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Fig. 2.— Overlap reduction function for the Hanford-Hanford pair (black solid) and for the

Hanford-Livingston pair (gray dashed).
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Fig. 3.— Coherence calculated for the H1L1 pair (top) and for the H2L1 pair (bottom) over

all of S4 data for 1 mHz resolution and 100 mHz resolution. The horizontal dashed lines

indicate 1/Navg - the expected level of coherence after averaging over Navg time-periods with

uncorrelated spectra. The line at 376 Hz is one of the simulated pulsar lines.
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Fig. 4.— Histogram of the coherence for H1L1 (top) and H2L1 (bottom) at 1 mHz resolution

follows the expected exponential distribution, with exponent coefficient 1/Navg, where Navg

is the number of time-periods over which the average is made.
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Fig. 8.— H1L1, 192-sec analysis with ζ = 0.3. Top: Cummulative estimate of Ω0 is shown

as a function of time. Middle: cross-correlation spectrum Y (f). Bottom: theoretical uncer-

tainty σY (f) as a function of frequency.
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Fig. 11.— Top: 90% UL on Ωα as a function of α for S3 H1L1 and S4 H1L1+H2L1 com-

bined, and expected final sensitivities of LIGO H1L1 and H1H2 pairs, assuming LIGO design

sensitivity and one year of exposure. Bottom: Frequency band as a function of α for the S4

result.
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Fig. 14.— Landscape plot (see text for details). The curves corresponding to inflationary,

cosmic-string, and pre-big-bang models are examples; significant variations of the predicted

spectra are possible as the model parameters are varied. The bounds labeled “BBN” and

“CMB and Matter Spectra” apply to the integral of the GW spectrum over the frequency

range spanned by the corresponding lines.
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Fig. 15.— The ε - Gµ plane for the cosmic string models with p = 10−3. The shaded

regions are regions excluded by different LIGO results or regions accessible to future LIGO

runs. From darkest to lightest, they are: S3 upper limit; S4 upper limit; expected LIGO

sensitivity for the H1L1 pair, assuming design interferometer strain sensitivity, and 1 year

of exposure; expected LIGO sensitivity for the H1H2 pair, assuming design interferometer

strain sensitivity, and 1 year of exposure; expected Advanced LIGO sensitivity for the H1H2

pair, assuming 10× better interferometer strain sensitivity than LIGO design, and 1 year

of exposure. The dash-dotted black curve is the exclusion curve based on the pulsar limit

(McHugh et al. 1996) (the excluded region is above the curve). The solid black curve is the

exclusion curve based on the indirect big-bang-nucleosynthesis bound (the excluded region

is to the right of the curve). The vertical black dashed line is the upper limit on Gµ from

3-year WMAP data (Fraisse 2006).
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Fig. 16.— The f1 − µ plane for the pre-big-bang models with fs = 30 Hz. The shaded

regions are regions excluded by different LIGO results or regions accessible to future LIGO

runs. From darkest to lightest, they are: S3 upper limit; S4 upper limit; expected LIGO

sensitivity for the H1L1 pair, assuming design interferometer strain sensitivity, and 1 year

of exposure; expected LIGO sensitivity for the H1H2 pair, assuming design interferometer

strain sensitivity, and 1 year of exposure; expected Advanced LIGO sensitivity for the H1H2

pair, assuming 10× better interferometer strain sensitivity than LIGO design, and 1 year

of exposure. The black curve is the exclusion curve based on the BBN limit (the excluded

region is above the curve). The horizontal dashed line denotes the most natural value of

f1 = 4.3 × 1010 Hz.
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FIG. 2: Point spread function A(Ω̂, Ω̂′) of the radiome-
ter for a flat source spectrum (H = const). Plotted is the
expected signal strength assuming a source at right ascen-
sion 12 h and declination 0 deg, 20 deg, 40 deg and 60 deg.
Uniform day coverage was assumed, so the resulting shapes
are independent of right ascension. Typical S4 interferometer
power spectra were assumed.

• Spherical harmonics decomposition of the SNR
map. The resulting power vs l graph shows struc-
ture up to roughly l = 9 and falls of steeply above
that - the l = 9 point corresponds to one twenti-
eth of the maximal power. The effective number of
independent points then is Neff ≈ (l + 1)2 = 100.

• FWHM area of a strong injected source, which is
latitude dependent but of the order of 800 deg2.
To fill the sky we need about Neff ≈ 50 of those
patches. We used the higher estimate Neff = 100
for this discussion.

FIG. 3 suggests that the data is consistent with no
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FIG. 3: S4 Result: Histogram of the bias corrected signal-
to-noise ratio (SNR) for H(f) = 1 Hz2f−3. The green curve
is a maximum likelihood Gaussian fit to the data. The red
solid line is an ideal Gaussian, the two dash-dotted red lines
are the 1-σ bands around the ideal Gaussian for Neff = 100.

signal. Thus we calculated a Bayesian 90% upper limit
for each sky direction. The prior was assumed to be
flat between zero and infinity. Additionally we marginal-
ized over the calibration uncertainty of 8 % for H1
and 5% for L1 using a Gaussian probability distribu-
tion. The resulting upper limit map is shown in FIG.
4. The upper limits on the strain power spectrum
H(f) vary between 1.2 × 10−48Hz−1 (100 Hz/f)3 and
1.2× 10−47Hz−1 (100 Hz/f)3, depending on the position
in the sky.

FIG. 4: S4 Result: Map of the 90 % confidence level
Bayesian upper limit for H(f) = 1 Hz2f−3. The up-
per limit varies between 1.2 × 10−48Hz−1 (100 Hz/f)3 and
1.2 × 10−47Hz−1 (100 Hz/f)3, depending on the position in
the sky. All fluctuations are consistent with the expected
noise.
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2. Constant strain power

Similarly, FIG. 5 shows a histogram of the bias-
corrected SNR = Y

σ for the constant strain power case.
Structure in the spherical harmonics power spectrum
goes up to l = 19, thus Neff was estimated to be
Neff ≈ (l + 1)2 = 400. Alternatively the FWHM area
of a strong injection covers about 100 deg2 which also
leads to Neff ≈ 400. The dash-dotted red lines in the
histogram (FIG. 5) correspond to the expected 1− σ de-
viations from the ideal Gaussian for Neff = 400. The
histogram is thus consistent with (correlated) Gaussian
noise, indicating that there is no signal present. The
SNR distribution also passes a Kolmogorov-Smirnov test
for Neff = 400 (α = 0.1).
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FIG. 5: S4 Result: Histogram of the bias corrected signal-
to-noise ratio (SNR) for H(f) = 1 Hz−1. The green curve is
a maximum likelihood Gaussian fit to the data. The red solid
line is an ideal Gaussian, the two dash-dotted red lines are
the 1− σ bands around the ideal Gaussian for Neff = 400.

Again we calculated a Bayesian 90% upper limit for
each sky direction, including the marginalization over the
calibration uncertainty. The prior was assumed to be
flat between 0 and ∞. The resulting upper limit map is
shown in FIG. 6. The upper limits on the strain power
spectrum H(f) vary between 8.5× 10−49Hz−1 and 6.1×
10−48Hz−1 depending on the position in the sky.

3. Interpretation

The maps presented in FIG. 4 and 6 represent the
first directional upper limits on a stochastic gravitational
wave background ever obtained. They are consistent with
no gravitational wave background being present.

One can interpret this result in terms of potential
sources. As an example we look at the gravitational lu-
minosity of all low-mass X-ray binaries (LMXBs) within

FIG. 6: S4 Result: Map of the 90 % confidence level
Bayesian upper limit for H(f) = 1 Hz−1.The upper limit
varies between 8.5×10−49Hz−1 and 6.1×10−48Hz−1 depend-
ing on the position in the sky.

the Virgo galaxy cluster. They have an integrated X-ray
luminosity of about 1× 10−9 erg/sec/cm2 (3000 galaxies
at 15 Mpc, 1040 erg/sec/galaxy from LMXBs). For sim-
plicity we assume that they produce a flat strain power
spectrum H(f) over a bandwidth ∆f . Then the strength
of this strain power spectrum is about

H(f) =
2G

πc3

1
fKeplerfcenter∆f

FX

≈ 10−55 Hz−1

(
100 Hz
fcenter

)(
100 Hz

∆f

) (11)

which is out of reach. Here fKepler ≈ 2 kHz is final orbital
frequency of accreting matter and fcenter is the typical
frequency of the ∆f wide band of interest.

B. Limits on isotropic background

It is possible to recover the point estimate and stan-
dard deviation for an isotropic background as an integral
over the map (see [3]). From that the 90% Bayesian
upper limit can be calculated, which is additionally
marginalized over the calibration uncertainty. In the
β = −3 case the 90% upper limit we can set on h2Ωgw(f)
is 6.25 × 10−5. Table I summarizes the results for all
choices of β.

1. Interpretation

The limit on an isotropic stochastic background of
gravitational waves that can be set with the S4 data
is roughly one order of magnitude lower than the pub-
lished LIGO S3 limit [1]. In [? ] LIGO already pub-
lished an isotropic upper limit using S4 data. While
the reconstruction of the isotropic result done here is in
principle identical to the analysis presented in [? ], the
actual data cuts were sufficiently different that the re-
sult varies slightly. In the future initial LIGO has the
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