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FIG. 10. The 95% sensitivity depths at each of the 40 fre-
quency bands, with a 1-sigma error bar, for the SkyHough
pipeline. The three vertical lines separate the four regions
with different coherent time (3600 s, 2700 s, 1800 s and 900
s).
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FIG. 11. 95% upper limits on ho for the SkyHough pipeline.
The orange trace shows the results for the O2 search, with a
shadow enclosing a 7.5% error obtained from Fig. 10, while
the pink trace shows the results obtained in the O1 search.
These results are valid for all frequncy bands except the 1539
bands where one outlier is present.

adopted in our Virgo data search [33] and also in one
of the Einstein@Home searches [28]. As a result we ob-
tained 30 outliers. Among the 30 outliers, 8 are identi-
fied with the hardware injections. Table XII presents the
estimated parameters obtained for these hardware injec-
tions, along with the absolute errors of the reconstructed
parameters (the differences with respect to the injected
parameters).

The remaining 23 outliers are listed in Table XI. They
include 16 that are seen only in H1 data and 3 in only
the L1 data. In the case of the remaining outliers their
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FIG. 12. Comparison of O1 and O2 95% upper limits on h,
for the Time-Domain F-statistic pipeline.

FIG. 13. Results of Time-Domain F-statistic pipeline co-
incidences as for frequency band of [20-100] Hz. Top panel:
maximum coincidence multiplicity. Bottom panel: false alarm
probability for the coincidence with the maximum multiplic-
ity.

amplitude is stronger in H1 than in L1 whereas the noise
level in H1 is lower than in L1. Consequently no credible
gravitational wave candidates were found.

VI. CONCLUSIONS

In this paper we have presented the first results of an
all-sky search for CW signals using Advanced LIGO O2
data with three different pipelines, covering a frequency
range from 20 to 1922 Hz and a first frequency deriva-
tive from —1 x 1078 to 2 x 107 Hz/s. For this broad
range in parameter space, this is the most sensitive search
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FIG. 14. Results of Time-Domain F-statistic pipeline co-
incidences as for frequency band of [100-434] Hz. Top panel:
maximum coincidence multiplicity. Bottom panel: false alarm
probability for the coincidence with the maximum multiplic-

ity.
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FIG. 15. Results of Time-Domain F-statistic pipeline coin-
cidences as for frequency band of [1518-1922] Hz. Top panel:
maximum coincidence multiplicity. Bottom panel: false alarm
probability for the coincidence with the maximum multiplic-

ity.

up to 1500 Hz. Each search found many outliers which
were followed-up but none of them resulted in a credible
astrophysical CW signal. On the contrary, they were as-
cribable to noise disturbances, to hardware injections, or
consistent with noise fluctuations.

Although no detections have been made, we have
placed interesting 95% CL upper limits on the gravita-
tional wave strain amplitude hg, the most sensitive being
~ 1.7 x 10725 in the 123-124 Hz region, as shown in Fig.
Bl The improved results over the O1 search are due to
the better sensitivity of the detectors, the use of a longer
dataset and improvements of the pipelines. For the semi-
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coherent methods used in this analysis, the strain sensi-
tivity is proportional to [65H67]:

Sn,
T—NN”‘*. (28)

coh

hoO(

For the same observing time, an improvement of 1.15
in the noise floor of both detectors translates to an ex-
pected improvement of 1.15 of the minimum detectable
strain (looking at Fig. 1, we see that H1 has improved
by ~1.15, while L1 has improved less, so at most a fac-
tor of 1.15 is what we expect from the improved noise
floors). To ascertain the influence of the run duration
(assuming that the same coherent time has been used),
we compare the different number of segments used. Com-
paring O1 [40] where ~6600 segments were used by the
SkyHough pipeline (similar numbers apply also for the
other pipelines), with O2 where ~10600 segments have
been used, the expected improvement is of ~1.12, which
multiplied by 1.15 results in a ~1.28 factor. The differ-
ence between this and the 1.4 observed improvement is
due to the enhancement of the pipelines.

By converting the upper limits to an astrophysical
reach, as shown in Fig. [] we see that the searches
presented in this paper provide already astrophysical in-
teresting results. For instance, in the “bucket” region
(around ~ 150 Hz), we would be able to detect a CW
signal from a neutron star within a distance of 100 pc if
its ellipticity were at least 1076, Similarly, in the mid-
dle frequency range, around ~ 500 Hz, we would be able
to detect the CW signal up to a distance of 1 kpc, with
e > 1075, Finally at higher frequencies, around ~ 1500
Hz, the same signal would be detectable up to a distance
of 10 kpc if € > 1075 and 1 kpc if € > 1077. Such
levels of ellipticity are comparable or below the maxi-
mum value we may expect for neutron stars described
by a standard equation of state [68]. Although approx-
imately 2500 neutron stars have been observed through
their electro-magnetic emission, a much larger number
of undiscovered neutron stars is expected to exist in our
Galaxy, a small fraction of which could be nearby.

Further all-sky analyses are planned on O2 data, by ex-
tending the parameter space and looking at sub-threshold
candidates. The O3 observing run has started in April
2019 and will last for approximately 1 year. The full net-
work of LIGO and Virgo detectors is being upgraded and
improved, and we expect that the noise floor in O3 run
will be significantly better than for O2. This, and the
foreseen longer run duration, will make future searches
more sensitive (if the noise floor improves by 1.5 and the
run is 1.5 times longer than O2, we expect an improve-
ment of ~1.66 on the strain upper limits), increasing the
chances of a CW detection or allowing us to place tighter
constraints on the non-asymmetries of neutron stars in
our galaxy and to put constraints on the unseen neutron
star population.
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Label Frequency  Spin-down «@ 1)
[Hz] [nHz/s] [deg] [deg]

ip0  265.575533 —4.15 x 10> 71.55193 -56.21749
ipl 848.969641 —3.00 x 10~ 37.39385 -29.45246

ip2 575.163521 —1.37 x 10™* 215.25617  3.44399
ip3 108.857159 —1.46 x 10™® 178.37257 -33.4366
ip4 1393.540559 —2.54 x 10™" 279.98768 -12.4666

iph  52.808324 —4.03 x 107Y 302.62664 -83.83914
ip6 146.169370 —6.73 x 10° 358.75095 -65.42262
ip7 1220.555270 —1.12 x 10° 223.42562 -20.45063
ip8 191.031272 —8.65 x 10° 351.38958 -33.41852
ip9 763.847316 —1.45 x 107% 198.88558 75.68959
ipl0  26.341917 —8.50 x 1072 221.55565 42.87730
ipll  31.424758 —5.07 x 10™* 285.09733 -58.27209
ipl2  38.477939 —6.25 x 10° 331.85267 -16.97288
ipl3  12.428001 —1.00 x 1072 14.32394 -14.32394
ipl4 1991.092401 —1.00 x 1073 300.80284 -14.32394

TABLE VII. Parameters of the hardware-injected simulated
continuous-wave signals during the O2 data run (parameters
given at epoch GPS 1130529362).

by the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (Netherlands Organisation for Scientific Re-
search, NWO) and the Dutch higher education and re-
search partnership for network services and information
and communication technology (SURF). This article has
LIGO document number ligo-p1900012-v7.

VII. APPENDIX
A. Frequency Hough hardware injections recovery

Table [[X] shows the parameters of the recovered sig-
nals, together with the error with respect to the injected
signals. As shown in the Table, we have been able to de-
tect all the 13 injections done in the analyzed frequency
band and the estimated parameters do show a very good
agreement with the injected ones.

B. Frequency Hough selected sub-threshold
candidates

Table [X]shows the parameters of the candidates which
have been excluded because, after the follow-up and the
verification stages, are in coincidence (within the stan-
dard distance, equal to 3) but below the CR threshold
value CRipnr = 7.42.

C. F-statistic outliers

Table [XT| presents the parameters of the final 23 out-
liers from the Time-Domain F-statistic pipeline, along
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Outlier Frequency Spin-down «@ 1)
index  [Hz] [nHz/s] [deg] [deg]

Population sp F

Description

7 51.0002 —1.8346 x 10~ T 87.0087 -66.0873

18  52.8083 2.2838 x 10712 299.6708 -83.3562
36 56.0001 —6.3195 x 10712 88.8156 -66.4443
39  56.4957 5.7155 x 10710 156.8932 -49.1672
113 70.0001 —1.2045 x 10~ 88.1699 -66.1180
125  72.0001 —5.4952 x 10712  89.4121 -66.5021
149  76.6788 —1.7870 x 1071° 74.5911 -59.0142
150  76.9442 —1.8308 x 1071° 74.6723 -58.9216
151  77.1207 —1.4130 x 1071° 77.8483 -59.1510
152 77.2090 —1.3071 x 1071° 79.0815 -59.5503
153  77.3855 —7.9419 x 1071 279.3909 70.9090
316 108.8567 4.3434 x 10~ 182.2717 -29.6472
485 145.9203 —6.7301 x 10 358.7866 -65.2887
664 199.9977 —1.5070 x 10™**  89.5203 -66.2582
1629 575.1638 —2.9038 x 10! 215.4209 4.0846
2303 763.8471 1.2199 x 10~ 198.9249 75.6197
2584 848.9591 —3.4856 x 10° 37.3061 -28.8880

6542 50.16  86.0406
1433 124.12 654.9832
2765 210.17 157.7912
111 9.04 72.64532

1 Hz comb at H1 and L1
Hardware injection 5

1 Hz comb at H1 and L1
1 Hz comb at H1 and L1
2980 121.85 165.2225 1 Hz comb at H1 and L1
3471 57.69 64.56955 1 Hz comb at H1 and L1
397 32.66 444.1439 0.08843966 Hz comb at H1
558 36.12 566.2429 0.08843966 Hz comb at H1
129 26.81 507.6696 0.08843966 Hz comb at H1
93 21.51 405.0106 0.08843966 Hz comb at H1
150 14.78 154.7181 Unknown line at H1
3050 72.87 275.9235 Hardware injection 3
675 86.45 311.7228 Hardware injection 6
1249 83.46 130.1102 99.9987 Hz comb at H1
636 564.51 4962.3050 Hardware injection 2
1798 637.28 2703.2552 Hardware injection 9
443 898.46 4473.9817 Hardware injection 1

TABLE VIII. 17 outliers from the SkyHough pipeline which survived the follow-up procedure. All of them can be ascribed to
a hardware injection or to a known source of instrumental noise. The (fo, f, a, d) values correspond to the center of the cluster
returned by the post-processing stage. The 5p column shows the mean power significance of the cluster, while F column shows
the F-statistic mean over segments of the top candidate obtained at the last stage of the follow-up. The reference time for

these parameters is 1167545839 GPS.

Label CR Frequency [Hz| Spin-down [nHz/s] a [deg] 0 [deg]
ipl3 27.8 12.427537 (—0.000008) —0.0070 (0.0030) 11.14 (—0.23) 17.78 (2.29)
ipl0 147.8  26. 338028 (-0.000012)  —0.08423 (0.00077) 221.14 (0.043)  42.79 (—0.15)
ipll 130.8 31.424762 (0.000027) —0.0009 (0.0014) 284.52 (0.28) —58.27 (0.04)
ipl2 78.7 38.192818 (—0.000003) —6.2542 (— 0. 0042) 336.06 (2.24) —25.74 (—4.35)

ip5 161.9  52.808286(—0.000038) 0.00000 (4 x 1079) 301.87 (—0.37) —83.641 (0.099)
ip3 67.42 108.857166 (—0.000007) —0.00088 (— 0.00088) 178.29 (—0.0.2) —33.59 (—0.09)
ip6 76.4  145.862390 (0.000036) —6.7245 (0.0055)  358.85 (0.27) —65.63 (—0.01)
ip8 72.7 190.636613 (—0.000055) —8.661 (—0.011) 351.20 (—0.08) —33.04 (0.19)
ip0 293.6 265.575312 (— 0.000032) 0.0000 (0.0041) 71.64 (0.05) —56.29 (—0.03)
ip2 297.3  575.163534 (0.000019)  0.00000 (0.00014)  215.18 (0.03)  3.44 (—0.02)
ip9 394.2 763.847307 (— 0.000010) 0.0053 (0.0053) 198.86 (—0.01)  75.65 (—0.02)
ipl 408.4 848.955908 (— 0.000048) —0.2974 (0.0026)  37.43 (0.02) —29.49 (—0.02)

TABLE IX. Hardware injection recovery with the FrequencyHough pipeline. The reported values have been obtained at the end
of the full analysis, including the follow-up. The values in parentheses are the absolute errors, that is the difference with respect
to the injection parameters. The reference time is MJD 57856.826840. The sky position is given in equatorial coordinates.

with comments on their likely causes. None is a credible
gravitational wave signal.
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Index FAP  Frequency Spin-down « § Description
[Hz] nHz/s|  [deg] [deg]

124x10 7 21.428 0.014 -63.801 100.39 Present only in H1
211x107* 27.481 0.027 -63.159 272.42 Present only in L1
31.5x107° 29.970 -0.003 -66.303 89.028 Present only in H1
41.3x107° 31.764 0.030 -54.723 111.99 Interference much stronger in H1 than in L1
56.3x107° 39.763 0.015 -63.094 103.49 Interference much stronger in H1 than in L1
6 32x107* 42.945 0.015 -65.709 94.921 Present only in H1
7 4.5%x107° 59.951 -0.026 -64.569 86.213 Present only in H1
8 <1078 82.753 -4.229 -52.811 294.54 Interference stronger in H1 than in L1
91.3x107* 83.447 0.011 -65.403 94.618 Interference much stronger in H1 than in L1
10 2.6 x 107* 85.714 -0.003 -65.907 90.414 Present only in H1
11 1.6 x 107* 85.830 -0.004 -63.420 88.385 Present only in H1
12 <1078 107.11 0.195 -6.0084 209.42 Present only in H1
13 <1078 107.14 0.032 -6.4358 9.2631 Present only in H1
14 3.8 x 107° 119.90 0.046 -6.8506 9.3225 Interference stronger in H1 than in L1
15 <1078 128.57 0.362 -7.0981 155.81 Present only in H1
16 <1078 130.93 0.122 -5.2438 9.0533 Present only in H1
17 7.9 x 1078 199.86 -0.041 -8.1570 138.45 Present only in L1
18 1.6 x 1078 299.41 0.132 -8.2426 135.07 Present only in H1
19 <1078 299.54 0.331 -7.0534 109.15 Present only in H1
20 <1078 299.71 -0.229 -6.1941 7.7833 Present only in H1
21 1.3x 1077 303.27 0.034 -3.4995 235.37 Present only in H1
22 <1078 314.91 -0.145 -6.7862 7.9226 Present only in L1
23 <1078 1800.1 -1.700 -68.404 75.855 Present only in L1

TABLE XI. Time-Domain F-statistic pipeline outliers in the frequencies ranges [20-100] Hz, [100-434] Hz, and [1518-1922] Hz.
The columns provide outliers false alarm probability (FAP) as well as the nominal frequencies and frequency derivatives, right
ascensions and declinations found for the outliers, along with comments indicating the likely sources of the outliers. Frequencies

are converted to epoch GPS 1174899130.

Label FA Frequency [Hz| Spin-down [nHz/s] « |deg] 0 [deg]
0 <10 ° 2655746 (0.0007) —0.0466 (—0.0425) 69.42 (2.12) —57.21 (0.99)
ip3 <107 108.8573 (—0.0001) —0.1386 (0.1386) 174.96 (3.42) —34.81 (—1.37)
ip5 2.9 x 1074 52.8085 (0.0002) —0.1865 (0.1865) 236.90 (65.72) —74.18 (9.66)
ip6 < 10° 145.8721 (0.0048) —6.0512 (0.6788) 358.75 (58.00) —68.01 (2.58)
ip8 < 107% 190.6428 (0.0002) —8.5306 (0.1193) 331.41 (19.98) —35.87 (2.45)

ipl0 2.2 x 10~*  26.3380 (0.0001) —0.0683 (0.0167) 223.10 (1.54)  37.23 (5.64)
ipl1 4.0 x 10~* 31.42475 (0.00001) —0.0056 (0.0051) 286.25 (1.10) —58.39 (0.11)
ipl2 5.7 x 10~2  38.2005 (0.0001) —6.1165 (0.1335) 326.26 (5.60) —33.71 (16.73)

TABLE XII. Hardware injection recovery with the Time-Domain F -statistic pipeline. The values in parentheses are the absolute
errors, that is, the difference with respect to the injection parameters. Frequencies are converted to epoch GPS 1174899130.
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