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Figure 5. Sky map of signal-to-noise ratios (p) for simulated data set that includes a strong signal injection made in the least (a) or most (b) sensitive sky
region. The signal is injected at the location indicated by a * * and the maximum p is found at ‘C)’. Sky locations of the 20 PPTA pulsars are marked with ‘x’.

significant value Py, = 22.06 across the sky is found at 85 nHz. To
estimate the FAP of this ‘event’, we produce simulated data sets and
treat them exactly the same as real data set, i.e. going through the
same fitting process and searching over exactly the same grid points
in the parameter space. For each noise realization, we record the
maximum value of the detection statistic. With 1000 simulations we
show in Fig. 8, FAP estimates based on the empirical distribution
of Prax. The FAP for P, = 22.06 found in the PPTA DR1 data
set is estimated to be 17 per cent, which means the search result is
consistent with a null detection. From the empirical distribution of
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Pmax, We also obtain an estimate of Ny, = 1000 for the PPTA DR1
data set.

4.3 Upper limits and sensitivities

Fig. 9 shows all-sky upper limits on 4 for two cases: CW signals are
injected to (a) real data or (b) simulated noise. One can see that case
(b) gives slightly worse upper limits across the whole frequency
band (most notably between 5 and 15nHz) and the noisy trend in
frequency for both set of limits is almost identical. Also shown in
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Figure 6. Upper limits on & established for real data with signal injections,
are compared against injected values (both in 10~'%). Each point represents
a separate injection. The horizontal dash line marks the PPTA DR1 upper
limit (1.7 x 10~'%) at 1078 Hz where all injections are made. The solid
black line is for upper limits equal the injected values.

Fig. 9 is an all-sky sensitivity curve for case b). This sensitivity
curve is roughly a factor of 2 above the upper limit curve. This is
expected because in the process of setting an upper limit Py, is
compared against P, which has an average of 4 (the distribution
of Poys varies significantly over frequency, resulting in the noisiness
in the upper limit curves), and the threshold Py, qi—sy = 20.877is a
factor of 5 higher than P, on average (taking /5 for scaling in hy).
In order to test the effect of our assumption that pulsar terms are in
the same frequency bin as Earth terms, we calculate the sensitivity at
the fifth bin (the most sensitive bin, with a centre frequency 8 nHz)
for evolving sources with M, = 10'° Mg . As indicated by the ‘plus’
sign in Fig. 9, the sensitivity at this frequency bin is only increased
by 7 per cent.
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Figure 8. FAP as a function of the maximum detection statistic (Ppax) as
determined by 1000 simulations (solid black). The red dash line is for a x2
distribution with 4 degrees of freedom assuming a trials factor Nig = 1000.
The vertical line marks Ppax = 22.06 measured for the PPTA DRI data set.

Our upper limits are about a factor of 4 better than the previously
published limits in PPTA10. This improvement is mainly because
the new data set has significantly improved timing precision and ca-
dence over the earlier data set. Our limits also improve by a factor of
2 on those reported in the recent paper by NANOGrav (Arzouma-
nian et al. 2014), comparing to their results based on ‘fixed-noise’
approaches. This improvement is mostly caused by the higher ob-
serving cadence, the slightly longer data span and the much larger
number of independent observing sessions in the PPTA data set. It
should be noted that (1) there is a factor of 4/8/5 difference in the
definition of the GW strain amplitude being constrained in PPTA10.
Their upper limits were set on the inclination-averaged mean-square
amplitude that is given by hy x /8/5 (see, e.g. equation 24 in
Jaffe & Backer 2003). (2) As CW signals were underrepresented in
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Figure 7. Sky map of the detection statistics (7°) measured for the PPTA DR1 data set. The most significant statistic is found at a direction indicated by ‘o’.

Sky locations of the 20 PPTA pulsars are labelled with ‘x’.
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Figure 9. All-sky upper limits on &g as a function of GW frequencies
for two cases: signals injected to real data (dash blue) or simulated noise
(solid pink). The all-sky sensitivity curve (solid black) is obtained for sim-
ulated noise. Two vertical lines correspond to frequencies of 1-2 yr—!. The
dash—dotted straight lines are strain amplitudes expected from SMBBHs
with M. = 10'°M) and d. = 400 Mpc (upper), or M. = 10° My and
di, = 30 Mpc (lower). The point marked by a plus sign is the sensitivity
calculated for evolving sources assuming M, = 10'° M@.

PPTA10 by a factor of v/2, corresponding to the difference between
the maximum amplitude of a sinusoid and its rms amplitude, we
have divided upper limits presented in that paper by the same factor
when making comparisons.

In Fig. 10, we show sensitivity curves for the most, median, and
least sensitive sky direction given the PPTA DR1 data. It should be
noted that such sensitivities are to be used as a guide for targeted
searches, i.e. for known source sky locations and frequencies. For
the most sensitive sky direction, the current data set is sensitive to
average-oriented SMBBHs of chirp masses 10° Mg, up to about
100 Mpc in the frequency band of 1078-10~7 Hz (except two nar-
row bands centred around 1-2 yr~!). For directional searches with
unknown orbital frequencies, these sensitivities should be decreased
by 15 percent to account for the trials factor involved in a search
over frequency as discussed in Section 3.4. The median sensitivity
curve is a factor of 4 below the all-sky sensitivity curve because for
95 per cent of the whole sky sources with /iy above the latter can be
detected while the former only applies to ~50 per cent of the sky.
For both Figs 9 and 10, the huge sensitivity loss at around 1-2 yr~!
is due to the constraints set on A, . (f) which aim to avoid the co-
variance between a global fit for A . (#) and the fit for positions,
proper motions and parallax of individual pulsars.

Fig. 11 shows the distance at which a circular SMBBH of a
certain chirp mass would produce a detectable signal at 10~8 Hz in
our data set. In this plot, the signal injections only include Earth
terms because the inclusion of pulsar terms bias the sky localization
and thus make the sky map very noisy. However, we emphasize
that similar results should be obtainable if we search over the sky
(rather than only at the injected location) for each signal injection
when pulsar terms are included. The purpose of Fig. 11 is just to
illustrate the PPTA CW sensitivity map and to gain some insights
on how the addition of new pulsars to the timing array helps. As
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Figure 10. Sensitivities as a function of GW frequencies for the most
(lower), median (middle), and least (upper) sensitive sky direction given
the PPTA DRI data. Straight lines are for SMBBHs with M, = 10° Mg
and di. = 100 Mpc (lower), M, = 10'°M,) and di. = 1.5 Gpc (middle),
M. = 10" M and di, = 170 Mpc (upper), that could produce CW signals
at the level of the three sensitivity curves between 10~ and 10~7 Hz (except
two narrow bands centred around 1-2 yr—1).

expected, we are most sensitive in the sky region where the best-
timed PPTA pulsars are located and least sensitive in the opposite
direction. Main findings from Fig. 11 include.

(1) The PPTA DRI data set is sensitive to potential SMBBHs
with chirp masses of >2.3 x 10° Mg in the Coma Cluster, and
of 27 x 108 Mg, for both the Fornax Cluster and Virgo Cluster.

(2) With the current analysis, we are unable to place meaningful
constraints on 3C 66B as it was proposed to have an orbital period of
1.05 yr (Iguchi, Okuda & Sudou 2010) where our sensitivity is very
low because of the biannual sinusoidal constraint set on A ,(f)
(see Figs 9 and 10).

(3) For another SMBBH candidate OJ287, modelled with an
orbital period of 12 yr (Sundelius et al. 1997), a possible constraint
on the chirp mass with the current data set would be ~10'" M
which is about an order of magnitude higher than the current mass
estimate (Valtonen et al. 2010).

(4) The possible SMBBH candidates and nearby clusters are
all located in the insensitive sky region. This shows the benefits
of adding new good pulsars to increase the PPTA’s astrophysical
reach.

4.3.1 Upper limits on the SMBBH coalescence rate

Given the absence of CW signals in the PPTA DR1 data set, up-
per limits on the coalescence rate of SMBBHs can be computed
in a straightforward way. Following Wen et al. (2011), but rather
than constraining the differential coalescence rate (with respect to
chirp mass and redshift), we wish to set limits on the local coales-
cence rate density. The expected number of events can be written
as 0 = R ;e V;AT(f;), where R is the coalescence rate per unit vol-
ume, € is the detection efficiency (which is 95 per cent for all points
on the all-sky sensitivity curve shown in Fig. 9), V; is the sensitive
volume at frequency f; (simply taken as 47Tdﬁ’,- /3 with d;_; being the
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Figure 11. Sky map of luminosity distance (dr ) out to which the PPTA DR1 data set is sensitive at 1073 Hz to CW signals from circular SMBBHs of chirp
masses 10° M¢. Sky locations of the 20 PPTA pulsars are labelled with “x’. White diamonds mark the location of possible SMBBH candidates or nearby
clusters (luminosity distances are 92 Mpc, 102 Mpc, 19 Mpc, 16.5 Mpc, and 1.07 Gpc for 3C 66B, Coma, Fornax, Virgo, and OJ287, respectively). Note that
the sensitivity in dy, scales as Mf /3 and is roughly the same for the frequency band of 10~8-10~7 Hz except two narrow bands centred around 1-2 yr~! (see

Fig. 10).

luminosity distance out to which an SMBBH would produce a de-
tectable CW signal at f; with 95 per cent probability), and AT(f;) is
the time duration that a binary stays in the ith frequency bin. Assum-
ing Poisson-distributed events, the probability of no events being
detected is e™*. Therefore, the frequentist 95 per cent confidence
upper limit is Ros percens = —In(1 — 0.95)/> "€ V; AT(f).

Making use of the all-sky sensitivities for 141 frequencies shown
in Fig. 9 together with the assumption that the sensitivity is a con-
stant for each frequency bin with width 1.32nHz, we find that
Rospercent = 4 x 1073(10"" M5 /M.)'"* Mpc™ Gyr~' for nearby
(z £ 0.1) SMBBHSs (with the maximum applicable redshift corre-
sponding to the largest d ; for M, = 10'° M¢@). Note that our limit
is about two orders of magnitudes above the current estimates of
galaxy merger rate density in the local Universe (see e.g. fig. 13 in
Conselice 2014).

5 CONCLUSIONS

Over the past few years, PTAs have been collecting pulsar timing
data with steadily improving precision and are starting to set astro-
physically interesting upper limits. However, most of the analyses
of PTA data have focused on a stochastic background that could
be produced by the combined emission by a large number of indi-
vidual SMBBHs. In this paper, we have developed a new coherent
method for detection of individual CW sources and have tested
it extensively on both simulated and real pulsar timing data. The
method was applied to the PPTA DR1 data set to perform an all-sky
search for CWs from individual nearby SMBBHs in circular orbits.
Since no GWs were detected, we set upper limits on the intrinsic
GW strain amplitude over a range of frequencies. For example, at
1073 Hz our analysis has excluded the presence of signals with &
larger than 1.7 x 10~'* with 95 percent confidence. These new
limits are a factor of 4 better than those presented in PPTA10, and
a factor of 2 better than the recent NANOGrav limits reported in
Arzoumanian et al. (2014). We also placed upper limits on the co-
alescence rate of nearby (z < 0.1) SMBBHE, e.g. for very massive

binaries (M. = 10'°M() the rate is constrained to be less than
4 x 1073 Mpc— Gyr~! with 95 per cent confidence.

We have also presented all-sky and directional sensitivity curves
and find that for the frequency band of 1078-10~7 Hz (except two
narrow bands centred around 1-2 yr~):

(1) with the current data set, we are able to detect with 95 per cent
probability very massive binary systems (M. = 10'°M@) out to a
luminosity distance of 400 Mpc regardless of their sky locations
and orientations;

(2) for the most sensitive sky direction, the current data set is
sensitive to average-oriented SMBBHs of chirp masses 10° Mg up
to about 100 Mpc.

Furthermore, we show a PPTA sensitivity map in Fig. 11 and
find that the PPTA DRI data set is sensitive to potential SMBBHs
with orbital frequencies between 5 and 50 nHz and chirp masses
of 22.3 x 10° Mg in the Coma Cluster, and of 27 x 10 M for
both the Fornax Cluster and Virgo Cluster. Directional sensitivity
curves and the sensitivity sky map presented here can be used
as a guide for future directional/targeted searches. Constraints on
specific individual SMBBH candidates will be investigated in a
future paper.

Finally, it should be emphasized that our results are based on the
assumption that black hole binaries are in circular orbits. Recent
models for the SMBBH population including the effects of binary
environments on orbital evolution suggest that this assumption is
incorrect for GW frequencies <10~% Hz (Sesana 2013a; Ravi et al.
2014b). For future searches, orbital eccentricities and effects of
spins will be considered and detection methods optimized for such
sources are in development.
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