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The direct detection of continuous gravitational waves from pulsars is a much anticipated discovery in
the emerging field of multimessenger gravitational wave (GW) astronomy. Because putative pulsar signals
are exceedingly weak large amounts of data need to be integrated to achieve desired sensitivity.
Contemporary searches use ingenious ad hoc methods to reduce computational complexity. In this paper
we provide analytical expressions for the Fourier transform of realistic pulsar signals. This provides
description of the manifold of pulsar signals in the Fourier domain, used by many search methods. We
analyze the shape of the Fourier transform and provide explicit formulas for location and size of peaks
resulting from stationary frequencies. We apply our formulas to analysis of recently identified outlier at

1891.76 Hz.
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I. INTRODUCTION

Continuous gravitational waves are an eagerly antici-
pated but elusive phenomena [1]. Despite a series of
searches since early 2000 (in particular [2-8]) there have
been no loud detections. Some recent papers have seen
signals with moderately high SNR, but it is not known yet
whether they are due to the instrumental noise or astro-
physical signals.

Continuous gravitational waves are expected from rap-
idly rotating neutron stars, as well as from more exotic
sources [9-14].

In this paper we study the Fourier transform of the
continuous wave signal using analytical techniques.
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This study was motivated by loosely coherent algorithms
[15—-17] which adapt to the shape of the signal manifold.

The Fourier transform of continuous wave signal is
analogous to the time-domain representation of a binary
waveform. Understanding it is essential for interpreting
detection candidates.

The Fourier transform can be computed numerically by
first generating gravitational wave signal. Present day
gravitational wave detectors produce data at 16384 Hz
sample rate, so a 3-day signal takes ~33 GB of memory to
store. One can reduce storage requirements by heterodyn-
ing, but that still results in cumbersome memory and
computing requirements.

Our analytical results yield a simple method for deter-
mining location and strengths of peaks in the Fourier trans-
form of a continuous wave signal, without the need to
generate the entire waveform. This has immediate applica-
tions for understanding the influence of detector artifacts.

Currently available gravitational wave data has fre-
quency spectrum contaminated with numerous sharp peaks
[2,6]. The question of overlap of astrophysical signals with
these artifacts can be partitioned into direct and inverse
problems:

(1) In a direct problem, we know the signal parameters

with some tolerance and we would like to find out
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which instrumental lines are located in the signal
spectrum.

(ii) In the inverse problem, we want to know which

signals have spectrum covering a known line.

We provide explicit formulas describing location and
strength of the peaks in the Fourier transform. These for-
mulas can then be used to efficiently solve both direct and
inverse problems of correspondence between signals and
sharp detector artifacts. We developed an algorithm for
peak computation, detailed in Fig. 4.

II. SIGNAL MODEL

A pure monochromatic signal has linear phase evolution.
While this would be computationally simple to search
for, the search would be challenging due to confusion of
putative signals with numerous instrumental lines [6].

Realistic gravitational wave signals have multiple sources
of modulation, due to Doppler shifts from detector motion
relative to the source, possible source motion due to nearby
astrophysical bodies, or intrinsic evolution of the source,
such as slow decrease in frequency due to energy loss.

All such signals are nearly monochromatic and can be
described by the equation

h(t) = NR(a(t)e'?M) (1)

The Fourier transform of £(t) is thus a convolution of the
Fourier transform of amplitude modulation and the phase
modulation terms. The amplitude modulation a(t) varies
slowly, and its Fourier transform has only five terms: a
constant offset, and harmonics (sinusoidal terms) corre-
sponding to periods of half and full sidereal day. Thus most
of the complexity is in the behavior of the phase modu-
lation term.

To simplify exposition we assume that a(¢) is unity
everywhere the signal is defined and focus on the phase
modulation terms alone. We do study the case when input
data has gaps, which act as a much stronger amplitude
modulation of the waveform.

Such gaps occur naturally due to lock losses in inter-
ferometer operations. They can also arise effectively in data
that would normally be deweighted due to high noise, or
due to unfavorable interferometer angle to the incoming
linearly polarized signal.

The phase modulation ¢(7) is a powerful tool in
separating astrophysical signals from detector artifacts,
but its complicated form and dependence on many param-
eters, such as source and detector locations and frequency
drift parameters presents a computational challenge.

It is instructive to consider a simplified situation of a
fixed frequency source and a detector following two
superimposed circular motions—one around Earth’s axis
and one of Earth around the Sun.

First, we compute relative detector position to Earth
center:

cos(@o it + ag) cos(8y)
sin(@t + ag) cos(8y)
sin(6p)

7Eanh = REarth (2)

where ag and &, are the detector longitude and latitude
locations correspondingly.
The full motion of the detector is then described as

7det = 7Earth + ﬁcos(worbt) + ﬁ Sin(a)orbt) (3)

where # and ¥ are two perpendicular vectors in the ecliptic
plane parametrizing Earth’s orbital motion.
This can be generalized as

K

Faer = Toft + Z U cos(wgt) 4ty sin(ayt)  (4)
=1

Here 7. is a constant offset, which for circular approxi-

mation is Rgap sin(&o)g . Since the offset is constant, it only
affects absolute signal phase. For simplicity we will assume
Forf = 0 in subsequent calculations.

Our simplified example with two modulations arising
from circular motions corresponds to K = 2. The Eq. (4) is
general enough that one can fit any realistic signal by
including additional harmonics, for example, due to plan-
etary perturbations. The algorithm presented in Fig. 4 is run
using solar system barycenter timings incorporating full
complexity of the underlying signal.

The direction to the source is given by

cos(a) cos(d)
= | sin(a)cos(s) |. (5)
sin(5)

A
nsource

Here « is the right ascension in radians [0, 2x) and ¢ is the
declination in radians [-z/2, 7/2].
The detector velocity vector is

. d. . L
Vet = E Vget = Z Uy cos(a)kt) — U@y sm(a)kt). (6)
k=1

The Doppler shift is computed from the formula:

D— Nsource * Vdet
C

Aeoarce - B Poouce - Bi .
= g % @y cos(wyt) — == @y sin(wyt).
- c c

(7)

We introduce relative modulation depth ¢! and modu-
lation phase ¢;:
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()% ~ - A e
aﬁel - 7 \/(nsource ’ uk)2 + (nsource ’ Uk>2 (8)

>

source Zk) ] (9)

o = arctan(
source * Vk

=

Then the Doppler shift becomes:

D= Z al cos(wyt + ¢y). (10)

Let us widen the model for our source signal to include
polynomial frequency evolution, which is observed in radio
pulsars:

=315 (1)

The signal received at the detector is then

- <§fn ::) (1 + kzklaﬁfl cos(wyt + ¢k)>- (12)

This ignores relativistic corrections.

Let us assume that the products f,a} are negligible for
all n > 1. This is the case for frequency drifts in most
known radio pulsars. For example, with f; ~ 107!2 Hz/s
and with Doppler shifts from Earth orbital motion a§' ~
10~* we find the product f a5 ~ 107'® Hz/s much smaller
than resolution of most all-sky searches. Then the signal
model simplifies to:

f(1) :Z —‘*‘fozamlcoS ot + ). (13)

We now introduce phase modulation depth a; as

Zﬂfoarel 27rf0
@y, C

\/(nsource uk) + (ﬁsource : 5k)z'

(14)

ap =

Then the phase model of our signal is

1

P(1) = ¢o+2”2fn1 +Zaksmwkt+¢k) (15)

Here ¢, controls the initial phase of the signal.
To make sense of modulation amplitudes and phases, we
focus on our initial case of two circular modulations.

The vectors u; and v; describing Earth’s rotation are

COS o COs

171 = REarth sin Qg COos 50 (16)
0
— sin ag cos &y
= Rpaun | €Os g cos & (17)
0

where @, and &, are detector longitude and latitude
correspondingly.

Then the parameters corresponding to Earth’s rotation
are

¢ o arctan( source uk)
1 —

nsource Uk

— aretan sin(a — ag) cos(8p) i uw
- ar (cos(a —ay) cos(éo)) o (18)

2rfoR
a, = @ |cos(8) cos(8y)] (19)

We see that modulation phase ¢, is just the difference
between source right ascension and detector longitude.
The vectors u, and v, describing Earth orbital motion are

1
172 = Rorb 0 (20)
0
0
iy = Ry | cose (21)
sine

where ¢ = 23.4° is the obliquity of the ecliptic.
The parameters corresponding to Earth orbital motion
around the Sun are somewhat more complicated:

B sin(a) cos(8) cos(e) + sin(8) sin(e)
¢z = arctan( cos(a) cos(d) ) (22)
ar= 277"fORorb
. \/cosz(a)cos2 (8) + (sin(a) cos(8) cos(e) + sin(8) sin(e) )?

(23)

This complexity is due to the choice of equatorial
coordinate system. Had we chosen ecliptic coordinates
instead the orbital motion parameters would be simple,
while the Earth rotation parameters have similar expressions
to the above, as we will essentially exchange indices. As we
will see later the shorter period motion introduces more
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complexity in the Fourier transform, so it makes sense to use
the equatorial coordinate system in applications.

III. FOURIER TRANSFORM OF
QUASIMONOCHROMATIC SIGNAL

A. Signal spectrum

In the general case the signal spectrum is

%mz[mamwmwww

T/2
T/2 N 1
= exp q ipg+2mi Yy foo1—
/—T/2 p{ 0 nz:; =

K
=+ i ay sin(a)kt + ¢k)} . e_iZH(f_fO)tdt (24)
k=1

Thus the spectrum depends on initial signal phase ¢,
initial frequency f(, higher order frequency expansion
parameters f;, (for k> 1), phase modulation depth a,
and modulation phase ¢;.

For searches less than 30 days the effect of third order
and higher frequency derivatives can be neglected for
astrophysical sources. Keeping terms up to a second order
in frequency, the equation simplifies to

- /2
h&ﬂ—l;

K

. . 2 A
exp{zd)o + 127r<f1§+f2€>
+ i

ay sin(wyt + ¢k)} ce~2rf=fo)tgr,  (25)
k=1

The treatment of sinusoidal phase modulation can use
either the Jacobi-Anger expansion in terms of Bessel
functions or approximation of the sine function by
polynomials.

B. Polynomial approximation

The polynomial approximation is particularly effective
when w;T is small.
For example:

3.3

t
agsin(wgt + ¢y) = ay (a)kt - % + 0(w2t5)> cos(¢y)

+ (125 + 0(ats) ) s

(26)

Table I shows modulation parameters for sources emit-
ting at various example frequencies.

For example, in the case of 7 = 3 days we find that the
Earth’s orbital motion is a good candidate for polynomial
expansion and would need terms up to a cubic order.

Indeed, the error in Eq. (26) can be bounded by the 4th
order term:

4d

T
DI <0.11
412*

a (27)
Here we assumed the expansion is centered on the middle
of the interval so the maximum time is 7'/2.

Let Lr be the set of indices describing expanded
harmonics. Consider the following integral by neglecting
constant phase term:

~ T/2 ) [2 . 13
ho(f) = /T/2 GXP<27T1915+27T192€

+iY a sin(a)kt—i—qbk)) cemi2nlf~a)idr  (28)
k&Lg

where coefficients g, have been introduced that describe
both initial polynomial frequency modulation parameters
and the contribution from polynomial expansion of sinus-
oidal modulations:

TABLE I. Modulation parameters.

Modulation term Source frequency Earth rotation Orbital motion Unit
; e 6.3 0.017 (1/day)
a 200 Hz 23 630000 e
a 1000 Hz 115 3200000

a 2000 Hz 230 6300000 e
a,w; 200 Hz 0.0017 0.123 Hz
a,w; 1000 Hz 0.0084 0.63 Hz
a,w; 2000 Hz 0.017 1.23 Hz
a,0? 200 Hz 1.2 x 1077 24 %1078 Hz?
a,0? 1000 Hz 6.1 x 1077 1.2 x 1077 Hz?
a,07 2000 Hz 1.2x107° 2.4 %1077 Hz?

Modulation parameters for various sources. The amplitude modulation values are worst case, as seen in LIGO
Livingston interferometer. Phase and frequency modulation are dominated by orbital motion, while the frequency

derivatives are larger for terms from Earth rotation.
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0 (qﬁk + %) (29)

This model of polynomial plus harmonics is very effective in
describing a realistic pulsar signal. As we will show later, the
phase behavior of exact Solar System barycenter timings can
be approximated with a single harmonic plus a third order
polynomial over any data stretch of 3 days or less.

aka)k
=Jat Z 2z(n + 1)'

keLg

C. Jacobi-Anger expansion

We now focus on the application of the Jacobi-Anger
expansion. Applying it to all sinusoidal terms we get:

- 7/2 P A
ho(f) = T/zexp 27[1915+2ﬂ192——12ﬂ(f—go)t

6
- exp <iZal sin(w;t + ¢1)> dt
I€Ly;
/2 2 £
= / exp | 2zig) ~ + 2mig, — — i2x(f — go)t
) 2 6
: H z "1, (ar) exp(iki (@it + ¢by))dr. — (30)
gLy &

The product and sum symbols can be exchanged yield-
ing a sum over multi-indices k = (ky, ..., ky):

. T/2 P A
ho(f) = / exp <27t1g1 —+ 2mg2€ —2z(f — go)t>

-T/2 2
ST #9k (@) expliky(ayt + ¢))de.— (31)
r I€Lg

The indices k span an infinite lattice for exact expression.
However, the values J; (a;) decrease rapidly for k; > |q|,
allowing a finite sum to be used in practical calculations.

The number of remaining indices in a sum depends on
modulation depth a; and can be fairly substantial even for
relatively small modulation values. This complexity is
intrinsic to the problem, as can be confirmed by examining
numerically computed Fourier transform in Fig. 2—the
multitude of peaks would need separate harmonic terms to
produce them.

Mathematically, this can be understood as follows.

First we perform the expansion of longer period harmonics
as done in Eq. (28) keeping only one remaining harmonic.
Then we split the integral into pieces of length matching one
period T, (where T ,@; = 2r). We assume the full integra-
tion interval is the integer multiple of period T',:

/T »/2+mT,
m=0 /2+mT

3

2 t
- exp (27r191 5 + 2m‘gzg + ia; sin(w 1 + ¢1)>
. e 27i(f=g0)t ¢ (32)

Shifting the internal integration variable by mT , we obtain:

- /T,,/z ( _ (t+mT,)?
= Z exp | 2zig) —————
1,2 2

(t4+mT),)?

+ 2rig, +ia, sm(a)lt—i—qﬁl))

. e~ 2mi(f=go)(t+mT}) gz (33)

The argument of the sine function is unmodified because we
shift by integral number of periods.

The Taylor formula provides a convenient way to
compute a shift of any analytic function:

) =3 () (34)

For polynomials the sum is finite because higher order
derivatives vanish. Our polynomial is only third order:

2 3
p(t) =2x(g —f)t+2ngl§+2ﬂgzg. (35)
Leading to a simple expression for the shift:
2
p(t+mT,) = p(1) + mTp2n'<g0 —f+aqt+¢ 5)
m*T? m’T3
+ P2m(gy + got) + 6 F2mg,.  (36)

Thus the shifted integral can be described as a convolu-
tion of a single-period Fourier transform with a Fourier
transform of exp(i(p(¢ +mT,) — p(t)). The latter can be
separated into three parts:

(i) a multiplication by the phase

2T2 3T3
exp <2m’ (glmz L +ngfl6 p>) (37)

(ii) a shiftin frequency by g,mT + g,m? Tf, /2 which we
denote by operator S(m).

(iii)) and a convolution with Fourier transform of a
Gaussian exp(7iT ,g,1*) iterated m times. We denote
a single iteration of the convolution by operator T.

Then the full integral can be expressed as

”T’”S( Vho(f)  (38)

2,2
T
E 2m ——L+

where /)(f) denotes a single period Fourier transform:
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T,/2 2 A
=1 » , .
ho(f) = /T B exp <2mgl 5—'_ 27Tlgz€

+ iay sin(w; t + ¢, )> e~ 2 (f~w)tdr - (39)

This expression explains features of the Fig. 2. The
repeated pattern is due to iterations of the operator T and
frequency shift S(m). However, both this operator and the
frequency shift S introduce frequency shifts that are not
aligned to frequency bins of the full Fourier transform.
Thus the height of peaks varies with each iteration.

The variation in phase together with convolution acts to
scramble the heights of smaller peaks resulting in a
signature of the underlying signal.

IV. FOURIER TRANSFORM SHAPE

The Eq. (38) allows us to understand the Fourier trans-
form of continuous wave signals in a qualitative way. For
practical applications it is desirable to know the details such
as location of the peaks and their heights.

While this can be done by the numerical integration of
formula (38), the computation is comparable in difficulty to
taking the Fourier transform directly. What we would like
instead is a simple formula depending on parameters of the
signal g, w; and ¢;.

To obtain such formulas, consider the integral

- T/2 P2 o9
ho(f) = /T/2 exp<2mg1§—|—2mgz€

+ iZa, sin(w;t + qﬁ,)) e~ 27 =00t
IgL,

_ /_ "2 expliA (D))t (40)

T/2

Because of the imaginary terms in the exponent it is highly
oscillatory. These oscillations will cancel out (on average),
except in points where derivative of A(#) vanishes:

2
N(t) =2rg,t + 27g, 0} + Zala)l cos(w;t + ¢;)
IgL;

—2x(f = go)- (41)
This can be rewritten as
2

t
F(1) :90+91f+925+

aw
%cos(wﬂ—l—dn) =f.
igry

(42)
Because f is a free parameter, the support of the

spectrum of our signal is close to the image of the interval
[-T/2,T/2] under a function F(¢) (Fig. 2).

The largest peaks in the spectrum should correspond to
the values of f for which larger time intervals have
stationary phase, and thus to the points f, = F(¢,) such
that the derivative of F' vanishes:

2
aw; .
F'(t,) =g, + ta—E ——sin(w;t, +¢;) =0 43

(ta) =91 + % & b (@ ¢1) (43)

This equation has an approximate solution in the special
case of a single sinusoidal term and small parameters g,
and g,.

In this case the equation reduces to

. 2 2
Sln(wlta + ¢l) = gé + g; ta (44)
ala)l ala)l

Let 10 = %T”" be the zero of the sine function.
Applying one step of Newton-Raphson method to find

the solution of the above equation using ) as the initial
value, we have
91 + 9t}
a (l)3
9 — (—1)" ]2—,,1
Let us check how close we got to true zero of F'(t). We
substitute ¢, into Eq. (43):

t, =1 — (45)

' alw% .
F'(t,) = g1 + gty — ?Sln(a)lta + )

O \3
zala)%0<<—a)1 %) ) (46)
9 —(=1)"75*

We see the approximate solution 7, has canceled all
linear terms.

To find out the frequencies of the peaks we can now
substitute 7, into the Eq. (42). We find

2

t
sz(ta)zgo_l_glta'l'gZEa

L, 410 1 [ w(g1 + 9219) ’
+ (=)= (1—§<—921_ (_1),12M> ) (47)

2

The zeros of the second frequency derivative are simpler
to find:

aw
F'(t,) = g2 — Z é—”’cos(a},tb +¢1) =0. (48)

I€L;
In the case of a single sinusoidal term we have:

3

a,@
; Leos(@y 1, + 1) = g (49)
n
arccos(ijzj’)%) — ¢+ 7n
Iy = la)l (50)
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-30 -20 -10 0 10 20 30
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FIG. 1. Example 3-day frequency evolution of 1000 Hz mono-

chromatic signal from source at right ascension 0° and declination
0°. The blue lines mark locations of local frequency minima and
maxima. Green circles mark location of inflection points. The
frequencies were computed for LIGO Hanford interferometer.
The 3-day segment started at GPS 1160657033.

For the common case of [27g,| < |a;w}| the formula
simplifies to

tb = —¢1 + n (51)

To test these formulas we generated barycentered time
series for LIGO Hanford and Livingston interferometers
[18] for multiple sky locations over one year period.

Figure 1 shows locations of local frequency maxima and
minima, as well as inflection points where the second
frequency derivative vanishes for a portion of this data for a
3-day period starting at GPS time 1160657033 generated
for LIGO Hanford interferometer.

Figure 2 shows power spectrum (absolute value squared
of the Fourier transform) of a pure 1000 Hz signal with
amplitude 1 as observed by LIGO Hanford interferometer.
Unlike real data sets which have gaps due to interferometer
lock loss this time series is contiguous.

We observe that the spectrum support (marked by the
thick green line below the graph) is correctly computed by
formula (42).

The peak locations marked by short blue lines at the top
of the graph were computed with formula (47) and
correspond well with numerical results.

Having found peak locations we would like to have a
measure of their heights, as those clearly vary.

Near a point of stationary frequency the Fourier trans-
form has the form

t ) ~ 3 .
hlocal(f) g / : e2”1(¢+F(ta)(t_ta>+g2(l_fa)‘/6)6_2”lfld[ (52)
)

Power
0.003 0.004

0.002

0.001
|

0.000

T T T T T
999.952  999.954 999.956  999.958  999.960
Frequency, Hz

FIG. 2. Example 3-day Fourier transform of 1000 Hz mono-
chromatic signal from source at right ascension 0° and declination
0°. The green line at the bottom of the plot shows spectrum support
region estimated using Eq. (42). The blue line at the top shows peak
locations estimated using Eq. (47). The Fourier transform was
computed assuming 100% duty cycle for LIGO Hanford interfer-
ometer. The 3-day segment started at GPS 1160657033.

where we introduced §,:

. a, cos (w11, + ¢1)
D=7 — .

2z 6 (53)

This equation is designed to describe the vicinity of
f = F(t,). The limits of the integration #, and ¢, bound the
region where the approximation holds, in particular there is
no need to integrate over points close to other stationary
frequency points.

The height of the peak is given by

1 .
e (F (1) = \ [ emmenrsan (s
Iy

We now need to find out which values of 7, and #; to use.
Naively we might expect that one should use a small
interval where the frequency does not change far away from
stationary value F(t,).

However, this will grossly underestimate peak height.
The reason is that the value of truncated Airy function
[Eq. (54)] keeps growing with increasing time interval, as
nearby frequencies contribute due to spectral leakage.

A good heuristic is to choose #, and ¢; to be the inflection
points, or a data boundary if it occurs earlier.

The truncated Airy function has an expression in terms
of incomplete Gamma function:

/tlei’3dt: ! (r(l,—izg>—r(1,—ir§>> (55)
fo 3v/—i 3 3
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FIG. 3. Example 3-day Fourier transform of 1000 Hz mono-

chromatic signal from source at right ascension 0° and declination
0°. The green line at the bottom of the plot shows spectrum
support region estimated using Eq. (42). The blue line at the top
shows peak locations estimated using Eq. (47). The red lines
show peak strength estimated using Eq. (59). The Fourier
transform was computed assuming the data stretch had a 30 hour
gap in data for LIGO Hanford interferometer. The 3-day segment
started at GPS 1160657033. The gap started 10 hours later.

This equation has some ambiguity as to the branch of
cubic roots. This arises purely from using the incomplete I"
function:

© k

Z
I'a,z) =T -z ——m—F— 56
@ =r@(1-2e3 o) 6
The constant terms in the formula above subtract when
substituted in Eq. (55).
This can also be seen by expanding el
series and integrating the result:

f 3k+1 © t3k+1
et dt = 57
/ZO Zk' 3k+1 ;k!(3k+ 1) (57)

However, for practical application it is convenient to
approximate with a heuristic piecewise linear function that
captures the general shape of the integral.

To do this, we introduce the function

into a Taylor

when |a| < 0.4

|al
H(a) = 58
(@) {0.4 when |a| > 0.4 (58)

|_ ’/ 2mgzt t, /6dt

(_1)Sgﬂ(to)sgn(fl)H(t0K>| (59)

Then

| hlocal

~ (1) -

where k = {/%

This simple formula works surprisingly well. An illus-
tration is given in Fig. 3. Here we marked both peak
locations and their strength. Also for this example we
introduced a gap of 30 hours, demonstrating the ability to
handle noncontiguous data.

V. SPECTRUM SHAPE ALGORITHM

The analysis detailed in the previous section can be
condensed into the algorithm for determining Fourier
transform spectral shape (Table IV).

At the start of the algorithm we compute a sequence of
times relative to Solar System barycenter. This could be
done exactly, or as an approximation. For example, one can
compute these times for a relatively coarse grid on the sky
and then use a suitable method, such as [19] to interpolate
between locations.

Once this time series has been obtained it can be fitted to
the formula

N
t = Zgns? +Acos(a)1s,- + ¢>1) (60)
n=1

over an interval matching the coherence length of the
Fourier transform. Long stretches of data are best analyzed
using overlapped intervals. A straightforward speedup
is to interpolate the fits from those computed on a coarse
grid.

Also, iteration over signal waveforms with the same sky
location but with different frequency drift is achieved by
direct modifications of coefficients g;.

1. The i_nput to the algorithm is a series of timestamps
{s:}X; in the local interferometer frame, as well as
the computed times {t;}
ter frame.

2. Compute the fit t; = 22]:1 gnsy + Acos(wis; + ¢1).
N can be taken as 3 for time intervals shorter than

3days. w1 is the rotational frequency correspond-
ingly to Earth sidereal period.

—, in solar system barycen-

3. Compute times of zero frequency derivative and
their corresponding stationary frequencies (see equa-
tions 45 and 47). These give peak locations.

4. Compute times of zero second frequency derivative
(inflection points, equations 50 and 51).

5. Estimate peak amplitudes with formula 59, where to
and t; are nearest inflection points or data bound-
aries.

6. The output of the algorithm consists of estimated
peak frequencies and amplitudes

FIG. 4. Algorithm used to compute the shape of Fourier
transform.
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With the fit in hand, it is straightforward to find locations
of stationary points 7, and inflection points 7, [Egs. (45),
(50), and (51)].

Now the frequencies of the peaks are given by for-
mula (47) and peak height is computed using formula (59).

The computed spectrum shape can be used to understand
the dwell time of signal waveform and used to characterize
and mitigate the influence of detector artifacts—either after
analysis by removing outliers coincident with detector
lines, or during the analysis by decreasing weight of
segments with larger peak heights.

VI. PERFORMANCE

The formulas (47), (54), and (59) are very efficient
compared to computing Fourier transform from scratch or
to numerically integrating Eq. (38).

For the direct problem of determining peak locations and
amplitudes, any method would need to compute time-
stamps first. The computing cost of the Fourier transform is
similar or larger to the cost of computing timestamps—
such algorithms have theoretically steeper scaling of
CNlog(N) of computational effort compared to number
of N of input data points. In practice the running time of the
Fourier transform is strongly influenced by implementation
efficiency or, in other words, constant C. A general purpose
library algorithm will not be as efficient as hand-tuned
implementation for fixed input size.

Our algorithm replaces the Fourier transform with a fit of
computed timestamps, that is easy to optimize taking
advantage of vector arithmetic. Moreover, for large param-
eter searches we would need to perform this computation
repeatedly for a range of signal parameters, in particular
frequency and frequency derivative. In such a situation,
computing Fourier transform over and over again is very
expensive. Our algorithm computes peak timings with a
simple formula, and can be used to translate signal parameter
range into the range of peak locations and amplitude.

The inverse problem of determining signal parameters that
correspond to a known instrumental line is even harder to
solve with brute force Fourier transform, as it will require to
sample a large grid to check for coincidence of computed
peaks with the line. As expected an analytic formula is much
faster.

The efficiency of the algorithm is contingent on the
validity of the underlying model. To test how well this
model fits the data we made a study using numerically
computed timings.

A coarse sky grid of 182 points was used for this study.
The points on the grid were arranged in 18° increments in
declination and right ascension. Only one value of right
ascension was used for equatorial poles with declination
of +90°.

For each point in the sky grid we generated 17520 Solar
System barycenter timings using routines from LAL library
[20]. The timing started at GPS 1160657033 with 0.5 hour

increments. Separate datasets were generated for LIGO
Hanford and Livingston interferometers.

Using this dataset we tested fit to the single harmonic
model:

n

——l—Asm (wgt + 1) (61)

Mz

:0

where t is the time in the detector frame of reference, ¢’ is
the time at Solar system barycenter and w, is the angular
frequency corresponding to Earth sidereal rotation period.
All other coefficients were fitted.

For each point in the sky the entire set of timestamps was
separated in 3-day stretches, with nearby stretches over-
lapped by 1.5 days. Each stretch was fitted using at most
cubic terms N = 3. The absolute worst residual maximized
over all stretches and all sky points was 13.2 us.

A similar procedure was performed for 6-day stretches,
this time increasing the number of polynomial terms to
N =4 and using a 3-day overlap. The absolute worst
residual was 24.7 us.

As the typical signals studied in continuous gravitational
wave searches go up to 2 kHz the precision of the fit is
sufficient to apply results described in this paper.

VII. APPLICATION TO ANALYSIS OF
OUTLIER AT 1891.76 Hz

The outlier at 1891.75674 Hz identified in recent search
[21] is an excellent target to illustrate application of our

Hanford detector (H1) © Livingston detector (L1) ©

1 1 1 1 1 1

1891.85 -
1891.80 — -
N
I
=
o
c
S 1891.75 +
o
o
w
1891.70 4 -
1891.65 -
T T T T T T
0 50 100 150 200 250
Days relative to reference time
FIG.5. Apparent frequency of a signal with parameters equal to

those of the outlier at 1891.76 Hz, at the detectors. The difference
in Doppler shifts between interferometers is small compared to
the Doppler shifts from the Earth’s orbital motion. The reference
time is at GPS epoch 1183375935.
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FIG. 6. The top plot shows the average amplitude spectral
density around the frequency of the outlier at 1891.76 Hz. The
bottom plot shows how much the power in each frequency bin
would contribute, over the course of the O2 run, to the total power
estimated by the Falcon pipeline for a signal with the parameters
of the outlier at ~1891.8 Hz. High-weight values correspond to
bins with greater contribution and the sum of all the weights is 1
for each curve. The gap corresponds to a break in the O2 run and
matches the gap in the frequency evolution plot (Fig. 5).

method. If it is of astrophysical origin it would likely
correspond to the fastest rotating neutron star found to date.
This outlier had a frequency drift of —8.22 x 10712 Hz/s
and rather wide frequency evolution as illustrated in Figs. 5
and 6 (reproduced from [21]).

As shown on Fig. 1 the outlier spanned almost 0.25 Hz

Because the O2 science run spanned 9.5 months there is a
region with stationary frequency. For this outlier it happens
to overlap a gap in data taking.

Figure 6 shows interferometer spectrum in the top panel.
It was generated without applying any outlier specific
corrections such as Doppler shifts or amplitude modulation,
but using the same noise-weighting scheme. The individual
points correspond to individual bins in 1800 s long Hann-
windowed Fourier transforms of the underlying data. This
is a rather coarse resolution compared to the 6-day long
coherence length used in the last stage of outlier followup
in [21]. However, the plot does show an absence of large

frequencies.

In order to better understand this outlier it is desirable to
figure out whether some coherent detector noise is being
masked by shot noise background. To do this we examine
the locations of stationary peaks of our outlier. As it has
arisen from a search over wide parameter space, the
presence of instrumental noise source should force those
peaks to cluster so as to raise the signal-to-noise ratio of the
outlier.

Figure 7 shows how peak frequencies change with
outlier frequency drift for LLO detector at LIGO
Livingston observatory. Having analytic formulas was
essential to producing this plot, as otherwise we would
need to iterate over individual frequency drift values—a
procedure that is difficult to do even on a large cluster
because of large demands on storage bandwidth of existing
software.

We observe a fairly even distribution of peak on Fig. 7,
except for gaps due to gaps in O2 science run and a dense
area on the left corresponding to outlier frequency
minimum.

A magnified view of peak near outlier frequency mini-
mum is shown on Fig. 8. We used different colors
to separate individual peak lines. We observe that as

1e-10

because of large Doppler shifts due to orbital motion.
“\MW‘
I rml,l'm” w !H "\‘ M V\ |

“ 1‘\(\!"\“"@\\;".“» |

5e-11

Frequency drift, Hz/s
0e+00
\

I

Ie}
! ? w Il
1 W"N m
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FIG. 7. Dependence of stationary peak frequency on frequency drift for outlier at 1891.76 Hz using data corresponding to LIGO

Livingston Observatory (LLO). The dense area on the left of the plot corresponds to the frequency minimum seen in Fig. 5.
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FIG. 8. Dependence of stationary peak frequency on frequency drift for outlier at 1891.76 Hz. We show a magnified view of lower

band of outlier frequency evolution. Different colors identify individual peaks.
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FIG. 9. Density of stationary peaks for outlier at 1891.76 Hz. We show a magnified view of low-frequency band. The density was

computed using the Gaussian kernel with bandwidth of 1 mHz.

frequency drift varies most peaks move in the same
direction, with small variations between individual peaks.
There is no single area where many peaks cross that would
allow a sharp instrumental line to have undue influence.
However, it could be that there is a wider hidden
instrumental line and the outlier takes advantage of that
by increasing peak density where the line is. To study this we
made plots of peak density, one of which—a magnified view
of low frequency band—is shown in Fig. 9. We observe that
there is nothing special about the frequency drift correspond-
ing to the outlier at 1891.76 Hz, and, in fact, there are nearby
areas of larger frequency drift and larger peak density.
Similar plots for LHO detector at LIGO Hanford
observatory are similar, except for showing smaller peak

density. Our conclusion from these studies is that it is
highly unlikely that the outlier at 1891.76 Hz was caused
by a stationary detector artifact.

VIII. CONCLUSIONS

The question of identification of continuous wave out-
liers to detector disturbances is of utmost importance in
separating astrophysical signals from detector artifacts.

In this paper we analyze the shape of the Fourier
transform of continuous wave gravitational wave signal
and present simple formulas to compute peak heights and
locations arising from features in frequency evolution of
gravitational wave signal.
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While our focus was on understanding Fourier trans-
form of a gravitational wave signal, the formulas and the
analysis presented here can be applied to any signals of
this form.

We apply our formulas to investigate the outlier at
1891.76 Hz [21] and find that this outlier is unlikely to
be induced by a stationary detector artifact.
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