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search for transient gw signals 

Modern interferometric 
detectors are highly complex 
instruments. Data are plagued 
with a large number of noise 
transients. 

These noise transients limit 
our ability to search for real 
GW transients. 

Important to develop robust 
techniques to distinguish 
between spurious noise 
transients and real GW 
signals. 
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Expectation from 
Gaussian noise

Phys. Rev. D 80 062001 (2009) 

not sensitive to 
GWs in this region



Veto method

“Traditional” veto methods Ask 
whether a glitch in in the GW channel 
H is  time-coincident with one in an 
instrumental channel Xi.
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Veto method

“Traditional” veto methods Ask 
whether a glitch in in the GW channel 
H is  time-coincident with one in an 
instrumental channel Xi.

“New” method Ask whether the H 
data at the time of the trigger is 
consistent with the data from an 
instrumental channel, or,  a combination 
of instrumental channels.  

Consistency check is based on our 
understanding of the coupling of 
different noise sources/channels to H. 

!"# !"$ % %"% %"&
!%

!

%
'(%!

!&!

)
*+
,

!"# !"$ % %"% %"&
!!"&

!

!"&

'
%
*+
,

!"# !"$ % %"% %"&
!!"&

!

!"&

'
&
*+
,

+

peak time

coincidence 
window

4



Noise coupling, transfer functions... 
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suspended 
mirror

seismic noise 
acting here

seismic noise 
measured here 

pendulum 
transfer function

N(f)

N(f) f−2



Noise coupling, transfer functions... 
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seismic noise of the ground
 seismic noise coupling to the 

GW channel (estimate)

transfer 
function



Linear-COupling model

h(t) ∼ F [xi(t)]

linear filter
an instrumental 

channel

Time domain

h̃(f) ∼ T (f) x̃i(f)

transfer function

Fourier domain
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Approximate the coupling of an 
instrumental channel to the GW 
channel by a linear coupling transfer 
function. 

GW 
channel



vetoes using linear coupling model

Identify coincident glitches in H and Xi by 
running the appropriate ETG. 

If the transfer function           from Xi to 
H is known,  data in Xi (at the time of the 
trigger) can be “transferred” to H:

Consistency of the glitches can be 
checked by computing the linear 
correlation coefficient:

Background distribution of r estimated 
from time-shifted data. 

Xi

H

P. Ajith, M. Hewitson, J. R. Smith et al PRD 76 042004 (2007)

T (f)

p̃i(f) = T (f) x̃i(f)

r ≡
〈
p̃i, h̃

〉
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vetoes using linear coupling model

Found to be very effective in GEO S5 run.

P. Ajith, M. Hewitson, J. R. Smith et al PRD 76 042004 (2007)

threshold on 
cross correlation
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vetoes using linear coupling model

Found to be very effective in GEO S5 run.
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P. Ajith, M. Hewitson, J. R. Smith et al PRD 76 042004 (2007)

Time-frequency 
plot of burst 
triggers from
mHACR burst 

ETG



vetoes using bilinear-coupling model
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LASER

Channel Y

Slow angular motions 
of the beam

Channel X

Fast motions producing glitches



vetoes using bilinear-coupling model

h(t) ∼ F [ pij(t) ]

a pseudo 
channel 

pij(t) = xi(t) yj(t)

fast motions (channels 
recording glitches)

slow angular motions of 
the beam

r ≡
〈
p̃ij , h̃

〉

 Testing the consistency 
of glitches in H and Pij

(assumption: transfer function is “flat” in the 
frequency band of the glitch)
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linear filter



implementation in LIGO data
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Veto analysis performed on KleineWelle triggers coincident in H (H1_DARM_ERR) 
and instrumental channels Xi. Used different candidates for Yj.  

Chan X =  H1:LSC-PRC_CTRL, Chan Y = H1:ASC-QPDY_P 
(August 21-28, 2010)



implementation in LIGO data
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Time-frequency 
plot of burst 
triggers from
KleineWelle 
burst ETG



implementation in LIGO data
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Why Vetoes?
In order to do a sensitive search for 

transient gravitational-wave (GW) 

signals, it is important to separate 

noise transients that mimic 

potential  signals. 

“Standard” veto 

methods 
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  GW 
channel

Instrumental 
channels

Ask whether a glitch in in the GW 

channel H is time-coincident with 

one in an instrumental channel Xi.

New method 

Ask whether the H data at the time 

of the trigger is consistent with the 

data from an instrumental 

channel, or,  a combination of 

channels. Consistency check is 

based on our understanding of the 

coupling of different noise sources / 

channels to H. 

linear coupling model 

 

Approximate the coupling of an 

instrumental channel X to H by a 

linear filter/transfer function. 

h(t) ∼ F [xi(t)]

linear filter
an instrumental 

channel

Time domain

h̃(f) ∼ T (f) x̃i(f)

transfer function

Fourier domain

Bilinear coupling model

LASER

Channel Y

Channel X

h(t) ∼ F [ pij(t) ]

new  “pseudo” 
channel 

pij(t) = xi(t) yj(t)

fast motions (channels 
recording glitches)

slow angular motions 
of the beam

linear filter

h̃(f) ∼ T (f) p̃ij(f)

Another channel recording the slow angular 

motions of the beam acts as a “coupling 

agent” of a channel recording fast motions, 

such that a bilinear combination of the slow 

and fast channels couple to H through a 

linear filter. 

Consistency test
Consistency of the glitches in the GW 

channel with those in auxiliary channel is 

tested by computing the linear correlation 

coefficient: 

Background distribution of r estimated from 

time-shifted (between H and X) data. 

Triggers with r > threshold are vetoed. 

Threshold is determined such that only a 

small fraction of triggers in the time-shift are 

vetoed. 

Left Cross correlation r computed from coincident 
triggers plotted against the time-shift applied between H 

and X channels. Right Probability density of r in zero lag 
and in time-shift. Chosen threshold on r is also shown. 
Chan X =  H1:LSC-PRC_CTRL, Chan Y = H1:ASC-
QPDY_P (August 21-28, 2010). 

r ≡
〈
T (f) p̃(f), h̃(f)

〉
r ≡

〈
T (f) x̃(f), h̃(f)

〉
linear coupling model

bilinear coupling model

Veto algorithm4

If the noise transient originates in X , it will completely
disappear in δ̃. In order to test this, we compute the
excess power statistic [16] from δ̃:

εδ =
∑

k

|δ̃k|2

σ2
k

, (2.6)

where σ2
k

is the expected variance of δ̃k in the absence of
any excess power. In the absence of any excess power in
δ̃, εδ will follow a Gamma distribution [39]. The scale
parameter α and shape parameter β can be estimated
from the stationary noise (see [35] for more details).

If εδ is less than, or equal to, a threshold τ , we veto
the trigger. The threshold τ giving a rejection proba-
bility Φ (probability that a ‘causal’ trigger is vetoed)
can be calculated from

Φ =

∫ τ

0

Γ(x; α, β) dx, (2.7)

where Γ(x; α, β) is the probability density of the
Gamma distribution with parameters α and β.

B. Using the cross-correlation

The linear cross-correlation coefficient between two
vectors x̃′ and h̃ is the cosine of the angle between
them:

r = Re

〈

x̃′, h̃
〉

||x̃′|| ||h̃||
, (2.8)

where ||u|| denotes magnitude of the vector u. If the
noise transient in channel H indeed originates in X ,
x̃′ and h̃ should display a high correlation. On the
other hand, if the noise transient does not originate in
X , the vector x̃′ and h̃ will be randomly oriented, and
hence the linear cross-correlation coefficient r will tend
to be small in absolute value. This can be converted
to the normally distributed variable z by the Fisher
transformation [37]:

z =
1

2
ln

(

1 + r

1 − r

)

. (2.9)

The new variable z will be approximately normally
distributed with mean zero and standard deviation
1/

√
N − 3, where N is the dimension of the vectors

x̃′ and h̃.
If z is greater than, or equal to, a threshold λ, we

veto the trigger. The threshold giving an accidental
veto probability of ψ can be calculated from

ψ =

∫

∞

λ

f(x; µ, σ2) dx, (2.10)

where f(x; µ, σ2) is the probability density of the nor-
mal distribution with mean µ = 0 and variance σ2 =
1/(N − 3).

X triggers
Generate Generate

H triggers

Veto analysis in zero-lag

Perform time-shift analysis

Determine veto threshold

Publish veto list

Find coincidences

FIG. 2: Schematic illustration of the veto pipeline.

C. Implementation

The assumption we made in the previous subsec-
tions that the transfer function is time invariant is
strictly not true. Transfer functions in actual detec-
tors can vary in time. The slow temporal variation
of the transfer function can be taken into account by
making repeated measurements of the transfer func-
tion and tracking its evolution by continuously inject-
ing and measuring spectral lines at certain frequencies
(see [38]). But the non-stationarities of the transfer
function on short time scales are hard to track. It may
also be noted that the noise in the present-generation
interferometers is not stationary Gaussian and exhibits
tails in the distribution. Considering these ‘real-life’
effects, it may not be wise to use the ‘ideal-case’ rela-
tions given by Eqs.(2.7) and (2.10) to compute the veto
thresholds. For instance, due to the imperfect transfer
function, the ‘null-stream’ δ̃ can contain some ‘residual
burst’, and, as a result, the excess power statistic com-
puted from δ̃ will not fall into the expected Gamma dis-
tribution. But, we do expect the excess power statistic
εδ computed from δ̃ to be smaller than the same (εh)
computed from h̃. If the ratio s ≡ εh/εδ is greater than
a threshold, we veto the trigger. The veto threshold
corresponding to a certain accidental veto probability
is calculated as described below.

We time shift xi with respect to hi to destroy the
causal relationship between the two data streams 3.
The coincident triggers in the time-shifted data

3 Time shift analysis is commonly employed in burst searches in
order to estimate the accidental consistency, or ‘background’
rate. See, for example, [23].

LIGO S6 analysis 

• Use KleineWelle triggers.

• Assume “flat” transfer functions.

• Regularly run on ~150 bilinear 

combinations. 

• Typical (total) veto efficiencies 15-35 %. 

• Very low dead times (0.05 - 0.2%). 

• High safety (No injections vetoed). 

• Veto segments are inserted in to the 

segment database. 

• Can veto low-SNR triggers as well. 

Bilinear Coupling Veto (966388140-966988815)

(Aug 21 2010 01:08:45 UTC - Aug 28 2010 00:00:00 UTC ) 

- Vetoed H Triggers

- Summary

Total Veto Efficiency: 46.663 % (762 / 1633) 

Total Dead Time: 660 s (0.14 %)

Required Accidental Veto Rate: 1.66e-06 Hz 

- Veto Efficiencies for Different Bilinear Combinations of Channels

The table below shows the veto efficiency for each bilinear combination of veto channels. Veto candidate channels are color-coded based on their efficiency.

Channel

Name

H1:ASC-

ETMX_P

H1:ASC-

ETMX_Y

H1:ASC-

ETMY_P

H1:ASC-

ETMY_Y

H1:ASC-

ITMX_P

H1:ASC-

ITMX_Y

H1:ASC-

ITMY_P

H1:ASC-

ITMY_Y

H1:LSC-

MICH_CTRL

H1:LSC-

PRC_CTRL

H1:LINEAR 6.92% 10.10% 6.31% 11.27% 11.33% 10.29% 8.70% 11.08% 11.27% 15.74%

H1:ASC-

QPDX_P
6.74% 10.10% 6.67% 7.41% 8.57% 7.72% 8.14% 9.06% 13.60% 14.21%

H1:ASC-

QPDX_Y
10.23% 10.23% 2.08% 7.17% 8.82% 9.06% 4.04% 6.06% 13.84% 15.19%

H1:ASC-

QPDY_P
9.55% 8.94% 3.98% 6.92% 9.74% 8.45% 5.21% 6.80% 12.19% 14.45%

H1:ASC-

QPDY_Y
6.80% 5.57% 6.67% 5.94% 7.66% 8.14% 6.00% 7.35% 10.84% 8.82%

H1:ASC-

WFS1_QP
5.63% 5.08% 10.04% 6.12% 9.12% 8.51% 9.80% 9.00% 10.65% 12.12%

H1:ASC-

WFS1_QY
8.63% 14.21% 10.10% 9.86% 7.96% 8.88% 7.59% 8.21% 5.08% 8.45%

H1:ASC-

WFS2_IP
9.25% 8.76% 8.02% 9.68% 9.49% 9.19% 12.25% 10.35% 10.29% 13.41%

H1:ASC-

WFS2_IY
6.43% 10.35% 7.72% 9.49% 7.59% 8.02% 8.39% 10.59% 8.08% 10.04%

H1:ASC-

WFS2_QP
9.68% 11.70% 10.96% 14.45% 8.70% 10.84% 9.06% 12.19% 14.21% 11.14%

H1:ASC-

WFS2_QY
8.08% 9.55% 7.35% 9.43% 9.25% 9.31% 8.70% 10.41% 5.57% 13.84%

H1:ASC-

WFS3_IP
12.74% 7.78% 7.35% 9.37% 12.86% 5.08% 7.23% 8.45% 10.65% 15.74%

H1:ASC-

WFS3_IY
10.35% 13.35% 8.27% 14.15% 12.92% 13.90% 10.84% 12.98% 11.88% 15.86%

H1:ASC-

WFS4_IP
10.96% 9.49% 9.86% 12.55% 12.86% 8.88% 8.33% 10.10% 12.68% 14.82%

H1:ASC-

WFS4_IY
10.59% 9.19% 8.39% 11.27% 12.25% 5.14% 9.98% 8.76% 12.62% 13.90%

- Summary Table 

This table summarizes the veto performance of each (pseudo) channel. 

Channels that didn't pass the safety test are highlighted in red and veto candidate channels are highlighted in yellow.

Please click the channel name to see more detail information on each (pseudo) channel. 

Top Distribution of KleineWelle triggers before and after 
the veto. Bottom Veto efficiencies for different pseudo 
channels. Bluer colors indicate higher efficiency (August 
21-28, 2010). 

Vetoes of transient gravitational-wave triggers using instrumental coupling models
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implementation in LIGO data
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• Use KleineWelle triggers.

• Assume “flat” transfer functions.

• Regularly run on ~150 bilinear 
combinations. 

• Typical (total) veto efficiencies 15-35 %. 

• Very low dead times (0.05 - 0.2%). 

• High safety (No injections vetoed). 

• Veto segments are inserted in to the 
segment database. 

• Can veto low-SNR triggers as well. 

LIGO S6 Analysis



summary and future work

Formulated and implemented a robust veto 
technique based on instrumental coupling 
models. 
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summary and future work

Formulated and implemented a robust veto 
technique based on instrumental coupling 
models. 

Understanding the glitches 
Identify the detector configuration 
producing glitches, and avoid them 
through feedback. 

Glitch subtraction If there are 
accurate measurement points of the 
instrumental noise and reliable ways of 
predicting the coupling to the GW 
channel, it might be possible to subtract 
some of the glitches from the GW data. 
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Future work


