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Abstract

We search for continuous gravitational waves from PSR J0835-4510 at
twice its rotational frequency using CLIO (Cryogenic Laser Interferometric
Observatory) in the Kamioka mine. In this search, we use data from an
observational run during 12-28 February 2007. We give a brief description of
the methods used in this search. We obtain an upper limit on gravitational wave
amplitude for PSR J0835-4510 as hour) = 5.3 x 1072° with 99.4% confidence
level.

PACS numbers: 95.85.Sz, 04.80.Nn, 07.05Kf, 95.55Ym

1. Introduction

Several laser interferometric gravitational wave detectors have been designed and built to
detect gravitational waves directly. They include LIGO [1], GEO [2], TAMA300 [3] and
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VIRGO [4]. The direct detection of gravitational waves is important not only because it will
become a new astronomical tool to observe our universe, but also because it will become a
new tool to verify general relativity and other gravity theories in a strong gravity field.

A spinning neutron star is expected to emit gravitational waves if it is not perfectly
symmetric about its rotational axis. Pulsars, spinning neutron stars, are one of the most
important target sources for the gravitational wave detectors.

We select PSR J0835-4510 (Vela pulsar) as a target in this search. PSR J0835-4510 is
known to be a relatively close pulsar, located at 250—500 pc [5]. The spin frequency and spin-
down rate from radio observations give an upper limit on the gravitational wave amplitude,
ho ~ 4.9 x 10724, which is the largest among pulsars which correspond to the upper limit on
the ellipticity of the neutron star, ¢ = 3.0 x 1073, The gravitational wave frequency of PSR
J0835-4510 is about 22 Hz. To the best of our knowledge, this is the first analysis of a pulsar
at a gravitational wave frequency below 50 Hz, since previous detectors did not have good
sensitivity in frequency range below 50 Hz.

CLIO (Cryogenic Laser Interferometer Observatory) undertook a one week observation
at room temperature from 12 to 18 February 2007. The CLIO had good sensitivity in the
low-frequency range. In spite of short arm length (100 m), CLIO has demonstrated sensitivity
at 20 Hz comparable to the km-scale detectors operating in the same period. The data from this
observation provide a good opportunity to perform a search for gravitational waves produced
by PSR J0835-4510.

In this paper, we present the results of the analysis of CLIO data to search for gravitational
waves emitted from PSR J0835-4510. We use matched filtering for this search, which is an
optimal method when a waveform is well predicted. The analysis method is based on [6].
Gravitational waves from pulsars are so faint that we need to integrate long term data in
order to increase the signal-to-noise ratio (SNR). In order to reduce the computation time of
the analysis, we compress the data with the complex heterodyne technique. In the matched
filtering analysis, we need exact waveforms which depend on unknown parameters. In this
analysis, there are two unknown parameters: the polarization angle and the inclination angle.
These unknown parameters are searched for on the discrete grid point in a two-dimensional
parameter space. The distance between grid points is determined so that there are at most a
2% loss of SNR. Searches are performed in a frequency range between —0.003 and 0.003 Hz
around the target gravitational wave frequency.

This paper is organized as follows. In section 2, we give an overview of the detector and
the data we analyze. In section 3 , we give an overview of the analysis methods. In section 4,
the results of analysis are presented. In section 5, we summarize the results and present the
conclusion.

2. Detector and data set

CLIO is a locked Fabry—Perot interferometer with a base line arm length of 100 m, located
at the Kamioka mine (36.25° N, 137.18° E), 220 km west of Tokyo. The CLIO project
also includes the apparatus for geophysics [7]. Basic information on the position, orientation
of the detector and detailed descriptions of its operation can be found in [8]. One of the
main purposes of CLIO is to demonstrate thermal-noise suppression by cooling the mirrors
for a future Japanese project, LCGT (Large-scale Cryogenic Gravitational Telescope) [9].

The current best sensitivity at 300 K is about 6 x 107214/ Hz ' around 400 Hz. Below 20
Hz, the strain sensitivity is comparable with that of LIGO, although the baselines of CLIO are
40 times shorter. This is because the seismic motion is extremely small in the Kamioka mine.
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Figure 1. Sensitivity of the CLIO at the observation. The black line is the designed sensitivity at
room temperature. The blue line is a sensitivity during the observation, and the red line is the best
sensitivity of CLIO, respectively.

(This figure is in colour only in the electronic version)

The main signal of the detector, the feedback control signal and other auxiliary channel
signals are recorded with a 65 536 Hz sampling frequency. We adopt a signal peak calibration
method [10] in order to calibrate data from the detector. During the operation, the mirrors of
the detector are actuated with a 512 Hz sinusoid for continuous calibration.

We have operated the interferometer at room temperature for the observation from 12 to
18 February 2007. Figure 1 shows a sensitivity during the observation. CLIO’s observations
were sometimes suspended when the interferometer lost the lock. They were also sometimes
interrupted manually for maintenance. By removing such dead time, the total length of data
available for this data analysis is 86 h.

3. Overview of the analysis methods

3.1. Signal model

In the matched filtering analysis, it is important to use very accurate templates. In the following,
we present the signal model used in this search.

In order to make a precise signal waveform, we have to predict its phase evolution and
the antenna pattern of the detector. Signal h(¢) of a pulsar which reaches the detector can be
written as a linear combination of two polarizations multiplied by the corresponding sensitivity
of the detector to that polarization:

h(t) = hie () F(t) + hx (1) Fx (1), )]
where F.(t) and F.(t) are antenna-pattern functions which depend on time through the

incident direction of gravitational wave. The two polarizations of waves, h.(¢) and h, (¢), are
written as follows [11]:

h(t) = ho(1 + cos® A) cos W (1), ()
hy(t) = hgcos Asin (1), 3)

3



Class. Quantum Grav. 25 (2008) 184013 T Akutsu et al

where

_ 16Gel_v?

ho = 4
0 ctr )

and where W (¢) is the phase of the gravitational wave signal, A is the angle between the total
angular momentum vector of the source and the direction from the star to the Earth (inclination
angle), v is the signal spin frequency, ¢ and G are the light velocity and the gravity constant,
respectively, and r is the distance from the source to the Earth. The ellipticity, €, is defined as

Ixx -1,
€= )
IZZ

where I, I, and I, are the principal moment of inertia of the neutron star.

Antenna pattern. Antenna-pattern functions can be written as [11, 12]

F.(t) = sin&{a(t) cos 2y + b(t) sin 2y}, (6)
Fy (t) =sin&{b(t) cos2y — a(t) sin2yr}, @)

where ¥ is a polarization angle; a(¢) and b(¢) are given by,

a(t) = 11—6 sin2y (3 — cos2A)(3 — cos 28) cos[2(a — ¢, — 2,1)]
— }1 cos 2y sin A(3 — cos 28) sin[2(a — ¢, — 2,1)]
+ 1 sin2y sin 2 cos[a — ¢ — Q]

— % cos 2y cos A sin 26 sin[ee — ¢, — ;1] + % sin2y cos® A cos? $, ®)

b(t) = cos2y sin A sind cos[2(a — ¢, — Q2;1)]
— }1 sin2y (3 — cos 2A) sin § sin[2(« — ¢, — 2;2)]
+ cos 2y cos A cos§cos(o — ¢y — 2,1)

1sin2y sin 2 cos 8 sin(a — ¢ — Q.1), )]

t3

where o and § are the right ascension and the declination of the source, respectively, A is the
latitude of the detector’s site, €2, is the rotational angular velocity of the Earth, y is the angle
measured counterclockwise from the east to the bisector of the interferometer arms, & is the
angle between the interferometer arms, and ¢; is the deterministic phase of the Earth. Using
equations (6) and (7), equation (1) can be written in the following form:

h(t) = S,(t)cos V() + Sy () sin (), (10)
Si(t) = %ho sin&(1 + cos’ A){a(t) cos 2y + b(t) sin 2y}, (11
S« (t) = hosiné& cos A{—a(t) sin2y + b(t) cos 2yr}. (12)

Values of known parameters used for the antenna pattern are shown in table 1. The
location information of the pulsar is obtained from the Australia Telescope National Facility
(ATNF) pulsar catalogue [13].

Phase evolution. The phase W (#) in equation (10) is assumed to be time dependent linearly
for a short term. However, the phase will vary due to the influence of the spin down for the
long term. The phase evolution of a pulsar can be modeled by using a Taylor expansion about
a fixed fiducial time #; as follows:

W(T) = Yo+ 27 {vo(T — to) + $00(T — 10)> + Lii(T — 1) +- -}, (13)
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Table 1. Known parameters used for calculating an antenna pattern. « and § are right ascension
and declination of the source respectively. A is latitude of the detector’s site. €2 is rotational
angular velocity of the Earth. y is the angle measured counterclockwise from the east to the
bisector of the interferometer arms. £ is the angle between the interferometer arms.

08 h35m20.61149 s
—45d 10 m 34.8751 s
36.25° N

27/(0.9973 x 24 x 3600)
225°

90°

MR > >R
G

where W is the initial (epoch) spin phase, vy and its time derivatives vy are the pulsar
spin frequency and spin-down coefficients at #, respectively, and T is the pulsar proper time.
The values of vy, g, . .. are determined by radio observations. The phase evolution of a pulsar,
equation (13), is Doppler shifted due to the relative velocity of the pulsar with respect to the
solar system barycenter (SSB). Let the arrival time at the SSB to be #,. Since the observed
phase evolution with pulsar timing observations are also measured as Doppler shifted one, we
set f, = T. This is justified since PSR J0835-4510 is known to be an isolated pulsar, and
the relative acceleration between the pulsar and SSB can be ignored within the observation
period. A gravitational wave impinging on the interferometer will be modulated by Doppler
shift, time delay and relativistic effects caused by the motions of the Earth and other bodies in
the solar system. These effects can be written by the relation between observer coordinated
time ¢ into its arrival time at the SSB 1, as follows:

r-n
th=t+8t =t+— +Ag, +Asg,, (14)
&

where the second term represents the Doppler shift due to the Earth’s motion, r is the position
of the detector with respect to the SSB, i is the unit vector pointing to the pulsar in the SSB
reference frame, the third term Ag_ is the Einstein delay which is generated by difference
between terrestrial time frame and coordinate time frame in the SSB, and the last term Ag_ is
the general relativistic Shapiro delay which is the time delay analog of the well-known bending
of light at the limb of the sun [14]. We use the data in the HORIZONS system [15] for r in
equation (14). The HORIZONS on-line solar system data and ephemeris computation service
provide access to key solar system data and flexible production of highly accurate ephemerides
for solar system objects. The HORIZONS data used for this search were down-sampled to
1/60 Hz.

In this search, the Shapiro delay (~milliseconds) and the Einstein delay (~micro seconds)
were ignored because they are small compared with the Doppler term (~hundreds seconds).

The most important variable is the frequency of the pulsar. Although the frequency of the
pulsar changes with its spin-down frequency, it is mostly stable and follows the approximate
model:

V(1) = vo + Vot — to) + g (t — £9)?/2, (15)

where 1 and ¥ are the first and second time derivatives of vy, respectively, and 1, is a reference
epoch. A glitch is a sudden frequency jump of magnitude Av/v from 10~ to 10~°, probably
experienced in all ages of pulsars, but more frequently in younger pulsars. Once a glitch
occurs, the evolution of the frequency does not follow the original curve line of equation (15).
Then the latest information after the glitch has to be used for the signal template. The PSR
J0835-4510 has been a particularly prolific source of glitches, having supplied us with 16
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Table 2. The PSR J0835-4510 information after the 2006s glitch. vy denotes a spin frequency. vy
and i are a first derivative frequency and a second derivative frequency, respectively.

Value Uncertainty
vo (Hz) 11.191297 6292214275 0.000 000001 577 1848
vo Hzs™!)  —1.564376516769 x 10711 6.594934679981 x 10~1¢
iip (Hz s72) 2.1035 x 1072! 1.2704 x 10~22

glitches since the glitch observation in 1969 [16]. We used the information of the PSR J0835-
4510 after the last 2006s glitch before the observation of CLIO. Table 2 shows the information
of the PSR J0835-4510 after the 2006s glitch“, which is fitted using TEMPO [17, 18]. We
use the frequency observed on MJD54083.00 (14 December 2006). The derivatives, vy and
i), are derived by fitting the data during MJD54109.801(9 January 2007) ~MJD54175.602
(16 March 2007). We then obtain the frequency vy at #) = MJD54144. The frequency and its
derivatives are summarized in table 2. In this search, we have to satisfy the accuracy of the
frequency ~5 x 1077 in order to suppress the SNR loss within 1%. The pulsar’s frequency
information satisfies these criteria. Therefore we can ignore the SNR loss due to the pulsar
frequency uncertainty.

The frequency band £0.003 (Hz) is adopted to derive the background distribution of the
power at a frequency different from the target frequency.

3.2. Matched filtering

Time domain data from the detector, x(¢), can be considered as the sum of signal 4 (¢) plus
noise n(t),

x(t) = h(t) +n(1). (16)

When we consider the narrow-banded signals like pulsar signals, the matched filtering is
equivalent to compute the following quantity:

Tobs
¢ :/ H(Oh() dr, (17)
0
where Tqps is the observation time. The phase function of signal is written as

W (1) = 2mvg(t — o) + W' (1), (18)

W (1) = Wo + 28t + 2 { S 0o (1 + 8t — 1)> + Lio(t + 81 —10)> +---}.  (19)
‘We can rewrite ¢ as

Tob> .
¢ =2Re / x/(¢) e¥ini=i) gr (20)
0
’ 1 . v/ (1)
x'(t) = E(S+ —iS )x() eV ®. (21)

This means that the matched filtering is equivalent to the computation of the Fourier
transformation of the modulated data x’(z).

! This value is obtained privately from the Australia Telescope National Facility (ATNF) young pulsar timing group.
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The waveform has two unknown parameters, the inclination angle A € [0, 7] and
polarization angle ¢ € [—n/4,7/4]. In this analysis, since the number of unknown
parameters is not very large, we search for these two parameters which maximize ¢ as a
straightforward analysis strategy. In order to keep the loss of SNR as low as 2%, we consider
6 values, (3/8m, 7/16m,31/64m,33/64m,9/167, 5/8m), for the inclination A, and 17 values
spaced equally in [—m /4, /4] for .

3.3. Data conditioning

In this subsection, we explain the method of the data compression and the removal of the
low-quality data. Some of these methods are based on [6].

In order to reduce the computation time of the analysis, the down-sampling is done with
the complex heterodyne technique (CHT) [6]. We shift arbitrary frequency components of the
signal to DC (0 Hz), and we reduce the data by down-sampling. The CLIO data are sampled
at 65 536 Hz frequency. We introduce a two stage down-sampling method. In the first stage, a
simple moving boxcar average of 512 data points, which is called boxcar filter [6], is used as
an anti-aliasing filter. These low-passed data are re-sampled to 256 Hz. In the second stage,
we compress re-sampled data from 256 Hz to 1 Hz by using an IIR digital filter [19]. Before
the second stage, the data are transferred from the voltage data to the displacement data.

The observational data from the interferometer do not obey the simple stationary, Gaussian
process. They contain transient noise, such as short spike noise, due to instability of the
interferometer. The data which contain such short spike noise are removed, and the gap of
the data is padded with zero. The data for 128 s, before the lock of the interferometer is lost
and after the lock is recovered, are removed from the analysis, because such data may not be
calibrated properly.

The average noise level of the data varies due to environmental disturbances, such as
fluctuation of temperature, atmosphere pressure, seismic noise level and so on. These degrade
the SNR of signals. In order to reduce the influence of such low-quality data, we introduce
weighting function to the data so that the data with lower noise level make the highest
contribution to the overall SNR. In the weighting function, the correction corresponding to the
amplitude modulation of the signal is also introduced. This method is based on [6].

After applying these data quality filters, the length of the data was reduced from 86 h to
57 h.

4. Results

After data conditioning, we compute equation (21) by using FFT. The powers in a frequency
range of —0.003 < v < 0.003 (Hz) are computed.

In figure 2, a histogram of the power, P, computed with the parameters of a template,
A =31/64r and ¢ = 1/4m, is shown. This template produces the largest power. The largest
power at the zero frequency, where the pulsar signal should exist if it would be produced, is
P = 0.3Py, where P, is the mean of the power and given as Py = 4.79 x 10731 (m? Hz ™).
The largest power at the zero frequency is indicated by an arrow in figure 2. This value is
completely consistent with the assumption that it is produced by noise. We conclude that we
do not have any significant signal which could be identified as a real gravitational wave signal.

In the case of stationary, Gaussian noise, the distribution of the power is given by [6]
N x Whin — L2

f(P) = —5 (22)
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Figure 2. A histogram of the power with parameters, A = 31/64xw and ¥ = 1/4m. The solid
line is the theoretical line, equation (22). The arrow indicates the largest power at the targeted
frequency (0 Hz).

where wpi, = 4.8 x 1073 (m?> Hz™!) is the size of bins of the power used to plot the
histogram, N = 3245 is the number of frequency bins, and P is the mean of the power given
as Py = 4.79 x 1073! (m? Hz™"). With these parameters, we plot equation (22) in figure 2 with
a solid line. We find that the distribution of the power agrees with equation (22) excellently
except at the tail, P = 13.18 Py. Although the frequency which produces P = 13.18 P is
different from 0 (Hz), we set the threshold on the power at Py = 13.18 Py in order to derive a
conservative upper limit'2. The probability of finding power less than the threshold Py is

Pr
0

The probability of detecting a false alarm originating from the noise in any of N independent
frequency points can be found by using the Poisson distribution with a mean 4 = NP,y. The
false alarm probability becomes

Pr=pe ™. (24

We find that the false alarm probability corresponding to the above threshold is 0.6%.
The upper limit on the gravitational wave amplitude is given by

V2Prm?Hz 1] A v
L

hor) = , (25)
where Av is a frequency resolution and L is an arm length of the interferometer. We substitute
Av = 1.8491 x 107® (Hz) and L = 100 (m) to equation (25), and obtain an upper limit on
the gravitational wave amplitude of 4.8 x 1072°. As a systematic error, we take into account
the calibration error. We assume that the calibration error is at most 10%. This produces a
systematic error to the upper limit, 4.8 x 107!, We take the larger value of the error, and
obtain a conservative upper limit, hour, = 5.3 x 1072, We can interpret this value as the
upper limit on the ellipticity € of the neutron star, which becomes € = 29.

12 We may obtain a better upper limit by using the Bayesian method proposed in [21]. However, we did not adopt
that approach in this paper. We leave this point as a future work.
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5. Summary

A search for gravitational waves from PSR J0835-4510 (Vela pulsar) was performed in the
CLIO data taken during 12—18 February 2007. Searches for sources with spin frequencies less
than 25 Hz had never been attempted before, since previous gravitational wave detectors did
not have good sensitivity in this band. The CLIO data had good sensitivity in the low-frequency
range, and this was the first attempt to analyze PSR J0835-4510 by using interferometer data.

We used the matched filtering method to search for the pulsar signal. We also used the
complex heterodyne technique to compress the data without losing the information of the
signal. We used the parameters of the PSR J0835-4510 after the latest glitch on August 2006.
The spin frequency information obtained in December 2006 and the spin down information
obtained from January to March 2007 were used. The parameters which produce the largest
power of the signal are searched in the parameter space of two unknown parameters, the
polarization angle and the inclination angle. The search was done in the frequency range
vo — 0.003 < v < vy +0.003 (Hz) around the target signal frequency. The total length of
data analyzed was 57 h. We did not find any significant signals which could be identified as
real gravitational wave signals. We obtained an upper limit of sy = 5.3 X 10720 at 99.4%
confidence level. This value corresponds to the upper limit on the ellipticity of the neutron
star, € = 29.

Although the upper limit we obtained is not very stringent, this result shows that the
analysis in such a low-frequency region can be done with an interferometer detector in very
quiet environment, such as in the Kamioka mine. This is good news for future detectors,
especially for LCGT [9].
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