr)ok.ing gun: short gamma ray burst 3 zzz N ko Y A
CO|nC|dence g 750_ m il W W 1"]' “ 1 II| i H....ml F "M\l\ L, H N..“ JI'TI i T'H'] "'""H Ly n MI ‘FI.JII\w“Tn il T'
(£a]
* VI rgo non-dEtECt,on ! Q Lightcurve from INTEGRAL/SPI-ACS
* Accurate localization by accounting for antenna £ ] kY
pattern £ 175007
2 115000 L Ll W i h Ll LA Y g I
RN ki 1l g i R
GW170104 E 112500
LVT151012
IR Gravitational-wave time-frequency map
GW151226 5 300
)
B, 200
GW170817 g
s
e GW150914 P
Gw170814\* ’ LGOS Le0Singer 50
(4 Vo g v i ~10 -8 —6 —4 —2 0 2 4 6

Time from merger (s)
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An unprecedented coordinated observational campaign

NGC 4993 SSS17a
0 ora 3 3
U O ; -
April 28, 2017 August 17, 2017
0 0 0 s GW Hubble Space Telescope Swope & Magellan Telescopes
LIGO, Virgo
y-ray
Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind
X-ray
Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL
Swift, HST
1M2H Swope DLT40 VISTA Chandra Optical & @
% Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAR 3
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILES E, TOROS,
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. .. o.. IR o— o
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: : N R im niyi
10.86h i ‘h||11.24h YJIK;| 9d X-ray :
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GW170817: scientific highlights

* Confiremed BNS mergers as sources of

sGRB

* Chace association probability > 5.3 o

» (weak) constraints on NS Equation
State

* Less compact stars disfavored

* Independent measurement of the
Hubble Constant

e By comparison of GW distance with
source redshift

* Measurement of the speed of GW
(compared to EM)
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GW170817: kilonova emission

e Contribution of heavy elements observed in

emission spectrum

e Support hypothess of formation by neutron capture

(r-process

* Evidence supports kilonova event

e Atypical luminosity vs distance

Inspiral Dynamical Accretion

PHASE

short GRB X-ray extended

coalescence

SIGNAL

Remnant

Eio (1 keV - 10 MeV) (erg)

10%¢

1055 L
10%4 |
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10°2 L
1051 L
10°° b
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RETI I
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]
I
: ® Long GRBs
: Short GRBs
* Abbott et al. ApJL 848:L13 (2017) 4 GRB170817A

&

Fernandez and Metzger, A.. Rev. Nuc. Part. Sci. 2016, 66
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To observe or to improve? This is the question...

107 7
] 02
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| | | I I ! ! ' ! 1 ! Commissioning,
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Gravitational wave observatories are here to stay (and be useful)!

* We now have a proven network of gravitational wave observatories
e “Routine” detection demonstrated

* Aroadmap exist for a steady increase in sensitivity:
* Detection rates to increase steadily and substantially run-by-run

* Virgo is an essential complement to the LIGO detectors
* Improved parameter estimation
* More precise sky localization -> Multi-messenger astronomy
* More detectors will join in the future

* Extremely rich scientific output even with few GW detections
* Consequences in fundamental physics, astrophysics, astronomy...

Thanks for listening... to the tune of gravitational waves!
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