- 8 >

The road to Advanced
LIGO s flrst observatlons

: N R

. OO Jess Mclver for the
LIGO SCIentlﬁc,CoIIaboratlon LSCj
- . .

PR G1400823

Y g R % %



Outline

Observing transient GW signals with Advanced
LIGO

— The Advanced LIGO interferometers
— Projected commissioning timeline
—-Likely observing scenarios

Detector characterization efforts
= Past strategies, challenges, and successes
— First glimpse of Livingston data quality
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_ allGO instrumental improvements
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iLIGO Thermal Noise
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aliGO ihétall‘at‘i.o”n a"n'd' testing

Pre stabilized laser




Input optics

Input
Mode
Cleaner /,-°

s
)
I
()

$'>|I_—_I| M
R .2 Power

Recycling
Cavity

Used for:
e Input laser stabilization

e Selecting for fundamental
Gaussian beam mode




allGO ihéta'll'at'i'o‘h and tesfihg ‘

Arm locking test
Arm Length Stabilization (ALS) E

Input
Mode

~27SMC3 P S
- S~ Cleaner 27" me2 A
MC1 ‘. [“ i ETMX TRANSMON
PRS [
L ALS

=

Pl

Power
- Recycling
Cavitv

Tests:
e Locking the interferometer arm
cavities with green laser light
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alIGO installation and testing

Power Recycled Michelson
Interferometer (PRMI)

Y
' “\ V|| JPR3 i
0 1 1
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~ Cd
s pRM .. Power s PRZ Toc

~

“>o——»2= Recycling
~ .
s Cavity

Vertex
locking

HAMZ

Signal
Recycling
Cavity

Differential

Arm Lengthee
Readout ,
Output
Mode
Cleaner

Power Recycling Cavity:

Recycles the power that
would exit via the power
recycling mirror
Increases cycled power
and reduces shot noise




Vertex
locking

Recycling
Cavity

Signal
Recycling
Cavity

Dual Recycled Mlchelson< srs [ SRM> HAMS
Interferometer (DRMI) \___

Signal Recycling Cavity:

e Tunable

* Increases sensitivity in
selected frequency band

Arm Length <<
Readout

/
Output |4
Mode
Cleaner
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-. Barsotti - March 9, 2012
Adapted from G1200071-v1
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.. Timeline: from eLIGO to alIGO -
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.. Timeline: the lead up to the first observing run -

2011 2012 2013 2014 2015

, 2016 "

4 2010 .

’ fom s +

o - G1AQORITT TR

R T

Ry SRETIE > - T e . -
g Tgit 4 3 P e



- aLIGO project acceptance requires: "

e Subsystems.meet their acceptance criteria
— Design and use documentation produced
— Meet individual performance requirements -4

 Each interferometer locks for an -extended
time (2 hours)

= Locking: acquire and‘maintain interferometer
resonance under automated control
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Comm|55|on|ng at lemgston e

Sensitivit Evolution of LIGO Delectors

+/-25% =>

iLIGO

LLO 1-June-2014: 0.58 Mpc

LLO 12-June-2014: 3.68 Mpc
LLO 28-June-2014: 5.87 Mpc
LLO 24-July-2014: 15.8 Mpc

LLO 30-July-2014: 20.14 Mpc || B

aLIGO BRSE

Improvmg
sensmwty

Increased !asef.poWer S
Noise hunting . )
Transition to DC readout
Improved optic : '

. alignment’and-angular
= gtability = oo e +

“ o 0_. =
é o
sl
-~ -
> o
. o ;
" Al
. .
721



[o—
w

[o—
w
'

—
(4]

p—
o

N
—_—
a
=
—U‘l
v le
-

le-24

ks

10

L. Barsott

. __®

-

Prior commissioning progression

-

G

el

- :;fvvv”f?””‘m'wlﬂﬂih

1000
Frequency [Hz]

. 'G14Q0823 - *

.
..o

LLO 4km - S2 ¢

LHO 4km - 83 ¢ 1.0
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LIGO ISR
=151 Aug. - Sep. 2002
N7 days BNS reach ~100kpc
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10 Measured noise

Noise budget Seismic noise

Bosem noise

Livingston - August 16, 2014 e

— Suspension thermal noise

. [ : - Coating brownian noise
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: - Quantum noise
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The chaIIenges of comm|55|on|ng

. Many effects cannot be tested prlor to Iarge scale
' Implementahon

-~ * Often noise sources stem from the mteractlon of -

dlfferent subsystems and cavities .
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Rate x Volume x Time

Epoch
2015

2016-17
2017-18
2019+
2022+ (India)

“Planning observing runs

" Number of detections =

- > v 8 e @ . - e S 2
3 - . . » -
- . . .

_ TR BT : ) Advanced LIGO
: : e iy s sl B Early (2015, 40 — 80 Mpc)
: s X Mid (2016-17, 80 — 120 Mpc)
. | Late (2017-18, 120 - 170 Mpc)
o £ Il Design (2019, 200 Mpc)

BNS-optimized (215 Mpc)

strain noise amplitude (Hz~ %)

+ p
i 2
o 2
: frequency (Hz)
& .
o . = -

Estimated | Ecow = 107*M_. ¢ Number % BNS Localized
Run Burst Range (Mpc) of BNS within
Duration Detections : ‘.?(](1(»_«,;2
3 months | 40 - 60 40 - 80 - 0.0004 - 3
6 months | 60 =75 20 - 40 80 = 120 20 - 60 0.006 = 20
9 months 70 —90 40 = 50 120 - 170 | 60 =85 0.04 - 100
(per year) | 105 10 - 80 200 65— 130 | 0.2 - 200
(per year) 105 80 200 130 0.4 = 400

.

>
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Planning observing runs 4

B Early (2015, 40 - 80 Mpc)
Mid (2016-17, 80 - 120 Mpc)
B Late (2017-18, 120 — 170 Mpc)
Il Design (2019, 200 Mpc)
BNS-optimized (215 Mpc)

For Binary Neutron Stars:

" Number of detections =

Rate x Volume x [Time|
SOAUHDNSIRBIR - ;T e

strain noise amplitude (Hz~"?)

10°
frequency (Hz)
. = 3

Estimated 8 Eow = 107°M_.¢* Number % BNS Localized
Run Burst Range (Mpc) BNS Rang of BNS ‘within

92

Epoch Duration Virgo Detections
2015 3 months § 40 - 60 - 40 = 80 - 0.0004 - 3
2016-17 6 months § 60 - 75 20 - 40 S0 - 120 20 - 60 0.006 — 20

2017-18 9 months § 75 - 90 40 - 50 120 - 170 | @60 — 85 0.04 - 100
2019+ (per year) | 105 10 - 80 200 55— 130 | 0.2 - 200
2022+ (India)§ (per year) 105 A 200 130 0.4 = 400




Outline

Detector characterization efforts
— Past strategies, challenges, and successes

— New approach to characterizing complex instrumentation
— First glimpse of Livingston data quality :

yb s L e e T T T



o = .
&

GW search pipelines are adversely
affected by non-Gaussian data!

Long tails (outliers)
in all-sky GW
burst search
background
triggers greatly
restrict
achievable false
alarm rate.

Non-Gaussian noise
confuses
parameter
estimation for all
transient
searches.
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H1 - first 2 months of S6

Single detector transients - Bl Veoed oy caz0a

| After data quality vetos . BB Vetoed by Cat3 DQ
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Example: NINJA2 search r.e.sults'
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Actual
5 . ' injected
Time [seconds] . ¢
ﬁ;——_ “6( 3 5 8()' 5 5 105
Normalized tile energy ™ (M.,

arvix 1401.0939 (a) (b)
: A normalized spectrogram of Solid blue —the 95% credible
| region for mass estimation

showing a transient event, or based on EOBNRv2 analysis

glitch, that happens to occur at using recolored noise.

the time of the injection. Dashed pink — in Gaussian noise.
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Rate [Hz]

Number of events vs. Ioudness h|stogram

Entnes

Mean

~ RMS

s Underflow

Overflow
c x2/ ndf 2.643/5

~ Constant  2.064e+04 + 10032

1.77+0.08

10min rate trend (blue: all — green: SNR>10.0)
all: 0.02+ 0.01 Hz (median=0.01 Hz) SNR>10: 0.92+ 1.55 mHz

(Pl PP PR PN | i e |

-3 L
107 >

P sl
4 6 8 10 12 14 16 18 20 22 24
time [hours since Aug 21 2010 00:00:00 UTC]

1400823

Rate [Hz]

. : Entnes -
Gaussmn Mean
.noise: bl RMS
predlctlon Underflow

' Overflow
¥2 / ndf
Constant

9.282/5
9706 £ 3405.3
2.075 + 0.091

10min rate trend (blue: all — green: SNR>10.0)
all: 0.07+ 0.13 Hz (medlan 0.02 Hz) SNR>10: 15.39 + 45.59 mHz
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107 2 4

6 8 10 12 14 16 18 20 22 24
time [hours since Jul 25 2010 00:00:00 UTC]




What kinds of glitches affect the

transient GW searches?
: The burst search, requiring coherence and time coincidence
between ifos, is more affected by very frequent glitches

Detector

characterization

frequency [Hz]

18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
time [hours since Aug 13 2010 00:00:00 UTC] time [hours since Aug 21 2010 00:00:00 UTC]
4 X .:' ‘. . : . = - > . . . A . .. . G]'-4OOT8-23 o .. - '. ’ . ' T . ..” .-. d » ) . 31

4 7 Example: ‘Grid’ Glitches - *:



What kinds of glitches affect the
transient GW searches?

The CBC search is more affected by very loud glitches, which will convolve with many
waveform templates in the template bank and pollute large chunks of data

Example ’Sp11<e Glitches *

L1LSC-DARM_ERR at 554150286 648 withQ of 5 L1LSC-DARM_ERR at 854150256 6458

116‘
.w”

u nhn‘ '” m {01 14

Mz

Frequency
Amplitude [107)

Time [seconds)

10 15 . 2 . : L.
Neemalized tile energy lime [seconds]
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A

. Livingston full interferometer glitching ¢ |

.o’

. Calibrated DARM (differential arm length) glitch rate comparison

-G ; . ® ‘- B =< o - ° .. . e ? A : ] 3¢

September 2010 (S6) - ¢ - .. - - August2014

L
E

Trigger Rate [H
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= - early DQ issue dlagn05|s

Callbrated DARM - 1 hour on August 9t 2014

L 28

6.568820 -8
4 16\,}*:7
3.029348

2.057217

1.397047

0.948729

0.878068

0.812670

N
=
>
v
£
0
3
g
.

0.752143

Amplitude spectral density (Counts / VHz) Normali

00:10 00:40 00:50

00:20 " Time (minutes)

L
o
[Q
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An early DQ issue dlagn05|s

Callbrated DARM - 1 hour on August 9t 2014

L 28

30.886139

14.243788

3.029348

2.057217

1.397047

0.948729

Frequency (Hz)

0.878068

|

<|‘||n il ! | | 1| ‘ | 0.812670

N
=
>
v
£
0
3
g
.

00:10 00:20 Time (minutes) 00:40 00:50 00:60




Calibrated DARM (differential arm length)
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T.hé rhechénisfn : majdr 'cérry.trén'si'tior;DAC gl:itthing
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3 | Time series |
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T.hé rhechénisfn : majdr 'cérry'trén'si'tior.\‘DAC gl;itthing

Time series ' e AR s iy
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.................... . POWE recycling First dubbed =

.. “zero crossing”™

- glitches.~  ~ :
identified when . 4~
vertex cavity 4

_actuation signals
‘crossed zero, .
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T.hé rhechénisfn : majdr 'cérry'trén'si'tiori‘DAC gl:itthing

Time series

T J T T T T T

111111111111111I1|

e

Power recycling

mirror actuation

' Major-carry
transitions:

_ single-code

. transitions that

~ cause a most :
significant bit (to Y

~change because

of the lower bits
“transitioning.

Examples:

= o111 | 1000 8

B 1000 @ 011 B
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Offset applied to vertex cavity actuation i

B |

Time series of power recycling cavity length control signal

.. A d
.
® .
1 H = - - - . - 1 b L = -
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o 4 - Gl4g0823- % .
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Offset applied to vertex cavity actuation

Time series of power recycling cavity length control signal

AR

|

An offset is applied to the signal

sent to the optic actuators in the

vertex cavities

These signals no longer cross zero
The length signal glitching that

couples to DARM is greatly reduced -
|

Tume (3]

o 4 - Gl4g0823- % .



"~ - vertex cavity

End station actuator glitches identified

Nk

The Detector il \4 i M
4 (l ! yM‘\ Y| PR
Characterization h‘ WUM 44 M‘ M‘ﬁrﬁ% jadid "yt

group also _ { i '” —

(sec)

.« identified this Calibrated DARM
. behaviorinone ., e T e AR -
. oftheend

stations at the s
2716 MCT 2
accounting for lﬁ

~~80% of loud £ :
glitches g z

remaining after
offset applied to

el
D

,,‘
de spectra

9
- Amplitu

“actuators

-
Ly
-
=

~

Time -2 hours

overlap = 0.40, fft length=16,384, #-FFT = 199, bw = 1, in samples = 1,966K, low = 0.20




-

Conclusions

e With less than a year to go, making good

progress toward commissioning and data analysis

goals

— Commissioning following a rapid timeline, advances in
sensitivity expected and well understood

— Detector characterization investment in instrumental
expertise already fruitful in preparing to improve data
quality for GW searches in O1

- e Allindications are that we will be ready!
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