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International Network

LIGO Hanford
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LSC
S For today )

* A bit about how the detector works

* Measurements of the Hubble constant

* How improvements to the detector network lead to
improvements in the astrophysics / cosmology.

* More than just range - stability, bandwidth, a good
network are also key.

* Finish with advertising for the future

G2000830 5
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output light, containing

gravitational wave signal
G2000830 6




The LIGO concept v.k@:’)
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output light, containing

gravitational wave signal
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The LIGO concept
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The LIGO concept V'k@:’)

input light

It’s sort of like this,
except spacetime is stretching,
and the mirrors don’t move.

T = 1 Period

4km arm cavity

4km arm cavity

I

output light, containing

gravitational wave signal
G2000830 7




The LIGO concept #Y)

Gravitational waves are hard to
measure because space doesn’t like to
stretch.

Our signal strain (h) = 10-2/,
dL = 4*10-'8 meters

(that’s why it’'s taken so long,
Einstein 1916,Weiss 1973)

4km arm cavity

4km arm cavity

input light

I

output light, containing

gravitational wave signal
G2000830 8




The LIGO concept *p)

How it really works

Gravitational waves are hard to |. Long arms
measure because space doesn’t like to 2. Precise measurement
stretch. 3. Quiet mirrors

4. Network

Our signal strain (h) = 10-2/,
dL = 4*10-'8 meters

(that’s why it’'s taken so long,
Einstein 1916,Weiss 1973)

4km arm cavity

input light 4km arm cavity

W

output light, containing
graVitationaI wave Signal G2000830 9




Long arms VIR

Since h = dL/L, more L gives you more dL of signal (below cavity pole)
Many low frequency noise sources are fixed dL of noise.
More L = better signal to noise at low frequency.

World’s largest UHV system - each arm is 4 km long, 4 ft. diameter

G2000830 10



Detector Noise (design)
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wmj

aLIGO new de81gn curve: NSNS (1. 4/1 4 My) 173 Mpc and BHBH 30/30 M@) 1606 Mpc
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Fabry-Perot arms

Goal 2: Measure distance A
change of arms very precisely | I

ETM

|

|

|

i Input :
Mode '

Cleaner

w about 300 bounces

T=3%

PRM PR2 -
Laser [>—¢m , ] 125WM \
| B

PR3 SRo
Resonant optical cavity improves the

SNR substantially in ‘the bucket’ = the

most sensitive frequency band. SAM T — s

- but -
It only works when the light is resonant. i i -->Q > GW readout

Output
Mode
Cleaner



LSC %
SC Lots of photons w%@

ERM
Goal 2: Measure distance —
change of arms very precisely
4 Km i
T Input i
Mode :
Cleaner !
{
PRM. PRo
¢m D/U . 1™ ETM
~70 W now ~40 W in 7IL | H
PR3 SR2 T=1.4% ERM
% ﬂv—
i T
‘ i = ;.;.
V2 & SR3

- =D O pp» G\W readout
Output
Mode
Cleaner
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Lots of photons

M

ETM

Goal 2: Measure distance A
change of arms very precisely

|
4 km |

|

i Input :
Mode :

|

|

Cleaner

~2 kW in PRC now——"™

L P , S [FTHEW T cp ~220 kW NOW
] g M s o in each arm &
~70 W now ~40W in 7 -
“X (750 kW final) =™
(5.2 kW final)

Power Recycling Cavity ...
. . . SRM 1 SRS
increases stored light to improve -

Fl

. . . PD
quantum noise limit - >0 > G readout

Output

Mode ~(O3a power from LLO log 49863, C. Blair

Cleaner
) 14




LSC |
ST Lots of photons #Y)

M

ETM

Goal 2: Measure distance \
change of arms very precisely

|
4 km |

|

i Input :
Mode :

:

|

Cleaner

[ Z2KWinPRCnowss ™ 2590 kW now
Laser —>—{bn , > 2 M@ e IT™ in each arm ETM
~70W now  ~40W in ' 7 |
s “ (750 kW final) =™
(5.2 kWV final)

High power has a price

- Local thermal distortion of the glass sa = —Jsre

optics caused by small imperfections in il - R
the coatings and limit current power. v

- Noise from scattered |ight, Jode O3a power from LLO log 49863, C. Blair
15




Quiet Mirrors VIR

ERM

Goal 3: Keep the —
mirrors from moving ’
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The LIGO vacuum equipment
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drawing courtesy of Oddvar Spjeld
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|Isolation of the Mirrors V'Rg)

N 3x|0 13 m/+/Hz at 10 Hz
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310 m/vHz at 10 Hz (busmess end of SUS) G2000830 18
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Pendulum Suspension 2

LIGO Mirrors: BSCISI~
Synthetic fused silica,
40 kg mass

34 cm diameter HEPI~__[i
20 cm thick

Suspended as a
4 stage pendulum Suspended_

- test mass

Best coatings available

Motion at 10 Hz set by
thermal driven vibration

-

silicate bonding creates a monolithic final stage GO000830 20



LHO suspension expert, Betsy Weaver LIG
with the Engineering prototype

VIR

G2000830 21



AG

Mirror plcts VIRG

G2000830 22
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AG

Range VIR

Binary neutron star inspiral range

100
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60

401

Angle-averaged range [Mpc]

: 9 10.5 12 13.5 15 16.5
Time [weeks| from 2015-09-18 00:00:00 UTC (1126569617.0)

1.5 3 4.5 6 7.5

O3a network range: <https://summary.ligo.org/~detchar/summary/1238166018-1253977218/range/>
O2 network range: <https://summary.ligo.org/~detchar/summary/1164556817-1187733618/range/>
O1 network range: <https://summary.ligo.org/~detchar/summary/1126623617-1136649617/range/> G2000830 24
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LIGO binary neutron star sensitivity i
350.0 - =L LIG
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Events! )

Cumulative Count of Events and (non-retracted) Alerts
01 =3, 02 =8, O3a =33, O3b =23, Total =67

70

(o)
o

o1
o

O1 02 O3a 703b

Cumulative #Events/Candidates
N W =
o o o

-t
o

0 100 200 300 400 500 600 700

LIGO-G1901322 Ti me (Day S) Credit: LIGO-Virgo Collaboration

LIGO-GI901322  ,000830 27



LSC ) .
Measurlng HO V.k'gg}’?

HO - need to measure Distance and redshift (velocity)
GWVs offer new ways to do this.
Amplitude of the GWV is set by chirp mass, orientation,
distance, and more
Velocity is set by redshift of the event’s host galaxy.
- with visible counterparts like a BNS

e.g. GWI170817 & visible kilonova

- without a unique counterpart, e.g.a BBH
e.g. GWI170814 & DES galaxy catalog

G2000830 29
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GW 170817 sy

Binary Neutron Star merger with kilonova and GRB.
Measure of HO is 70.0 +12/- 8 km/sec/MPc

Distance from GWV alone is 43.8 +2.9/-6.9

Largest uncertainty still inclination angle [ 144, 180]

Angle/ inclination degeneracy reduced by fitting waveformes,
and knowing true angular location.

Velocity inferred from redshift of the associated galaxy NGC
4993. largest uncertainty from the peculiar (non-Hubble flow)
velocity. (3,017 +/- 166 km/sec)

Multiple events are a good way to improve both of these.

Analysis says: improved range = events with good (useful) SNR
at greater distance. Recent experience is more cruel.

G2000830 31



Figure 1. GW 170817 measurement of Ho
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Figure 2. Inference on Ho and inclination
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The LIGO Scientific Collaboration and The Virgo Collaboration, the IM2H Collaboration, the Dark Energy Camera GW-EM Collaboration and the DES
Collaboration, the DLT40 Collaboration, the Las Cumbres Observatory Collaboration, the VINROUGE Collaboration & the MASTER Collaboration,

A gravitational-wave standard siren measurement of the Hubble constant, 2017,
https://doi-org.stanford.idm.oclc.org/10.1038/nature2447 |
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DS,
&

GW 170814 y

Measure of HO is 75.2 +39.5/-32.4 km/sec/MPc
Distance from GWV alone is 540 +130/ -210

DES galaxy distribution . _

Possible location on the sky
constrained to 61.66 deg?.

Velocity inferred statistically from
the redshift of the ~77,000 galaxies
(~6,000 have measured redshifts) in
the 90% credible volume.

Improvements from multiple
measurements, better localization,

and improved galaxy catalogs.



VIRG

Ho from | BBH event

0.012
= DES GW170814
0010 GW170817
' ShoES
Py 1 Planck
=.0.008 |
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~ 0.006 - | |
= | |
= | |
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Figure 3. Hubble constant posterior distribution obtained by marginalizing over ~ 77,000 possible host galaxies (red line), showing the

maximum value (solid vertical line). The maximum a posteriori and its 68% confidence level is Hy = 75.27353 km s Mpc™' for a flat prior in

Multiple collaborations,
A gravitational-wave standard siren measurement of the Hubble constant, 2017,
https://doi-org.stanford.idm.oclc.org/10.1038/nature2447 | G2000830 34
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LSC

Projected year

2019 2022 2023 2025 2026
a 1 1 1 1 1 1
102 - 3
= 10
1 00 I I I I I
b 10’ E 3
<
o
<.
I
10 3
O3 HLV Design HLV ~ Design HLV  Design HLVJI Design HLVJI
first year first year second year first year second year

Fig. 1 | Projected number of BNS detections and corresponding
fractional error for the standard siren H, measurement. a, The expected
total number N of BNS detections for future observing runs, using the
median merger rate (solid green curve) and upper and lower rate bounds
(shaded band). b, The corresponding Hy measurement error, defined as half
of the width of the 68% symmetric credible interval divided by the posterior
median. The band corresponds to the uncertainty in the merger rate shown
in a. These measurements assume an optical counterpart, and the associated
redshift, for all BNS systems detected with gravitational waves.

Predictions

AOG
VIRG

Projected year

102 20,1 9 20,22 20,23 20,25 20|26
] — BNS with counterpart 10M5-10M, BBH without counterpart
-@- BNS without counterpart -@-- 30M5;-30M, BBH without counterpart
------- ®---—---—-@--___
. ~~~~~~~ @ ®o--—____ P
\,. _________
— 107 - 6
S ] T -
o ~-
<,
T
100 - B
(OX] Design Design Design Design
HLV HLV HLV HLVJI HLVJI
first year first year second year first year second year

Fig. 2 | Projected fractional error for the standard siren Hy measurement
for BNSs and BBHs for future gravitational-wave detector networks. The
green shaded band corresponds to the BNS rate uncertainty (see Fig. 1); the
same uncertainty applies to the ‘BNS without counterpart’ curve. For the
‘without counterpart’ curves, we adopt a statistical standard siren approach
using only events localized to within 10,000 Mpc®; events with larger
volumes do not contribute noticeably (see the text). Constraints from BBH
systems without counterparts are inferior, despite higher rates, owing to the
larger numbers of potential host galaxies per event.

H-Y Chen, M. Fishbach, D. Holz,
A two per cent Hubble constant measurement from standard sirens within five years, 2018

https://doi.org/10.1038/s41586-018-0606-0 G2000830 35



https://doi.org/10.1038/s41586-018-0606-0

No EM counterparts in O3. V'R@:’)

50% area: 1378 deg?
90% area: 7461 deg?

51904252

BNS (>99%)

FAR 1/79,000 years 0°
distance: 156 +/- 41 MPc

LI,VI only

50% area: 3472 deg?
90% area: 14753 deg?

S190901ap

BNS (86%), Terrestrial (14%)
FAR /4.5 years,

distance: 24| +/- 79 MPc,
LI,VI only

-60°

https://gracedb.ligo.org/superevents/public/O3/

G2000830 36


https://gracedb.ligo.org/superevents/S190901ap/view/
https://gracedb.ligo.org/superevents/S190425z/view/

't should look like this v

50% area: 8 deg?
90% area: 41 deg?

5200129m

BBH >99%

d: 755 +/- 194 MPc

FAR 1/ 4.7e23 years 0°
HI,LI,VI

180

G2000830 37



AG

Operational State in O3b VR

With only 3 detectors, localization is
compromised ~50% of the time

H1 operational state
[1256655618-1269363618, state: all]

M Observing [78.8%]

B Ready [0.9%]
Locked [2.1%)]

M Not locked [18.2%]

Network duty factor
[1256655618-1269363618]
Triple interferometer [51.0%)
Double interferometer [34.3%)]
Single interferometer [11.2%)]
M No interferometer [3.4%]

L1 operational state
[1256655618-1269363618, state: all]

M Observing [78.6%]

B Ready [0.5%]
Locked [3.4%)

M Not locked [17.2%)]

When LIGO-India comes online and

as KAGRA performance improves,
you get

|) Better polarization info,

2) Much better chance of 3-detector
coverage of the sky.

Virgo operational state
[1256655618-1269363618, state: all]
B Observing [75.6%]
Locked [6.9%)]
B Not locked [17.5%)]

https://summary.ligo.org/~detchar/summary/O3b/  G2000830 38



‘borrowed’ from last week,
information about spin, etc,
encoded in polarization and
waveform evolution.

In addition to the physics
encoded in the BH spin, this can
break the distance/ inclination
degeneracy.

the hope VIRG

= Post Newtonian expansion in powers of v = (m/a)

h, h,

] ]
0 200 400 600
t/M

(b)

o Perturbation theory

1/2

= 1.5PN is O(v?’) etc- algebraically rich even with symbolic manipulation
m Perturb near, wave zone metrics and match

= Different groups getting different answers at the highest order due to subtleties in regularization

-----------

NR
0.1 Hybrid
e
=" 0 /o
-0.1
-0,2
-2000 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 =200 0
LeTiec 1408.5505 UM
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Strain (102") Strain (102)

Strain (10%")

LIGO Livingston Data Predicted

LIGO Hanford Data (shifted)

LIGO Livingston Data

0.35 0.40
Time (sec)

The current capability  viR&

L1G

h., h,

] ] ]
0 200 400 600
t/M

(b)

Roughly 8 cycles of good data,

Currently, we don’t do much with the data
below ~30 Hz.

Better low-frequency noise = better
astrophysics.

0.2

s NR 3.5PN

-0,2" ! - : : : . : : :
-2000 -1800  -1600  -1400 -1200 -1000  -800 -600 -400 -200

LeTiec 1408.5505 M
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Detector Noise (design)

AG
wmj

aLIGO new de81gn curve: NSNS (1. 4/1 4 My) 173 Mpc and BHBH 30/30 M@) 1606 Mpc
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Noise at 10-100 Hz =4

p— p— p—
< < <
—_ —_ —_
© oo ~

Displacement, m/Hz'/?

f—

<
O
()

— Measured noise
Quantum noise
—— Dark noise

—— Thermal noise
(Gas noise
MICH control

— Seismic+Newtonian Suspension damping |-

SRCL control
— Angular controls
Output jitter

— Suspension actuation
— Expected noise

S L L

Frequency, Hz

quantum
""""""""""""" thermar ]
2
10

Denis Martynoy, et. al.

(a) LIGO Livingston Observatory
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What’s next? V"L*'gg’)

mm O1 O2 == O3 O4 05
80 100 110-130 160-190 Target
Mpc  Mpc Mpc Mpc 330 Mpc
LIGO - B i
30 50 90-120 150-260
] Mpc Mpc Mpc Mpc
Virgo _ I
8-25 25-130 130+
Mpc Mpc Mpc
KAGRA ] 1
Target
330 Mpc

LIGO-India

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Timeline from: Prospects for observing and localizing gravitational-wave
transients with Advanced LIGO, Advanced Virgo and KAGRA

https://doi.org/10.1007/s41114-018-0012-9 G2000830 43



LIGO A+ (for O5)

LIGO Sensitivity
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created by plot_spectr
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3G detecto rs
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3G detecto rs v'k@’)

— 2LIGO —5
A+ '

= \Oyager

= Hinstein Telescope [

Cosmic Explorer

1 /Hzm]

Strain

10~ L wideband CE curve )
C T | . . P S R A | l l P S R R i |
1 2 3
10 10 10 https://doi.org/10.1088/1361-6382/aaS1{4
Frequency [Hz]
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https://doi.org/10.1088/1361-6382/aa51f4

10" |
= :
=
2
3
O
a2
10 :
w—aLIGO == ET
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Credit: Evan Hall Total source frame mass [M]
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How much could we see?

Reach of 3G Detectors

= me—— HOTr1Z0ON =
10% detected:
PBH? 50% detected.

~ First Stars Formed

AOG
VIRG
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