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The Plan

• Introduction

• Past and present multimessenger efforts with LIGO & Virgo

• ExtTrig

• LOOCUP

• Looking towards aLIGO
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Sensitivity gains over time
LSC

Range vs. mass over time!

!" Beginning of S6/VSR2: Virgo sensitivity much improved on VSR1!

!" End of S6/VSR3: LIGO surpassed best S5 sensitivity, #

Virgo did not recover level of VSR2!

All S5! Beginning of S6/VSR2! End of S6/VSR3!
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Multimessenger Astronomy: An overview
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Gravitational wave and electromagnetic signals provide 
complimentary information about an event.

‣ GW

‣ Progenitor properties, e.g. mass

‣ Luminosity distance

‣ Bulk motion dynamics

‣ Direct probe of the central engine

‣ EM

‣ Sky location

‣ Host galaxy

‣ Redshift

‣ Gas environment
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Information from both gives us a 
more complete picture of the event
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Two types of GW+EM searches

...
Credit: NASA

Credit: ROTSE
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Two types of GW+EM searches

ExtTrig ...
Credit: NASA

Credit: ROTSE

Allows for a more 
sensitive search by 
focusing on a short 
period of data and a 
single sky location.
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Two types of GW+EM searches

...
Credit: NASA

Credit: ROTSE
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Two types of GW+EM searches

LOOCUP

...
Credit: NASA

Credit: ROTSE

Allows for possibility of 
imaging corresponding 
EM signals as they 
occur.



GRB 070201: A success story
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Andromeda
Image from
Mazets et al, ApJ 680, 545 (2008)

LIGO observations ruled out an 
inspiral progenitor in M31 at 
>99% confidence.* They allow 
a soft gamma repeater (SGR) 
progenitor.†

* Abbott et al,  ApJ 681, 1419 (2008)
† Ofek et al, ApJ 681, 1464 (2008);
   Mazets et al, ApJ 680, 545 (2008)
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Other ExtTrig efforts

• SGRs

• Supernovae

• Neutrinos

• Radio bursts
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AEI Seminar July 29 2010  LIGO-G1000724  

Peter Kalmus (Caltech) 

2010 July 29 



LOOCUP: A work in progress*

9*Final analysis results pending

Credit: Brennan Hughey and Jameson Rollins
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Overview of the pipeline
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MBTA

GraCEDb
Sky Localization

and
Data Quality Check

Further Processing
and

EM Followup

H1 L1 V1



MBTA

> Multi Band Template Analysis

> Matched filter search (2PN)

> Typical latencies ~ a few 
minutes, including 1 minute to 
get h(t)!

> Only triple coincident events 
sent out for followup
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Use the time-delay between detector sites and the amplitude 
measured at each site to localize sources on the sky.

Sky localization
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One big problem

Poor sky localization.  Optimistically tens of 
square degrees, even for advanced detectors*.

*Fairhurst (2009) 13



Incorporating 
Astrophysical Priors

Kopparapu, Hanna, Kalogera, 
O'Shaughnessy, González, 
Brady & Fairhurst (2008)

Credit: Zsolt Frei et al (1995)
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Number of galaxies at 10Mpc

90% of the galaxies in 
7% of the total sky area
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6h 12h 18h

Number of galaxies at 20Mpc

90% of the galaxies in 
20% of the total sky area
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Number of galaxies at 30Mpc

90% of the galaxies in 
27% of the total sky area
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Number of galaxies at 40Mpc

90% of the galaxies in 
31% of the total sky area
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Blue luminosity at 10Mpc

90% of the luminosity in 
2% of the total sky area
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6h 12h 18h

Blue luminosity at 20Mpc

90% of the luminosity in 
9% of the total sky area
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0°
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6h 12h 18h

Blue luminosity at 30Mpc

90% of the luminosity in 
16% of the total sky area
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6h 12h 18h

Blue luminosity at 40Mpc

90% of the luminosity in 
21% of the total sky area

22



Sky localization performance
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> Simulated signals (injections) put into real detector noise from      
week 6 of S6/VSR2

> Injection parameters taken from the low mass region of parameter 
space (systems more likely to contain a neutron star)

> Emphasis on low signal-to-noise ratio (SNR) injections

> Characterize performance by the area contained in the pixels ranked 
above the true location (“Searched Area”)



Sky localization performance
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Sky localization performance
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Sky localization performance: SNR dependence
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Sky localization performance: Telescope tilings I
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Sky localization performance: Telescope tilings II



Prospects for aLIGO Cannon et al (2011)
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Coordination could be  
the key to success!

Singer, LP, Speranza (in prep)
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Looking towards Advanced LIGO

• Better galaxy catalogs?                
(Do they even help?)                    
Kulkarni & Kasliwal (2009)

• Improved astrophysical priors, e.g. 
to account for kicks

• EM expectations?                          
Metzger et al (2010)                       
Nakar & Piran(2011)

• Better coordination with EM 
astronomers, e.g. observing and 
analysis strategies 

• GW latency expectations

• Better EM coverage/More EM 
partners

31



The Completeness 
Problem

Catalog is roughly 80% complete 
to 40Mpc and only about 50% 
complete at 100Mpc.

Advanced LIGO can see BNSs to 
~400Mpc

To estimate the degree of incompleteness in the CBCG cat-
alog, we use an analytical Schechter galaxy luminosity function
(Schechter 1976),

!(L)dL ¼ !"
!

L

L"

""

exp

!
#L

L"

"
d

L

L"

! "
; ð2Þ

where !(L)dL is the number density (number of galaxies per unit
volume) within the luminosity interval L and Lþ dL, L" is the
luminosity at which the number of galaxies begins to fall off
exponentially, " is a parameter which determines the slope at the
faint end of the luminosity function, and !" is a normalization
constant. In terms of (blue) absolutemagnitudes,MB, the Schechter
function becomes

!̃(MB)dMB ¼ 0:92!" exp #10#0:4(MB#M"
B )

# $

; 10#0:4(MB#M"
B)

# $"þ1
dMB: ð3Þ

To estimate the total luminosity function, we use results from
the Sloan Digital Sky Survey (SDSS) as reported by Blanton et al.
(2003). Although the SDSS sky coverage is inadequate in R.A.
and decl., it provides excellent coverage throughout our desired
distance and beyond. We therefore use the green luminosity
function Schechter fit given in Table 2 of Blanton et al. (2003)
and convert it into the blue band using the expression given in
Table 2 of Blanton&Roweis (2007). Adopting aHubble constant
value of 73 km s#1 Mpc#1 (Spergel et al. 2007) and correcting
for reddening,14 the Schechter parameters are (M "

B; !̃
";") ¼

(#20:3; 0:0081;#0:9). The solid line in Figure 4 shows the
Schechter function !̃(MB) derived from these values. Since this
function is obtained from deep surveys, it does not account for
the local overdensity of blue light coming primarily from the
Virgo cluster. For distances up about to 30 Mpc, the CBCG cat-
alog’s luminosity function N (MB;D) exceeds !̃(MB).

We can now derive a completeness correction that arises at the
faint end beyond about 30 Mpc, where the Schechter function
exceeds the catalog N (MB;D). We integrate the CBCG galaxy
catalog luminosity function N (L;D) over L and subtract it from
the Schechter fit as a function of distance. Hence, the total cor-
rected cumulative luminosity L total within a volume of radius D
is given by

L total(D) ¼ LCBCG(D)þ Lcorr(D); ð4Þ

where
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dD 0
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j Lj# D 0# Dj

% &
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Here, the index j runs through all galaxies in the catalog, # is the
Dirac delta function,! is the step function, and!(L) is the adopted
Schechter function (distance independent) assumed to represent the
complete luminosity distribution. We note that Lmax ¼ 52:481L10
(MB ¼ #23:83) is the maximum luminosity in the CBCG cat-
alog, and we choose Lmin ¼ 10#3L10 (MB ¼ #12:98), because

luminosities below this value do not contribute significantly to the
net luminosity. The quantity LCBCG in equations (4) and (5) is
the uncorrected cumulative luminosity from the CBCG catalog;
the quantity Lcorr is the completeness correction. Note that the com-
pleteness correction term is always zero or positive, regardless of
the choice of Schechter function.

In Figure 5, we show the cumulative blue luminosity as a
function of distance as obtained directly from the CBCG catalog
(solid line), as well as with the completeness correction applied
(dashed line). It is evident that the correction becomes signifi-
cant at distances in excess of about 40 Mpc.

3.1. Comparison with Other Results

To compare our method of correcting for completeness with
other methods, we consider the direct computation of a reddening-
corrected luminosity density based on Blanton et al. (2003), which
could be used at large distances.

We adopt a blue luminosity density of (1:98 ) 0:16) ;
10#2L10 Mpc#3, calculated as follows:

1. The blue luminosity density, in terms of blue absolute
magnitudes per cubic Mpc, is #14.98 locally (redshift z ¼ 0)
and#15.17 for z ¼ 0:1 (see Table 10 of Blanton et al. 2003), for
a standard cosmology with "M ¼ 0:3 and "# ¼ 0:7. We use
z ¼ 0:1, so that the results will be valid for advanced detectors.

2. We convert the z ¼ 0:1 blue magnitude density (#15.17)
to luminosity units 1:33 ; 10#2L10 Mpc#3 and assign systematic
errors (’10%) associated with the photometry to obtain a lu-
minosity density of (1:33 ) 0:13) ; 10#2L10 Mpc#3.

3. We also correct for processing of blue light and re-emission
in the infrared (IR) following Phinney (1991) and Kalogera et al.
(2001). We use the analysis of Saunders et al. (1990), upwardly
correcting their far-IR (40Y100 %m) luminosity density by 30%
to account for emission down to 12 %m (Kalogera et al. 2001),
and convert to L10 to obtain an IR luminosity density of LIR ¼
(0:65 ) 0:1) ; 10#2L10 Mpc#3.

Fig. 5.—Cumulative luminosity as a function of distance from the CBCG
catalog uncorrected for incompleteness (solid line), corrected for incompleteness
(dashed line), and the cubic extrapolation from the assumed constant blue lu-
minosity density corrected for extinction (gray-shaded region).

14 We correct the value of MB" to be consistent with the reddening correction
described in x 3.1.

HOST GALAXIES CATALOG FOR BINARY COALESCENCE 1463No. 2, 2008

Kopparapu et al (2008)
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The era of multi-messenger astronomy
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The era of multi-messenger astronomy
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The era of multi-messenger astronomy

+
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The era of multi-messenger astronomy

•understanding GRBs
•precision cosmology
•...

+
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The telescope network

35



Possibilities for the advanced detector era

36

GEO
LCGTVirgoLHO

LLO

LIGO�Australia

Credit: Lucia Santamaria



The immediate future

• Incorporate signal amplitude 
information for better sky 
localization.

• Get CBCs into the wide field 
followup effort.

• Determine feasibility of pointing 
at double coincident triggers.
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Part II: Looking for GWs in pulsar timing data
or

Another way to bridge the EM-GW astronomy gap



Pulsar Timing: A Nano-Hertz GW detector

• Pulsars are stable rotators that emit a steady train of EM pulses.

• GWs affect the pulse times of arrival.

gravitational waves
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Effect of a gravitational wave on pulsar radio pulses

Ω̂

Use the geodesic equation hab = hab(t− Ω̂ · �x),

sa = dxa/dλ ≡ ν(1,−p̂)p̂

σa = sa + δsa

Null geodesic is perturbed by GW to:

Geodesic eqn. for 0th component is:

dσt

dλ
= −Γt

abσ
aσb = −1

2
ḣabσ

aσb

dσt

dλ
= −1

2
ḣab(sa + δsa)(sb + δsb) = −1

2
ḣabs

asb = −1
2
ḣij(ν2pipj)

b/c GW metric is purely spatial



Effect of a gravitational wave on pulsar radio pulses

Ω̂
p̂

Now need to connect time derivatives
with derivates wrt affine parameter

Therefore:

dσt

dλ
= −1

2
ν2pipj ḣij

dhab(t− Ω̂ · �x)
dλ

= ν(1 + Ω̂ · p̂)
∂hab(t− Ω̂ · �x)

∂t

−1
ν

dν

dλ
=

1
2

p̂ip̂j

1 + Ω̂ · p̂

dhij(t− Ω̂ · �x)
dλ

νP − νE

νP
=

1
2

p̂ip̂j

1 + Ω̂ · p̂

�
hP

ij − hE
ij

� Timing residuals just an 
integral of redshift

 Anholm, Ballmer, Creighton, LP, Siemens (2008)



The optimal statistic 

Consider the statistic:

Maximize the SNR:

Q̃(f) = χ
Ωgw(|f |)γ(|f |)

|f |3P1(|f |)P2(|f |)

Y =

∫
dt

∫
dt′ s1(t)s2(t

′)Q(t − t′)
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Multiple detectors

Credit: David Champion

Yopt =

N∑

i,j

σ
−2
Yij

Yij

N∑

i,j

σ
−2
Yij

Smaller variance => less noisy
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Cosmological sources
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The BNS of pulsar timing

The MBHB background is expected at

The current upper limit is at A = 1.1× 10−14

A ∼ 10−15

Ωgw = 2π
2

3H
2
0
f2A2

�
f

yr−1

�2α

α = −2/3

Where

And (Phinney 2001)
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Sensitivity estimate

For a flat spectrum in Ω

�
h

2
c(f) =

3H
2
0

32π3

1
f2

Ω(f)
�

Total no. of data 
points/pulsar

Obs. time

timing residual 
variance

sum over pulsar pairs 
(Hellings-Downs values)

∝ N−1
p

ΩUL ∝
σ2

t

NpNT 4

ΩUL =
48π

2

H
2
0

σ
2
t

NT 4
(
�

p

γ
2
p)−1/2erfc−1(2(1− c))
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Sensitivity estimate

Total no. of data 
points/pulsar

Obs. time

timing residual 
variance

sum over pulsar pairs 
(Hellings-Downs values)

σt = 100ns
T = 3× 108s

N = 500
Np = 20

ΩUL ∼ 10−11

Phase transitions! Inflation!

σt = 10ns
T = 6× 108s

N = 1000
Np = 100

ΩUL ∼ 10−15

ΩUL =
48π

2

H
2
0

σ
2
t

NT 4
(
�

p

γ
2
p)−1/2erfc−1(2(1− c))
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The reality

• Reported timing residuals are usually weighted, not rms.

• This kind of upper limit does not consider the effects of the timing procedure.
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(adapted from slides by George Hobbs)

• Start with something like this

• Correct for clock errors

Edwards, Hobbs, Manchester (2006)

Pulsar timing in a nutshell 

49



Pulsar timing in a nutshell (adapted from slides by George Hobbs)

• Now move to barycentric reference 
frame and correct for atmospheric 
delays, solar system dispersion, Shapiro 
delay...

Edwards, Hobbs, Manchester (2006) 50



Pulsar timing in a nutshell (adapted from slides by George Hobbs)

• Then fit out ISM effects, spin down, 
possible binary parameters...

Edwards, Hobbs, Manchester (2006) 51



Pulsar timing in a nutshell (adapted from slides by George Hobbs)

• Iterate until you get something like this.

Edwards, Hobbs, Manchester (2006) 52



The reality

• Reported timing residuals are usually weighted, not rms.

• This kind of upper limit does not consider the effects of the timing procedure.

• Reliable upper limits must account for the effects of the timing procedure.

• In progress*...

*Hobbs, Jenet, Manchester, LP, Siemens, Yardley and others (in prep)
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Future work

• Publish the best upper limit to date on the stochastic background in the 
nano-Hertz region.
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Future work

• Publish the best upper limit to date on the stochastic background in the 
nano-Hertz region.

• Make a detection?

55
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Figure 1. Timing residuals of the 20 pulsars in our sample. Scaling on the x-axis is in years and on the y-axis in µs. For PSRs J1857+0943 and J1939+2134, these plots include the Arecibo data made publically
available by Kaspi et al. (1994); all other data are from the Parkes telescope, as described in Section 2. Sudden changes in white noise levels are due to changes in the pulsar backend setup (see Section 2 for more
details).
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Future work

• Publish the best upper limit to date on the stochastic background in the 
nano-Hertz region.

• Make a detection?

• Develop methods for detecting other types of signals: Burst*, continuous...

• Make GW detection part of the timing process.

*Yu, Siemens, Creighton, LP (in prep)
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Summary

• The next 5-10 years is an 
exciting time for GW physics.

• Measurements across spectral 
bands will force new 
interactions between GW and 
EM astronomers.

• LIGO, Virgo and pulsar timing 
all have a role to play in GW 
astronomy.
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The Overlap Reduction Function

!"! #!!"! $!!"!
%&'()*

#"!

!"+
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From Allen & Romano (1999)

The ORF describes the reduction  
in sensitivity due to the fact that the 
detectors are neither coincident nor 
coaligned.

For ground-based interferometers 
it is known analytically  
[Flannagan (1993)]

Overlap Reduction Function 
LLO-LHO



The Overlap Reduction Function
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more complicated, but 
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curve. So ignoring 
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From Anholm, Ballmer, Creighton, LP, Siemens (2009)



• Simple threshold-based approach.

• Thresholds set by the percentage of injections recovered 
with a particular accuracy.

Specifics

• Only consider triple coincidence

• Individual masses uniformly 
distributed between 1-15 Msun

• Maximum total mass of 20 Msun

• Logarithmically distributed in distance 
between 10-40 Mpc

Simulation parameters*:

*LP and others (in prep)
61



Enhancement

• SNR does not accumulate uniformly across the frequency band of 
the detector.

• Phase difference does accumulate uniformly across the frequency 
band.

Problem:

Solution:

Measure the time the signal crosses some reference frequency in the 
high SNR region of the frequency band, NOT the end time.       
(F Acernese et al 2007)
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Comparison of Timing Accuracy 
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Comparison of Timing Accuracy 
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