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Abstract In pulsar timing, timing residuals are the differences heativ the observed
times of arrival and the predictions from the timing modetdmprehensive timing model
will produce featureless residuals, which are presumattyposed of dominating noise
and weak physical effects excluded from the timing modej. (gravitational waves). In
order to apply the optimal statistical methods for deterthne weak gravitational wave
signals, we need to know the statistical properties of theamomponentsin the residuals.
In this paper we utilize a variety of non-parametric statgdttests to analyze the whiteness
and Gaussianity of the North American Nanohertz ObserydtorGravitational Waves
(NANOGrav) 5-year timing data which are obtained from thedbo Observatory and
the Green Bank Telescope from 2005 to 20D8iforest et al. 20)3We find that most of
the data are consistent with white noise; Many data deviata f5aussianity at different
levels, nevertheless, removing outliers in some pulsdtsnitigate the deviations.

Key words. pulsar timing array: general — statistical tests

1 INTRODUCTION

Pulsar timing as a powerful technique has achieved manyeofrtbst important science results in the
pulsar astronomy. Timing of single pulsars has been usegiba of the dispersive interstellar medium
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(Cordes & Lazio 200p to test the theories of gravitation in the strong field megiDamour & Taylor
1992 Stairs 2003 Kramer et al. 200% to discover the first extraplanet systeivdlszczan & Frail
1992, to constrain the nuclear equation of state of neutron (Ramorest et al. 20tQ attimer &
Prakash 200,22010. It has provided the first evidence of the existence of gational waves Taylor

& Weisberg 19821989. Timing a number of pulsars and analyzing the data cohlgreah be used

to search for the irregularity of terrestrial time standardl develop a time-scale based on pulsars
(Hobbs et al. 201R and to deepen our understanding of solar system dyna@ian(pion et al. 2010
Amazingly it can be operated as a galactic scale detectoreigr-low frequency gravitational waves
(Hellings & Downs 1983Foster & Backer 199QJenet et al. 2005

Pulsar timing array (PTA) is an experiment to regularly olsea set of millisecond pulsars
(MSPs). Currently, three PTAs, i.e., the North American dlagrtz Observatory for Gravitational Waves
(NANOGrav,Demorest et al2013), the Parkes Pulsar Timing Array (PPTanchester et a(2013)
and the European Pulsar Timing Array (EPTRerdman et al(2010), have started to produce as-
trophysically important results. These PTAs compose tlermational Pulsar Timing Array (IPTA,
Mancheste(2013; McLaughlin (2014) with approximately 50 pulsars regularly monitored. Thetfi
data combination has been releasderbiest et al. 2016

The PTA is sensitive to the very low frequenap( °-10~" Hz) gravitational waves (GWs), which
is complementary to the ground based interferometric tiatece.g., LIGO QAbbott et al. 2009 and
Virgo (Accadia et al. 201)) running in the high frequency bantl(— 10 Hz), and the space based laser
rangers (e.g., eLISASeoane et al. 20)and TianQin Luo et al. 201§) proposed for the low frequency
band (0.1 mHz-0.1 Hz). Potential sources of GWs in the vemfiequencies include the supermassive
black hole binariesJaffe & Backer 2003Wyithe & Loeb 2003 Sesana et al. 20Q&he cosmic strings
(Damour & Vilenkin 200%Olmez et al. 201)) and the relic gravitational wave&(ishchuk 200k

At the current timing precision, it is very likely that theises of different kinds are the dominat-
ing components of the timing residual¥efet et al. 2006/an Haasteren et al. 20lDemorest et al.
2013 Shannon et al. 201Zrzoumanian et al. 20)40n the one hand, to improve timing precision at
the longest timescale, it is very important to have a comgmeive understanding of the sources (e.qg.,
radiometer, pulse phase jitter, diffractive interstefiaintillation) and the characteristics of the noise in
TOAs, and identify mitigation methods to reduce the noBerfles & Shannon 2018Vang 201%. On
the other hand, many data analysis methods designed fastidetehe weak GW signalsCorbin &
Cornish 2010Babak & Sesana 201 Ellis et al. 2012 Wang et al. 20142015 Zhu et al. 20152016
are usually geared to work well for the data owning some $igestatistical properties. Blindly applying
these data analysis strategies and pipelines without @igetike presumptions may lead to nonsensi-
cal results Tiburzi et al. 2018. In this paper, as a first step of noise characterizationywement a
suite of robust non-parametric statistical tools to testrtiost important noise properties, namely the
whiteness and the Gaussianity, of the NANOGrav 5-year (220%0) data published ibemorest et al.
(2013.

Using these tools, we found that most of the frequency ségdudata are individually consistent
with the whiteness assumption, except the high frequenizyfdam PSR J2145-0754 and J2317+1439
which show mild deviations. However, combining the datarfrdifferent frequencies as one set causes
significant deviations for PSR J0613-0200, J1455-33304447134, J1909-3744, J1918-0642 and
J2317+1439. We found that this may be due to the minute imacgwf DM estimation for these pulsars
with the current observation strategy. For the Gaussianityst of the data show different levels of
deviation, however, removing outliers in some pulsars @oetiuce the deviations.

The rest of the paper is organized as follows. In Se@ brief description of the observation and
the data set is given. We use the zero-crossing method tiheesthiteness of the data in S€gand use
the descriptive statistics and the hypothesis testinghdclcthe Gaussianity in Set. Demonstrations
of these analyses on 3 pulsars are presented in5S&be paper is concluded in Sec.
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2 OBSERVATIONS AND DATA

The NANOGrav collaboration has conducted observationis thié Arecibo Observatory (AO) and the
Green Bank Telescope (GBT), the two largest single distoredéscopes to date. Currently 37 MSPs
(Arzoumanian et al. 20)%ave been regularly timed by the NANOGrav. The first five getata (2005—
2010) for 17 of the MSPs along with the upper limit on the GWchastic background have been
published inrDemorest et a2013. In order to precisely analyze the time dependent dispersieasure
(DM) and frequency dependent pulse shape, two receiversipg at 1.4 GHz and 430 MHz for AO
and 1.4 GHz and 820 MHz for GBT have been used in most of thergditsens. Observations using two
different receivers were not simultaneous. At AO, the obetdons from the two bands were obtained
within 1 hour; whereas at GBT, the separation could be up teekwAll observations during this 5 years
have been carried out by the identical pulsar backendsheeAstronomical Signal Processor (ASP) at
AO and the Green Bank Astronomical Signal Processor (GASIBBA, in which the input analog
signal is split into 32 4 MHz channels (sub-bands). Due tdith&ation of the real-time computation
load or the receiver bandpass, typically 16 channels woalghocessed in most observations. The
cadence between observation sessions is typically 4-6svdéiere is a gap in the observations of all
pulsars in 2007 due to the maintenance at both telescopes.

The data product from an observation epoch is the pulse tinagriwal (TOA) which is the time
of the radio emission from a fiducial rotation phase of thespuarriving at the telescope. The standard
TOA estimation includes polarization calibration, pulgefjle folding, profile template creation, and
TOA measurement by correlating folded profile and profilefkaie. Those steps are integrated in the
package PSRCHIVEHotan et al. 2004and ASPFitsReadeFérdman 2008 Both packages are used
for cross-checking of errors which otherwise would hardhtérgeted.

The next step of timing analysis is to fit the observed TOAs axfhepulsar to a timing model.
The timing model contains a set of physical parameters waddount for the pulsar’s rotation (spin
period, spin period derivatives), astrometry (positiorgger motion), interstellar medium (dispersion
measure), binary orbital dynamics, etc. This procedurgasted in the standard timing analysis pack-
age TEMPO2[fobbs et al. 2008=dwards et al. 2006via a weighted least square fitting. The so-called
post-fit timing residuals are the differences between thasmed TOAs and the TOAs predicted by
this model. A positive residual means that the observedeparigves later than expected. The timing
residuals potentially contain the stochastic noise fronows sources and the physical effects that are
not included in the timing model. One can refeemorest et al2013 for a thorough account on the
NANOGrav observation strategy and timing analysis.

We can generate multiple timing residuals, denoted (as/), from the timing analysis of the
NANOGrav data set, whergis the time of observation of a pulse in the Modified JulianeD@tlJD),

v is the central frequency of a channel. To simplify the stufitiming effects induced by achromatic

physical processes (e.g. gravitational wave), we can gedtze timing residuals from the TOAs reg-
istering the same rotation phase of the pulsar. If there alg TOAs from one pulsar rotation in an

observation epoch (true for most observations), this aeataiesidual will equal to the daily averaged
residual used in Fig. 1 ddemorest et al(2013 and inPerrodin et al(2013. The averaged residugj

for the I-th observation epoch in the data of a pulsar is

Nt o2
_ 22i=1T19y,
TT="N; 2 1

> im101
wherer;; = r(t;,v;) is the post-fit multi-frequency timing residual from thé¢h frequency channel at

the I-th observation epochy; is the number of frequency channels, and is the uncertainty for the
corresponding TOA. The uncertainty associated with theamed residual is

(o) e Y e 2)
oy = 1_210'” N]—l i1 Tri Tr)°or; -
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Eq. 2 is the standard deviation of Ed.with correction of underestimation of errors in TOA. This
estimator is suitable whery; does not include all the noise sources associated with TDAsldition,
since we have used two independent receivers not simuliahgave will separate the low frequency
and high frequency averaged residuals and test them indep#wnin our analysis.

The averaged timing residuals can be used as inputs of the &&¢tibn pipelines. One advantage
of averaging is that it reduces the random noise componeras&different frequency channels while
keeps the achromatic GW signals intact. Besides, the asdregsiduals provide a quantitative way
to compare with the data from the EPTRgrdman et al. 2030_entati et al. 201pand the PPTA
(Manchester et al. 20)3which have routinely produced a single TOA per observatipoch.

3 WHITENESSTEST

In this section, we test the consistency of the averagedtjmasiduals with the white noise assumption
for each pulsar. The white noise time series is statistieaicorrelated in time, while the distribution of
its values does not necessarily adhere to any specific pitipalstribution (Gaussian, Poisson, etc.).
If evenly sampled, we can use Fourier analysis to calcuteg@ower spectrum of the time series and to
check whether it is consistent with a flat spectrum in theregted frequency range. However the pulsar
timing data are usually not evenly sampled, i.e. the obsiervaadence varies, so that this conventional
spectral analysis is not applicable. The Lomb-Scargleopggram Lomb 1976 Scargle 198Pwhich
is designed for unevenly sampled data suffers from occaklange gaps between observations (see
Fig. 1 inDemorest et al2013), as well as limited data volume for each pulsar (see Tafde detailed
numbers).

It turns out that after subtracting the mean value the nurobéne zero-crossingy, of a white
noise time series is a Gaussian random variable,

Zw ~ N(uzw,0%,) 3)

where the expected valye;,, = (N — 1)/2 and the standard deviatiary,, = N — 1/2. The zero-
crossing test is to check how large the number of the zerssorg for a time series is different from the
expectation. It is designed in the time domain, thus applet unevenly sampled data with gaps. This
test is not sensitive to any non-stationarity of the stiagsif the white noise, such as the case where the
white noise has a jump in variance at some epoch because ahgeln instrumentation. It is implicit
that the white noise is “dense” which means that all dataeshre non-zero and stochastapoulis
1984). Other kinds of white noise, such as the shot noise with adbet rate will not conform to the
zero-crossing test described here.

In Table1, we show the results of the zero-crossing test for the frequseparated averaged resid-
uals as well as the total averaged residuals (by combinmbitih and low frequency averaged residuals
and sorting them in the ascending order of correspondings)@# 17 pulsars. Ns, is the actual num-
ber of the zero-crossing for the data,is the difference betweem;,, and Nys. The significance of the
test is measured by how lardeis comparing witho z,,. . If |A| < 202, (>5% in p-value'), the data
is said consistent with white noise (labeled by ‘Y")36z,, > |A| > 20z, itis said mildly deviated
from white noise (‘'n’); and iflA| > 30z, it is said strongly deviated from white noise (‘N’). We
defer the detailed discussion and possible interpretafitimese results to Setto consolidate with the
results from the Gaussianity tests.

4 GAUSSIANITY TEST

In this section, we first use the descriptive statistics, elgithe histogram and the Q-Q plot, to visually
inspect the general features of the data. Then we implen&iriteof inferential statistical tests to quan-
titatively measure the deviations from the Gaussianitye dhservation conditions during the 5 years

1 p-value gives the probability of obtaining a test statighlzs) at least as extreme as the one that was actually observed,
assuming that the presumption (e.g., whiteness) is true.
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had been changing due to a number of factors, for instande@meter noise, interstellar scintillation
and instrument. Therefore the underlying noise randomalbites at different frequencies and epochs
are heteroscedastic. These changes are reflected in thgamsiof the error bars (e.qg., for the averaged
residuals showed in Fid., 4 and7). This feature is treated here by a simple normalizatiorihabthe
tested time series are from the same underlying distribuEor the averaged residuals, it is to normalize
each residual from Ed. by its associated uncertainty calculated in Eq/V/hile for the multi-frequency
residuals, it is to normalize each residual by the uncestaissociated with its TOA.

The inferential statistics based on the statistical hypsithtesting theory argues againstufl hy-
pothesis (Gaussianity) as in the mathematical proof by contradictiérst, the data are summarized
into a single number called thest statistic, which follows a certain probability distribution. Second
thep-value are calculated based on this distribution assuming thatuléypothesis is true. The lower
the p-value is, the smaller the chance that the sample cowresaf Gaussian distribution is.

One often rejects the null hypothesis when the p-value & tlean the pre-assigned significance
level which is usually 0.05. However, the power of the testsrdases as the sample size decreasing. It
is a common practice to declare the significance level atdrighlues, such as 0.1 or 0.2 for a small
sample in order to detect possible deviation that may bendakeThis is an important point since the
data sets that we will test vary largely in size (cf. Table

To avoid possible bias in different tests, the significanfde Gaussianity test is measured by the
averaged p-value of five tests, among which the Shapiro-Wilk test (S-W) and $irapiro-Francia
test (S-F) are the order statistics; the Anderson-Darksg tA-D), the Cramér-von Mises test (C-vM)
and the Lilliefors test (Lillie) are base on the empiricagtdbution function (EDF). The results are
summarized in Tabl&. For multi-frequency residuals, if > 0.05, the data is said consistent with the
Gaussianity (labeled by 'Y’); if).05 > p > 1073, the data is said mildly deviated from the Gaussianity
(‘m); and if p < 1073, the data is said strongly deviated from the Gaussniani).(For averaged
residuals, the criterion intervals are set tgoe 0.1 (‘'Y"), 0.1 > p > 2x 1073 ('n’),andp < 2 x 1073
(‘N"), respectively. The p-values of all tests are only skealWor three pulsars in the legends of Fig6,
ando.

5 RESULTS

The results for the whiteness and Gaussianity tests are adaed in Tablel and Table?. Here, we
demonstrate the tests for three pulsars in detalils.

5.1 PSR J0613-0200

The frequency separated averaged timing residuals of PER3JI200 are shown in Fid.. The red
asterisks with error bars represent the high-frequendy GHz) residuals, and blue short-bars with
error bars represent the low frequency (820 MHz) residugiparently the high frequency residuals
have larger variance than the low frequency residuals, tadigh frequency error bar for this pulsar is
a factor of a few larger than the low frequency error barssThmainly due to the fact that the mean flux
density at high frequency is lower than that of low frequeacygording to the power-law spectrum of
the flux density. For similar integration time, this will tdsin a larger uncertainty in the measurement
of TOA by correlating lower S/N folded pulse with templatdsmuprofile Taylor 1993.

From Tablel we can see that the low frequency and high frequency resichral individually
consistent with the white noise assumption. However when ére combined into a single time series,
the total residuals show more zero-crossing than expettiedjeviation for this pulsar is more than
40. We found that the excess of zero-crossing is caused by tbeiarthe estimated values of time
dependent DM with the observation strategy adopted in thel@&rav 5-year data. However, we defer
the detailed discussion to Sec.

After normalizing the averaged residuals by their assediatrror bars, we notice that in Fig.
and 3 the standard deviation of the low frequency residuals inig@ntly smaller than unity which
hints that the error bar calculated for the low frequencyaged data are overestimated. Therefore the
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Fig.1 Frequency separated averaged timing residuals with eaisr for J0613—0200. The
red asterisks represent high frequency data, while thedbiag-bars represent low frequency
data.

combined residuals deviate from the Gaussian distribuéeen if the low frequency averaged residuals
and high frequency averaged residuals are both consisitnthe Gaussian distribution individually. It
may suggest that in order to properly combine the data frdfardnt frequency bands in GW detection
algorithms, we may need to add a scaling parameter for eaghdncy band that is similar to the EFAC
parameter used in timing analysis. The post-fit multi-freragy residuals are mildly deviated from the
Gaussian distribution.

5.2 PSR J1012+5307

From Tablel, we can see that the low-frequency, high-frequency, aral toteraged residuals are all
consistent with the white noise assumption. From Tahleze can see that the high frequency averaged
and post-fit multi-frequency residuals are mildly deviafean the Gaussian distribution, while the low
frequency averaged and total averaged residuals are btrbegated from the Gaussian distribution.
We notice from Fig6 that for the post-fit residuals the results from the orddisdies tests (strong
deviation) are not consistent with the EDF tests (mild diwg. This is ascribed to that the order
statistic tests are sensitive to the outliers which can bstified from Fig.5 and6. After removing two
outliers in the residuals, the results from the order stesiire improved rapidly (S-W 8.3 x 1074,
S-F =4.5 x 10~%), and become more consistent with the other tests.

5.3 PSR J1713+0747

PSR J1713+0747 is the only one among the 17 pulsars that kasdbserved by both the AO and
the GBT. Currently, it is the best timed pulsar in the NANOGH& has been observed extensively in
three frequency bands, i.e. 820 MHz, 1.4 GHz, and 2.3 GHz;lwaie marked by blue short-bars, red
asterisks, and black squares respectively in FigThere are actually two sessions conducted in 2.7
GHz at the AO which are not included in this analysis.)

The three frequency separated averaged residuals arenalstant with the white noise assump-
tion individually, whereas the total averaged residuatsnaildly deviated from it. Except the residuals
from 2.3 GHz band, the residuals from the other two bandslastrangly deviated from the Gaussian
distribution. And removing a few outliers improves the istits considerably.

6 SUMMARY AND DISCUSSIONS

In this paper we utilized a set of non-parametric statistests to analyze the NANOGrav 5-year timing
residuals for 17 pulsars. The zero-crossing has been ugesittthe whiteness assumption for the aver-

2 A multiplication factor for TOA error bars of each pulsar.
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Fig.2 Histograms for the post-fit multi-frequency residuals {teft), total (top-right), low-
frequency (bottom-left), and high-frequency (bottomhtijgaveraged residuals of J0613—
0200. The blue curve is the Gaussian distribution with theesanean and variance as the
data.

aged timing residuals. The results are summerized in TalBeth descriptive and inferential statistical
methods have been used to test the Gaussianity for the pastfi-frequency and averaged timing
residuals. The results are summarized in Tablehe histogram and Q-Q plots for 3 pulsars are shown
for demonstration purpose.

We found that for most cases, except the high frequency gedreesiduals of J2145-0750 and
J2317+1439, the frequency separated averaged residaaigraistent with the white noise assumption.
However, when they are combined, the total averaged rdsidtia pulsars show strong deviations from
whiteness (‘N’) and 4 pulsars show mild deviations from whiss (‘n’).

In principle, the total averaged residuals can be modeleddgbining two time series; (¢;)
and z»(t}) representing the low frequency and high frequency averagsduals, where; (i =
1,2,3,...,N7) and t;- (G = 1,2,3,..., No) are not necessarily identical or evenly spaced. If the two
time series are separately drawn from white noise procedsas the number of zero-crossing of the
combined time series (sorted in the ascending order of treard {¢; } and{#’ }) is a Gaussian random
variable with the expectation equals(t¥1 + N2 — 1)/2 and the variance equals &1+ N2 —1)/4.

The cumulative zero-crossings of total averaged residugbslow and high frequency averaged
residuals for PSR J1012+5307 and J0613—0200 are shown.inand Fig.11. Asterisks represent
the number of zero-crossing (y-axis) added up to this timaxs), it is equivalent to the zero-crossings
for the data within an enlarging time window with the left éfipckd at the beginning of the time series
and the right end sliding to the time of this data point. Thidscurves are the expected numbers of
zero-crossing of the data size within the window and the dfitHines are thd o contours. They are
all monotonic functions of time. Red, black, and blue représhe low frequency, high-frequency, and
total averaged residuals.
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right), low-frequency (bottom-left), and high-frequenpttom-right) averaged residuals of
J0613-0200. The p-values of individual test are listed éléigends.
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Fig.4 Frequency separated averaged timing residuals with eai@rfor J1012+5307. The
red asterisks represent high frequency data, while thedbiag-bars represent low frequency

data.

For J1012+5307, the cumulative zero-crossings of low feegy, high frequency and total averaged
residuals follow closely to the expected values withincontour. This is exactly what is expected for a
combination of two white noise time series. In contrast J#813-0200, although the low frequency and
high frequency zero-crossings follow closely to the exatiohs as in J1012+5307, the combined data
shows strong deviation from its expectation. In Fid, it starts to deviate away from the beginning of
the time series, and the final deviation is more thanAs stated, this strong deviation for the combined
averaged residuals also appears in other pulsars in Table

In fact, the apparent excess of zero-crossing is mainly dube strategy of fitting the physical
parameters especially the time-variable DM in timing as@lylt is the practice in the NANOGrav 5-
year data timing analysis to include a piecewise-constdftfunction in the fitting model along with
the other parameters (rotation, astrometry, binary dyongnaind pulse profile evolution). The window
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Fig.5 Histograms for the post-fit residuals, total, low-frequgrand high-frequency aver-
aged residuals of J1012+5307. The blue curve is the Gaudsarbution with the same
mean and variance as the data.

for a constant DM value is typically 15 days which include aigle of observations conducted at
high and low frequencies. However, any fluctuation of DM witthis window or inaccuracy of the
DM fit will introduce additional error between the adjacemtiaged timing residuals from two widely
separated bands as follows,

ot ~ 4.15 x 10° msx 6DM x (f; % — f572) . (4)

Here, f is measured in MHz. For J0613-0200, the uncertainty of DMsagament{ 10~ 4cm3pc)
can produce several hundreds of nanosecond of fluctuattarebe low (820 MHz) and high frequency
(1.4 GHz). This is comparable with the RMS of averaged timexjdual reported in Table 2 Bfemorest

et al. (2013. The minute error of DM will cause low frequency TOAs tendbt® advanced and high
frequency TOAs delayed or vise versa (the DM fit will tend tovathe two sets of TOAs from low
and high frequencies, so that their averaged residual & zérich will produce extra zero-crossings
between low and high frequency timing residuals within a Ditinfiy window. This effect is expected to
be seen more clearly in the GBT observed pulsars, sincertieedeparation between two observation
bands is much larger and the frequency coverage (crucightBoDM measurement) is significantly
smaller than the AO. We found that all 5 pulsars that havd totaraged residuals strongly deviated
from whiteness, whereas frequency separated averagedaésare all consistent, are observed by the
GBT.

The Gaussianity is one of the fundamental assumptions nsadst if not all of the GW detection
methods. The tests here suggest that many of the NANOGraassghow deviations from the Gaussian
distribution at different levels. The deviations in somé&daveraged and multi-frequency post-fit resid-
uals, can be mitigated by removing a few outliers. This sgyatis consistent with the so called robust
statistics Allen et al. 20022003 which is used to confront the non-Gaussianity in GW datdyaiga
by clipping samples with values locating in the outlier paErthe probability distribution. It is robust in
the sense that it is close to optimal for the Gaussian noisiabless sensitive to the large excess events
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Fig.6 Quantile-Quantile plots for the post-fit residuals, tofaly-frequency, and high-
frequency averaged residuals of J1012+5307. The p-valugslividual test are listed in

the legends.
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Fig.7 Frequency separated averaged timing residuals with eamsrfor J1713+0747. The
blue short-bars represent 820 MHz data, the red asteripkssent 1.4 GHz data, and black

squares represent 2.3 GHz data.

than the conventional statistics. Moreover, for the puepafsdetection, coherent methods (e\yang

et al. (2014 2015) have been shown to be robust against non-Gaussianityetecting deterministic
GW signals Finn 200). Alternative method in wavelet domain has also been erglidor searching
stochastic GW signals in non-Gaussian and non-stationaisge rKlimenko et al. 2002 with ground
based GW detectors. The results here suggest that thesednethould be investigated for the GW

detection with PTA in the future.
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Table 1 Results for the zero-crossing test. Consistent with wiesen- ‘Y’, mildly deviated
—‘n’, and strongly deviated — ‘N'.
Source Low-frequency band High-frequency band Combined
Ners WZy A O Zw Y/n/N Ners W Zy, A O Zw Y/n/N Ners W Zy, O Zw Y/n/N
JO0030+0451| 12 115 -05 2.4 Y 14 125 -15 25 Y 27 245 25 35 Y
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J1640+2224| 18 165 -15 2.9 Y 14 15.5 1.5 2.8 Y 35 325 -2.5 4.0 Y
J1643-1224| 26 23 -3 34 Y 22 24.5 2.5 35 Y 62 48 -14 4.9 n
J1713+0747| 19 185 -05 3 Y 46 415 -45 4.6 Y - - - - -
J1713+0747| - - - - - 18 15 -3 2.7 Y 94 76 -18 6.2 n
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B1855+09 17 18 1 3.0 Y 17 155 -15 2.8 Y 46 34 -12 4.1 n
J1909-3744| 17 17 0 2.9 Y 17 16 -1 2.8 Y 52 335 -185 4.1 N
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J2145-0750| 15 105 -45 2.3 Y 18 115 -6.5 2.4 n 31 22.5 -8.5 3.4 n
J2317+1439| 26 21 -5 3.2 Y 27 20 -7 3.2 n 56 415 -145 4.6 N
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Table 2 Results for the inferential statistical tests of the Gaarsgy. The numbers represent
the sample size. For post-fit residualspif> 0.05, the data is consistent with Gaussianity
(labeled by ‘Y?), if 0.05 > p > 1073, the data is mildly deviated from Gaussianity (‘n’), and
if p < 1073, the data is strongly deviated from Gaussnianity (‘N’). Beeraged residual, the
criterion intervals are set to he> 0.1 (Y’), 0.1 > p > 2 x 1073 (‘'n’),andp < 2 x 1073
(‘N") respectively. ‘NA appears when the test is not applate to such small sample size.

Source P DM Averaged timing residuals Post-fit
(ms) (pccm?®) | 327 MHz | 430 MHz | 820 MHz | 1.4 GHz | 2.3 GHz | Comb.

JO030+0451| 4.87 4.33 - 24N - 26n - 50N | 545Y
J0613-0200| 3.06 38.78 - - Y Y - 80N | 1113n
J1012+5307| 5.26 9.02 - - 47N 63n - | 110N | 1678 n
J1455-3330| 7.99 13.57 - - 41n 45Y - 86N | 1100 n
J1600-3053| 3.60 52.33 - - 22n 26n - 48n| 625Y
J1640+2224| 3.16 18.43 - 34N - 32N - 68N | 631N
J1643-1224| 4.62 62.42 - - 47N 50Y - 97 N | 1266 N
J1713+0747| 4.57 15.99 - - 38N 84 N 31Y | 153N | 2368 N
J1744-1134| 4.07 3.14 - - 48 N 60Y - | 108N | 1617 N
J1853+1308| 4.09 30.57 - - - 1Y 2NA 43Y | 497Y
B1855+09 5.36 13.30 - 37N - 32Y - 69n | 702N
J1909-3744| 2.95 10.39 - - 35n 33Y - 68 N | 1001 N
J1910+1256| 4.98 34.48 - - - 31Y 6Y 37Y | 525Y
J1918-0642| 7.65 26.60 - - Y 54 n - 94 N | 1306 Y
B1953+29 6.13 104.50 - - - 23Y 2NA 25Y | 208Y
J2145-0750| 16.05 9.03 - - 22N 24Y - 46n| 675n
J2317+1439| 3.45 21.90 43 n 41n - - - 84N | 458n
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