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Stochastic Gravitational Wave Background (SGWB)
• Unresolved astrophysical or cosmological sources


- popcorn or continuous


• Carry information not accessible in electro-magnetic astronomy


- astrophysical sources


✴ information on the anisotropic local universe 


- primordial cosmological background


✴ direct probe of inflation 


• Created by unknown signals => exciting for GW Astronomy
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What is “Unknown”

• Backgrounds created by unresolved compact binaries (unknown knowns)


- “known sources”, have already been detected


- but their origin and evolution are unknown => different background


• Backgrounds created in the early universe (known unknowns)


- different origins have been proposed, still fairly uncertain


• Persistent unmodeled and unexpected sources (unknown unknowns)
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Searches for stochastic backgrounds can probe all these unknown sources
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SGWB Quantifiers

• Definition:


• SGWB spectrum:


- energy density per unit frequency interval in the units of critical density of 
the universe that is needed to make it flat


• Specific intensity of Gravitational Waves (GW):


- GW flux incident normally per unit solid angle
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Cross-Correlation Search

• Detector output = true signal + noise


• Normally detector noise are uncorrelated for far away detectors and times:


• Cross-correlation (CC) statistic is the best choice for unmodeled sources


- one detector’s signal is the filter for other detector’s data
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s1(t) = h1(t) + n1(t)
s2(t) = h2(t) + n2(t)

�n1(t)n2(t�)⇥ = 0

�s1(t) s2(t�)⇥

Allen & Romano (2001)
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LIGO O1 Isotropic Search Upper Limits

�6

LIGO & Virgo Collaboration 
PRL 118, 121101 (2017)

We also compare our results with the limits placed at
high frequencies from the two colocated detectors at
the Hanford site (H1 and H2). In [37], the limit Ω3 <
7.7 × 10−4 in the frequency band 460–1000 Hz was
obtained for the spectral index α ¼ 3 and fref ¼ 900 Hz.
Using this same frequency band, and using the cross-
correlated data between the Hanford and Livingston detec-
tors, we place a limit Ω3 < 1.7 × 10−2 for fref ¼ 900 Hz.
This is about a factor of 22 larger than the limit from
the colocated detectors, in part due to the loss in sensitivity
of a stochastic search from cross-correlating detectors at
different spatial locations.
In Fig. 3, we show the constraints from this analysis and

from previous analyses using other detectors, theoretical
predictions, and the expected sensitivity of future mea-
surements by LIGO-Virgo and by the Laser Interferometer
Space Antenna (LISA). Where applicable, we show con-
straints using power-law integrated curves (PI curves) [59],
which account for the broadband nature of the search by
integrating a range of power-law signals over the sensitive
frequency band of the detector. By construction, any

power-law spectrum which crosses a PI curve is detectable
with SNR ≥ 2.
The blue curve labeled “aLIGO O1” in Fig. 3 shows the

measured O1 PI curve. We also display the PI curve for the
final science run of Initial LIGO and Virgo [36], H1–H2
[37], as well as the projected design sensitivity for the
advanced detector network. The curve labeled “Design”
assumes two years of coincident data taken with both
Advanced LIGO and Virgo operating at design sensitivity,
using the projections in [58]. For the sake of comparison,
the measured O1 PI curve at α ¼ 0 is 1.6 times larger than
the projected PI curve at α ¼ 0 using the projections in [58]
and 29.85 days of live time, which is fairly good agreement
between predicted and achieved sensitivity. Finally, in red,
we present the projected sensitivity of a space-based
detector with similar sensitivity to LISA, using the PI
curve presented in [59] computed using the projections
in [64,65].
We compare these constraints with direct limits from

the ringing of Earth’s normal modes [63], indirect limits
from the cosmic microwave background (CMB) and big
bang nucleosynthesis [61], and limits from pulsar timing
arrays [62] and CMB measurements at low multipole
moments [60].
In addition, we give examples of several models which

can contribute to the background. We show the background
expected from slow-roll inflation with a tensor-to-scalar-ratio
r ¼ 0.11 (the upper limit allowed by Planck [40]). We also
show examples of the BBH coalescence model, and the
binary neutron star (BNS) coalescence model, which we
describe below. As noted in [66], LISA is likely to be able to
detect the BBH background of the size considered here.
Astrophysical Implications.—In order to model the

background from binary systems, we will follow the
approach of [35]. We divide the compact binary population
into classes labeled by k [67,68]. Each class has distinct
values of source parameters (for example, the masses),
which we denote by θk. The total astrophysical background
is a sum over the contributions in each class. The
contribution of class k to the background may be written
in terms of an integral over the redshift z as [1,5,69–74]

ΩGWðf; θkÞ ¼
f

ρcH0

Z
zmax

0
dz

Rmðz; θkÞ dE GW
df ðfs; θkÞ

ð1 þ zÞE ðΩM;ΩΛ; zÞ
; ð6Þ
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FIG. 2. Following [56], we present 95% confidence contours in
the Ωα − α plane. The region above these curves is excluded at
95% confidence. We show the constraints coming from the final
science run of Initial LIGO-Virgo [36] and from O1 data. Finally,
we display the projected (not observed) design sensitivity to Ωα
and α for Advanced LIGO and Virgo [58].

TABLE I. The frequency bands with 99% of the sensitivity are shown, along with the point estimate and standard
deviation for the amplitude of the background, and 95% confidence level upper limits using O1 data for three values
of the spectral index, α ¼ 0; 2=3; 3. We also show the previous upper limits using Initial LIGO-Virgo data.

Spectral index α
Frequency band

with 99% sensitivity Amplitude Ωα

95% C.L.
upper limit Previous limits [36]

0 20–85.8 Hz ð4.4 % 5.9Þ × 10−8 1.7 × 10−7 5.6 × 10−6

2=3 20–98.2 Hz ð3.5 % 4.4Þ × 10−8 1.3 × 10−7 –
3 20–305 Hz ð3.7 % 6.5Þ × 10−9 1.7 × 10−8 7.6 × 10−8

PRL 118, 121101 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

24 MARCH 2017

121101-3
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Joint Multi-Component Analysis
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Parida, SM, Jhingan 
JCAP 04 (2016) 024
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SGWB from CBC estimates after GW170817
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LIGO & Virgo Collaboration 
PRL 120, 091101 (2018)



Sanjit MitraFuture of GW Astronomy, ICTS, 21-Aug-2019
Stochastic GW: Windows to the Unknowns IUCAA 

Pune, India

LIGO-G1602323

Estimates for different BBH formation channels
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LIGO & Virgo Collaboration 
PRL116, 131102 (2016)
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SGWB Probes Larger Distances
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Duncan Meacher et al., 
PRD 92, 063002 (2015)

Assuming design 
sensitivities for the 
advanced detectors
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Probing The Distant Universe
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 Reitze et al. 
arXiv:1903.04615 (2019)
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Theoretical Models for Astrophysical Sources
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D. Coward & T. Regimbau (2006)
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Hot Spot from Milli-Second Pulsars

• The forest of ~1011 pulsars in Virgo create a localized SGWB source

�13

Dhurandhar, Tagoshi, Okada, Kanda, Takahashi (2011)
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T ρ=3
obs LIGO Virgo LCGT ET-B

LIGO 0.26 yr 1.5 yr 1.0 yr 1.2 day

Virgo − 4.2 yr 4.7 yr 5.7 day

LCGT − − 3.6 yr 4.5 day

ET-B − − − 1.3× 103sec

TABLE III: Observation time T ρ=3
obs required to achieve ρ =

3 for each combination of the noise PSD and assuming

⟨Γ2⟩
1
2
1 day = 0.2 and ε = 10−5.

ρ1yr LIGO-H Virgo LCGT AIGO

LIGO-L 11.3 3.54 3.36 13.2

LIGO-H − 2.63 3.21 9.12

Virgo − − 1.90 3.51

LCGT − − − 3.84

TABLE IV: The signal-to-noise ratio ρ1yr which can be ob-
tained with 1 year observation time for each combination of

the detectors’ noise PSD and ⟨Γ2⟩
1
2
1 day in Table I. ε = 10−5

is assumed. Noise PSD of AIGO is assumed to be the same
as that of LIGO noise PSD.

term for a single pixel or in case of few pixels, a small
block diagonal matrix having dominant diagonal terms.
The ρ which we have defined above is then just the SNR
obtained for the log likelihood statistic λ defined in that
paper. We also deduce from further results of that paper
on sensitivity that approximately in our case,

ρ2network =
!

I

ρ2I , (26)

where ρnetwork is the SNR for the network and the index
I runs over all the baselines of the network. Similarly,
it is easy from the foregoing to deduce that the obser-
vation times to reach an SNR of 3, namely T ρ=3

obs , add
harmonically; more specifically we have,

1

T ρ=3
obs

=
!

I

1

T ρI=3
obs

, (27)

where now the T ρ=3
obs denotes the time of observation re-

T ρ=3
obs [day] LIGO-H Virgo LCGT AIGO

LIGO-L 25.8 262 291 18.9

LIGO-H − 474 319 39.5

Virgo − − 907 266

LCGT − − − 223

TABLE V: Observation time T ρ=3
obs required to achieve ρ = 3

for each combination of the noise PSD and ⟨Γ2⟩
1
2
1 day in Table

I. ε = 10−5 is assumed. Noise PSD of AIGO is assumed to
be the same as that of LIGO noise PSD.

Detector combination ρ1yr T ρ=3
obs [day]

L-H-V 12.1 22.4

L-H-J 12.2 22.1

L-H-A 19.6 8.55

L-V-J 5.24 120

L-V-A 14.1 16.5

L-J-A 14.1 16.4

H-V-J 4.57 157

L-V-A 10.1 32.1

L-J-A 10.4 30.3

V-J-A 5.54 107

L-H-V-J 13.1 19.1

L-H-V-A 20.4 7.90

L-H-J-A 20.5 7.81

L-V-J-A 15.1 14.4

H-V-J-A 11.5 25.0

L-H-V-J-A 21.4 7.21

TABLE VI: The signal-to-noise ratio ρ1yr which can be ob-
tained with 1 year observation time and the observation time
required to achieve ρ = 3 by more than 2 detectors. These
are derived from Eqs. (26) and (27) and Tables IV and V.
L: LIGO-Livingston, H: LIGO-Hanford, V: Virgo, J: LCGT
in Japan, A: a detector with LIGO’s noise PSD at the AIGO
site in Australia.

quired for the network and T ρI=3
obs denotes the observation

time required for the baseline I to reach the SNR of 3.
We can now apply these results to various networks.

The results are given in Table VI. We first consider the
3 detectors, LIGO-Virgo (LHV) network. Just compar-
ing tables IV and VI, the ρ1yr goes up from 11.3 for two
LIGOs to 12.1 for L-H-V network which is about 7 %
increase. Note that one must here take into account 3
baselines L-H, L-V and H-V. The T ρ=3

obs comes down from
25.8 days for the two LIGOs to 22.4 day for the L-H-V
network which is a decrease of 13 %. If one considers the
two LIGOs along with the LCGT the improvement is al-
most similar to Virgo case, that is, the observation time
comes down to 22.1 day. The improvement of adding
other baselines to the L-H baseline is marginal because
the LH contribution is dominant. Note however that an
interesting improvement is obtained if one considers a
detector at AIGO site assuming same noise PSD as the
LIGOs. In such a L-H-A network, L-A contribution be-

comes dominant because of largest ⟨Γ2⟩
1
2
1 day in Table I,

and ρ1yr goes up to 19.6 and T ρ=3
obs comes down to 8.5

days. L-V-A and L-J-A networks are similar and gives
second largest value of ρ1yr among 3 detector networks.
They are better than L-H-V and L-H-J cases.
In case of a 4 or 5 detector network, we can have further

improvement, but the effect is not so large since the L-
H-A contribution dominates ρ. For the 4 detector case,
L-H-J-A network gives the largest value of ρ1yr = 20.5.
L-H-V-A network also gives similar results. In case of the

Detectability chart for ε = 10−5 
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Probing Anisotropy of SGWB 
from Extragalactic Millisecond Pulsars

• GLADE catalog (GWGC,2MPZ,2MASS XSC,HyperLEDA and SDSS DR12Q)


• Pulsar distribution
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the birth rate is about 10!2=yr and the age of the Galactic
disk is about 1010 yr. What is more important in our case is
the number of Galactic neutron stars whose rotation period
is of the order of milliseconds. From the survey of radio
pulsars in our Galactic disk, the population of millisecond
pulsars is estimated to be at least 40000 [12–14] which
implies a birth rate of 2:9" 10!6=yr. This is consistent
with other studies of the millisecond pulsar population by
Ferrario and Wickramasinghe (3:2" 10!6=yr) [15] and by
Story et al. (4! 5" 10!6=yr) [16]. From the recent ob-
servation of gamma rays with the Fermi satellite [17], the
population of millisecond pulsars in our Galactic globular
cluster is estimated to be 2600–4700, which is one order
lower than millisecond pulsars in the Galactic disk.
Although there might be significant population of milli-
second pulsars which do not emit radio waves, X and
gamma rays now, since the lifetimes of millisecond pulsars
are believed to be long (# 1010 yr) [18], we do not expect
a large population of such millisecond pulsars to exist.
Thus we adopt 40000 as a typical number of neutron stars
per galaxy whose rotation period is of the order of
milliseconds.

A catalog of radio pulsars is given in the ATNF pulsar
database [19]. The distribution of observed radio pulsars is
given in Fig. 1. We find that the distribution naturally falls
into two regions separated by 50 Hz. In each region, the
distribution is approximately Gaussian as seen from the
figure. This means that the distributions in each region may
be approximated as log-normal distributions given by:

P1ðlogfrÞdðlogfrÞ ¼
1ffiffiffiffiffiffiffi

2!
p

"1

e!ððlogfr!log#1Þ2=2"2
1ÞdðlogfrÞ;

ðfor fr > 50 HzÞ; (17)

P2ðlogfrÞdðlogfrÞ ¼
1ffiffiffiffiffiffiffi

2!
p

"2

e!ððlogfr!log#2Þ2=2"2
2ÞdðlogfrÞ;

ðfor fr < 50 HzÞ; (18)

where #1 ¼ 219 Hz, "1 ¼ 0:238, #2 ¼ 1:71 Hz and
"2 ¼ 0:420, and fr ¼ f=2 (f is the gravitational wave
frequency). P1 and P2 are normalized to unity when inte-
grated from fr ¼ 0 to infinity.
The above observed distribution of pulsars is affected

by selection effects and may not match with the true
distribution. However, in this paper, we are interested
only in the possibility of detecting the Virgo cluster hot
spot. For this purpose, as a first step, we assume a similar
bimodal form of distribution of neutron stars in the Virgo
cluster. We assume that the total number of neutron stars
in our Galaxy is 108 for fr < 50 Hz, and 40000 for
fr > 50 Hz. Since there are approximately 103 galaxies
in the Virgo cluster, the total number of neutron stars in
the Virgo cluster is Nlow # 1011 for fr < 50 Hz, Nhigh #
4" 107 for fr > 50 Hz. The distribution of neutron stars
including millisecond pulsars in Virgo cluster thus be-
comes

NðfÞdf ¼ ðNhighP1ðlogfrÞ þ NlowP2ðlogfrÞÞ
dfr

fr ln10
:

(19)

Since the length of data of one time-segment, !t is at
most 103 seconds, the frequency resolution is larger than
10!3 Hz. The frequency bandwidth can be taken as
103 Hz. Thus the number of frequency bins is 106. Since
the number of pulsars with f > 100 Hz is 107, the number
of pulsars in each frequency bin is about 10. In the low
frequency regime this number is much larger. Thus, it is not
possible to resolve the signal from each pulsar, which
confirms the stochastic nature of the Virgo cluster hot spot.

IV. RESULTS

The spectral density of gravitational radiation from neu-
tron stars in Virgo cluster, HðfÞ is given as

HðfÞ ¼ hh2iNðfÞ

¼
"
7:05" 10!34

#
"

10!5

$#
I

1:1" 1045 gcm2

$%
2

" h$2if4NðfÞ½Hz!1); (20)

where h$2i represents the average with respect to the
inclination angle and the polarization angle. Assuming
uniform distribution of the sources over the angles, we
have h$2i ¼ 0:4. We also used the distance R ¼ 16:5 Mpc.
In order to obtain a rough idea of how large HðfÞ is

compared with the noise power spectral density, it is con-
venient to define an effective source power, HeffðfÞ by,

FIG. 1. The distribution of observed radio pulsars. The hori-
zontal axis is logðfrÞ where fr is the rotational frequency of
pulsars. The histogram is the observed number. The solid line is
the two component Gaussian model of the distribution.

DHURANDHAR et al. PHYSICAL REVIEW D 84, 083007 (2011)

083007-4

Dhurandhar, Tagoshi, Okada, 
Kanda, Takahashi (2011)

Cumulative SNR distribution for e = 10-5 

with Adv (3yr), A+ (3 yr), Voyager (3yr), CE (3yr)

Deepali Agarwal & SM
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Radiometer Algorithm

• Essentially Earth Rotation Synthesis Imaging


- Cross-correlate detector outputs in short time segments 


- map making: use time dependent phase delay


• Use spectral filters


- to enhance signal power


- to reduce noise power
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LIGO O1-2 Upper Limit Maps
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LIGO & Virgo Collaboration 
arXiv:1903:08844 (2019)

4

FIG. 1. Broadband radiometer maps illustrating a search for point-like sources. The top row shows maps of SNR, while the
bottom row shows maps of the upper limits at 95% confidence on energy flux F↵,⇥0 [erg cm�2 s�1 Hz�1]. Three di↵erent
power-law indices, ↵ = 0, 2/3 and 3, are represented from left to right. The p-values associated with the maximum SNR are
(from left to right) p = 9%, p = 20%, p = 66% (see Table I).

FIG. 2. All-sky maps reconstructed from a spherical harmonic decomposition. This search is optimized for extended sources,
and the plots above show SNR (top) and upper limits at 95% confidence on the energy density of the SGWB ⌦↵ [ sr�1]
(bottom). Results for three di↵erent power-law spectral indices, ↵ = 0, 2/3 and 3 are shown from left to right. These three
di↵erent sets of maps have an lmax of 3, 4, and 16 respectively. The p-values associated with the maximum SNR are (from left
to right) p = 9%, p = 31%, p = 27% (see Table I).

sumes a projected semi-major axis, a0, in the center of
the range presented by [44].

In the direction of Sco X-1 and the Galactic Center,
the maximum SNR is consistent with what one expects
from Gaussian noise. In the direction of SN 1987A, there
is a frequency bin with a 1-sided, single-direction p-value
1.7% at 181.8Hz. This p-value includes a trials factor for
the number of the number of frequency bins in the anal-
ysis. Under the assumption that we search over three
independent directions, an extra trials factor would be
applied and this p-value rises to 5%. Therefore, we find
no compelling evidence for GWs from the analysis that
combines frequency bins together. We set 95% upper lim-
its on the strain amplitude of a putative sinusoidal grav-

itational wave signal, h0, in each individual frequency
bin, taking into account any Doppler modulation in the
signal as well as marginalizing over inclination angle and
polarization angle of the source [10]. These limits, along
with the 1� sensitivity of the search, are shown in Fig-
ure 4. To avoid reporting our best limits from downward
fluctuations of noise, we take a running median over each
1Hz frequency band and report the best limit on h0 and
the frequency band of that limit in Table II.

The best limits on Sco-X1 set in this paper are higher
than the best limit set in O1 using a model-based cross-
correlation method [20], and are now lower than those set
using hidden Markov model tracking [21]. The torque-
balance limit, set by assuming that torque due to ac-
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Fast Analyses with Folded Data
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Ain, Dalvi & SM, PRD 92, 022003 (2015) 
Ain, Suresh & SM, PRD 98, 024001 (2018)

• Efficient analysis by folding cross-
spectral data to one sidereal day


• Folding + PyStoch leads to speed 
up by a factor of thousands 

• Possible to perform the analysis on 
an ordinary laptop


• PyStoch introduces HEALPix to the 
stochastic analysis


• Will make it possible to perform 
blind all-sky narrowband search
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Narrowband Maps
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1920 Narrowband maps (20 Hz to 500 Hz, 0.25 Hz bins) produced in a laptop in 10 minutes.
Ain, Suresh & Mitra, PRD 98, 024001 (2018)
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Astrophysical Stochastic “Foreground”
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P. Rosado
PRD 84, 084004 (2011)
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SGWB from Extrasolar Planets
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Ain, Kastha, & SM 
PRD 91, 124023 (2015)
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Summary
• Detection of SGWB will be an important milestone in observational cosmology


• Rates estimated from the first detections indicate that an astrophysical 
isotropic SGWB may be detected by Advanced LIGO


• If the background is dominated by local (z<~2) universe, it will be anisotropic


• The GW radiometer algorithm has been developed for such searches


- we have dramatically improved the performance of the algorithm in terms 
of speed and other add-ons


• Several current/upcoming experiments in different frequency bands promise 
excitements and surprises!
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LIGO O1-2 Isotropic Search Upper Limits
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4

Uniform prior Log-uniform prior

↵ O1+O2 O1 O1+O2 O1

0 6.0 ⇥ 10�8 1.7 ⇥ 10�7 3.5 ⇥ 10�8 6.4 ⇥ 10�8

2/3 4.8 ⇥ 10�8 1.3 ⇥ 10�7 3.0 ⇥ 10�8 5.1 ⇥ 10�8

3 7.9 ⇥ 10�9 1.7 ⇥ 10�8 5.1 ⇥ 10�9 6.7 ⇥ 10�9

Marg. 1.1 ⇥ 10�7 2.5 ⇥ 10�7 3.4 ⇥ 10�8 5.5 ⇥ 10�8

TABLE II. 95% credible upper limits on ⌦ref for di↵erent power law models (fixed ↵), as well as marginalizing over ↵, for
combined O1 and O2 data (current limits) and for O1 data (previous limits) [67]. We show results for two priors, one which is
uniform in ⌦ref , and one which is uniform in the logarithm of ⌦ref .

FIG. 2. Posterior distribution for the amplitude ⌦ref and
slope ↵ of the stochastic background, using a prior which is
uniform in the logarithm of ⌦ref , along with contours with
68% and 95% confidence-level, using combined O1 and O2
data. There is a small region of increased posterior proba-
bility centered around log ⌦ref = �8 and ↵ = 2. This is not
statistically significant, and similar size bumps have appeared
in simulations of Gaussian noise. An analogous plot with a
prior uniform in ⌦ref can be found in the Technical Supple-
ment.

Polarization Uniform prior Log-uniform prior

Tensor 8.2 ⇥ 10�8 3.2 ⇥ 10�8

Vector 1.2 ⇥ 10�7 2.9 ⇥ 10�8

Scalar 4.2 ⇥ 10�7 6.1 ⇥ 10�8

TABLE III. Upper limits on di↵erent polarizations. To obtain
the upper limits, we assume a log uniform and a uniform prior
on the amplitude ⌦ref for each polarization, using combined
O1 and O2 data. We assume the presence of a tensor, vector,
and scalar backgrounds, then marginalize over the spectral
indices and two amplitudes for the three di↵erent polarization
modes, as described in the main text.

nary neutron stars (BNS), along with its statistical un-
certainty due to Poisson uncertainties in the local binary
merger rate. We plot the upper limit allowed from adding
the background from neutron-star-black-hole (NSBH) bi-

naries as a dotted line. We use the same binary formation
and evolution scenario to compute the stochastic back-
ground from BBH and BNS as in [58], but we have up-
dated the mass distributions and rates to be consistent
with the most recent results given in [54, 89]. For NSBH,
we use the same evolution with redshift as BNS. As in
[53], for BBH we include inspiral, merger and ringdown
contributions computed in [90], while for NSBH and BNS
we use only the inspiral part of the waveform. For the
BBH mass distribution, we assume a power law in the
primary mass p(m1) / m

�2.3
1 with the secondary mass

drawn from a uniform distribution, subject to the con-
straints 5M�  m2  m1  50M�. In Ref. [54], rate
estimates were computed by two pipelines, PyCBC [91]
and GstLAL [92]. We use the merger rate measured by
GstLAL, Rlocal = 56+44

�27Gpc�3yr�1 [54], because it gives
a more conservative (smaller) rate estimate. Using the
methods described in [58], the inferred amplitude of the
stochastic background is ⌦BBH(25 Hz) = 5.3+4.2

�2.5⇥10�10.
For the BNS mass distribution, following the analysis

in [54], we take each component mass to be drawn from
a Gaussian distribution with a mean of 1.33M� and a
standard deviation of 0.09M�. We use the GstLAL rate
of Rlocal = 920+2220

�790 Gpc�3yr�1 [54]. From these inputs,

we predict ⌦BNS(25 Hz) = 3.6+8.4
�3.1 ⇥ 10�10. Combining

the BBH and BNS results yields a prediction for the total
SGWB of ⌦BBH+BNS(25 Hz) = 8.9+12.6

�5.6 ⇥ 10�10. This
value is about a factor of 2 smaller the one in [58], due in
part to the decrease in the rate measured after analyzing
O1 and O2 data with the best available sensitivity and
data analysis techniques.

For NSBH we assume a delta function mass distribu-
tion, where the neutron star has a mass of 1.4 M� and
the black hole has a mass of 10 M�, and we take the up-
per limit on the rate from GstLAL [54]. The upper limit
from NSBH is ⌦NSBH(25 Hz) = 9.1⇥10�10. We show the
sum of the upper limit of ⌦NSBH(f), with the 90% upper
limit on ⌦BBH+BNS(f), as a dotted line in Figure 3.

We also show the power-law-integrated curves (PI
curves) [93] of the O1 and O2 isotropic background
searches. A power-law stochastic background that is
tangent to a PI curve is detectable with SNR = 2 by
the given search. We additionally show a projected PI
curve based on operating Advanced LIGO and Advanced

3

FIG. 1. The cross-correlation spectrum Ĉ(f) measured be-
tween Advanced LIGO’s Hanford and Livingston detectors
during its second observing run. The estimator is normalized
so that hĈ(f)i = ⌦GW(f) for tensor-polarized gravitational
waves. The black traces mark the ±2� uncertainties on the
measured cross-correlations. Coherent lines that were identi-
fied to have an instrumental cause have been removed from
the spectrum. The loss in sensitivity visible at approximately
64 Hz is due to a zero in the tensor overlap reduction function
�T (f).

band, but only 4% of the band below 300 Hz, where the
isotropic search is most sensitive. The narrow frequency
binning of 1/32 Hz was needed to cut out a comb of co-
herent lines found at integer frequencies. A list of notch
filters corresponding to lines which were removed from
the analysis is also available on the public data release
page [85].

O2 Results— In Figure 1, we plot the observed cross-
correlation spectrum Ĉ(f) and uncertainty �(f) obtained
from Advanced LIGO’s O2 run. We only plot the spec-
trum up to 100 Hz to focus on the most sensitive part of
the frequency band. These data are also publicly avail-
able on the webpage [85], and can be used to search for
stochastic backgrounds of any spectral shape.

We perform several tests that the cross-correlation
spectrum is consistent with uncorrelated Gaussian noise.
The �

2 per degree of freedom for the observed spectrum
is 0.94. The loudest individual frequency bin is 51.53 Hz,
with a signal-to-noise ratio C(f)/�(f) of 4.2. With a to-
tal of 46227 (un-notched) frequency bins, there is a 71%
probability that random Gaussian noise would yield an
equally loud bin.

In Table I, we list the broadband point estimates and
1� uncertainties obtained from the O2 data when assum-
ing power laws with ↵ = 0, 2/3, and 3. Given the un-
certainties, uncorrelated Gaussian noise would produce
point estimates at least this large with probability 30%,
22%, and 21%, respectively. We conclude there is not
su�cient evidence to claim detection of the stochastic

↵ ⌦̂ref (O2) ⌦̂ref (O1) O2 Sensitive band

0 (2.2 ± 2.2) ⇥ 10�8 (4.4 ± 6.0) ⇥ 10�8 20-81.9 Hz

2/3 (2.0 ± 1.6) ⇥ 10�8 (3.5 ± 4.4) ⇥ 10�8 20-95.2 Hz

3 (3.5 ± 2.8) ⇥ 10�9 (3.7 ± 6.6) ⇥ 10�9 20-301 Hz

TABLE I. Point estimates and 1� uncertainties for ⌦ref in O2,
for di↵erent power law models, alongside the same quantities
measured in O1 [67]. We also show the minimum contiguous
frequency band containing 99% of the sensitivity. For each
power law, the maximum of the frequency band is within 5%
of the value found in O1. The value of the Hubble constant
used in this paper is di↵erent than what was used in the
O1 analysis [67] (68 km s�1 Mpc�1), which has led to some
di↵erences in the numerical values of the point estimates and
error bars that we report for O1.

background.
Upper limits on isotropic stochastic background—

Since we do not find evidence for the stochastic back-
ground, we place upper limits on the amplitude ⌦ref .
We use the parameter estimation framework described
in [60, 61, 75], applied to the cross-correlation spectrum
obtained by combining the results from O1 given in [67],
with those from O2 which are described above (please see
the Technical Supplement for more details). We present
results assuming two priors, one which is uniform in ⌦ref

and one which is uniform in log ⌦ref . We additionally
marginalize over detector calibration uncertainties [86].
In O2 we assume 2.6% and 3.85% amplitude uncertain-
ties in Hanford and Livingston, respectively [87, 88]. In
O1, the calibration uncertainty for Hanford was 11.8%
and for Livingston was 13.4% [67]. Phase calibration un-
certainty is negligible.

Figure 2 shows the resulting posterior distribution in
the ⌦ref vs ↵ plane, along with 68% and 95% credibility
contours. Table II lists the marginalized 95% credible
upper limit on ⌦ref (for both choices of amplitude prior),
as well as the amplitude limits obtained when fixing ↵ =
0, 2/3, and 3.

When adopting a uniform amplitude prior and fixing
↵ = 0, we obtain an upper limit of ⌦ref < 6.0 ⇥ 10�8, im-
proving the previous O1 result by a factor of 2.8. The 1�

error bar is 2.2⇥ 10�8, a factor of 2.7 times smaller than
the equivalent O1 uncertainty. This factor can be com-
pared with the factor of 2.1 that would be expected based
on increased observation time alone, indicating that the
search has benefited from improvements in detector noise
between O1 and O2. For the compact binary stochas-
tic background model of ↵ = 2/3, we place a limit of
⌦ref < 4.8 ⇥ 10�8, and for ↵ = 3, ⌦ref < 7.9 ⇥ 10�9. Fi-
nally, when we marginalize over the power law index ↵,
we obtain the upper limit ⌦ref < 1.1 ⇥ 10�7. The prior
for ↵ is described in the Technical Supplement.
Implications for compact binary background— In Fig-

ure 3 we show the prediction of the astrophysical stochas-
tic background from binary black holes (BBH) and bi-

LIGO & Virgo Collaboration 
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Joint constraints on Scalar, Vector & Tensor modes
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FIG. 7. As in Fig. 6, but assuming uniform priors on the tensor, vector, and scalar stochastic background amplitudes. The
amplitude priors shown have been multiplied by a factor of 20 in order to be visible. Marginalized parameter estimation results
are listed below in Table VII.

Hypothesis ⌦T,95%
ref ⌦V,95%

ref ⌦S,95%
ref ↵T ↵V ↵S

V - 1.7 ⇥ 10�7 - - �3.6+4.3
�3.6 -

S - - 5.8 ⇥ 10�7 - - �4.2+4.5
�3.1

TV 9.5 ⇥ 10�8 1.4 ⇥ 10�7 - �1.4+4.0
�5.4 �3.4+4.4

�3.8 -

TS 9.4 ⇥ 10�8 - 4.8 ⇥ 10�7 �1.2+3.8
�5.5 - �3.9+4.6

�3.4

VS - 1.4 ⇥ 10�7 4.8 ⇥ 10�7 - �3.3+4.3
�3.9 �3.9+4.6

�3.4

TVS 8.2 ⇥ 10�8 1.2 ⇥ 10�7 4.2 ⇥ 10�7 �1.4+3.9
�5.4 �3.3+4.4

�3.9 �3.7+4.6
�3.5

TABLE VII. As in Table VI, but assuming uniform amplitude priors.
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