International Journal of Advanced Astronomy, 9 (1) (2021) 10-17

International Journal of Advanced Astronomy

Website: www.sciencepubco.com/index.php/IJAA

SPC Research paper

Diagnostics of interstellar medium parameters on non-discrete
timing irregularities of pulsars

E.U. lyidat2* C.lI.Eze *2

1 Astronomy and Astrophysics Research Lab., Department of Physics and Astronomy, University of Nigeria, Nsukka
2 Department of Physics and Astronomy, Faculty of Physical sciences, University of Nigeria, Nsukka, Nigeria
*Corresponding author E-mail: evaristus.iyida@unn.edu.ng

Abstract

In this paper, a large homogenous sample of Jodrell Bank Observatory (JBO) radio pulsars was used to investigate
the statistical effects of interstellar medium (ISM) parameters: dispersion and rotation measure (DM and RM,
respectively) on non-discrete timing irregularities of our sample (whose observed timing activity timescales span
over 40 years). This is done by using the correlations between the measured DM and RM, and some parameters
that have been commonly used to measure non-discrete timing irregularities [timing activity parameter (A), the
amount of timing fluctuations absorbed by the cubic term (or23), measure of pulsar rotational stability (o, ) and
stability parameter (Ag)]. Our results show that ISM parameters positively correlate (r > 0.60) with the pulsar
timing irregularities parameters of our sample. The significant relationships observed are discussed.
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1. Introduction

Pulsars (highly magnetized, fast rotating neutron stars) are remnants of supernova explosion of O and B stars that
are created in the collapse of the stellar core. They offer the opportunity to study physics in regimes unattainable
in any terrestrial laboratory and provide a powerful probe for exploring the interstellar medium (Lyne & Graham-
Smith, 2005; 2012). Their periods of rotation are remarkably stable such that pulsars are extremely good cosmic
clocks (Bell-Burnell, 1977). This clock-like behavior has different applications, for example, testing gravitational
theories (see e.g. Kramer et al., 2006; Cameron et al., 2018; Stovall et al., 2018) as well as detection of stochastic
background of gravitational waves (Shannon et al., 2015; Arzoumanian et al., 2018). However, the clocks are far
from perfect as they slow down with time leading to increase in spin periods P according to the spin down law
(Manchester & Taylor, 1977) given as

P=KP*" (1)
where the exponent n is the braking index and K is a scaling constant that is related to the pulsar moment of inertia
and magnetic field structure (Gunn & Ostriker, 1969). Measurements of the braking index is obtained by differ-

entiating and eliminating the constant K in equation (1) (see e. g. Manchester & Taylor 1977; Lorimer and Kramer,
2005) to give

n:2—.—. (2)

While pulsars possess exceptional rotational stability, large scale timing studies have revealed two distinct types
of irregularities in their rotation termed discrete events (macroglitches and microglitches) and non-discrete events
(timing noise and white noise) (Hobbs et al., 2010; Yu et al., 2013; Chukwude & Odo, 2016). Macroglitches are
unusual spectacular events usually characterized by recovery of the pulsar spin down rate on wide range of time-
scales (Flanagan 1990; 1995; Urama 2002; Eya et al., 2017; Eze et al., 2018). Microglitches (JAv/v| < 107°) on the
other hand, are not well understood, less attractive and described by variable signatures (Cordes & Downs, 1985;
Chukwude & Urama, 2010; Eya et al., 2019). Generally, glitches are posited to originate from either the release

Copyright © E. U. lyida, C.1. Eze. This is an open access article distributed under the Creative Commons Attribution License, which permits
Y unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0/
http://www.sciencepubco.com/index.php/IJAA

International Journal of Advanced Astronomy 11

of built up tension within the neutron star’s crust by starquakes (Ruderman, 1969), or the unpinning of superfluid
vortices from the crustal lattice (Anderson & Itoh, 1975; Alpar et al., 1984; Melatos et al., 2008).

However, non-discrete type of rotational anomalies called timing noise (TN) is the random, sustained fluctuations
in the pulsars’ spin parameters implying an auto correlated process on a time-scale of months to years and is
generally described by a wide-sense stationary stochastic signal (Groth 1975; Hobbs et al., 2010). It is thought to
arise due to changes in the coupling between the neutron star crust and its super-fluid core (Jones 1990) or mag-
netospheric torque fluctuations (Cheng, 1987, Lyne et al., 2010). On the other hand, White noise (WN) as a man-
ifestation of non-discrete anomaly is characterized by large amplitude scatters in the observed timing residuals
(see e.g. D’Alessandro et al., 1993; Chukwude, 2007; Hobbs et al., 2010).

A number of different analytic parameters have been used to measure the amount of non-discrete timing irregu-
larities in pulsars. Ideally, the qualitative measurement of the level of this non-discrete timing irregularities in
pulsars can be found from the additional phase residuals left after accounting for its deterministic spin-down
(Cordes and Greenstein, 1981; D’Alessandro et al., 1995). Nevertheless, the evolution of timing irregularities
parameters with various spin-down parameters have been extensively used for detailed study of pulsar populations
(Urama et al., 2006; Chukwude et al., 2010; 2012; Iyida et al., 2018; 2020). Arzoumanian et al. (1994) in order to
quantify the amount of non-discrete timing irregularities in pulsars fitted the observed rotational phase of each
pulsar of spin frequency v and its first and second time derivatives v, and V respectively with a function of the
Taylor series expansion of the form:

@y = Oy + (Vi ) F0.5V(t—t,) +0.2V(t —t,)° +..., 3)

where w(y) is the phase at a time ¢. They defined the stability parameter Ag as

Ag = Iog[%h/' | (1085)3j . (4)

Earlier on, Cordes and Helfand (1980) introduced the activity parameter (4) defined as the logarithm of the ratio
of the root mean square deviation over a 12 ms observation for a given pulsar to the same quantity in the crab
pulsar over a time span 7 in days and explicitly given as

on (M,T) } )

A= Iog{o-m (m,T)

crab

where m is the order of the polynomial fit to the data, on(m,T) is contribution to the gross root mean square
phase residuals while o1y(m, T)crab is the timing noise of the crab pulsar (in ms). Matsakis et al. (1997) based
on the Allan variance of terrestrial clocks introduced pulsar clock stability o, (T) which uses the average magni-
tude of Vv over short time spans, 7 and expressed as

1 GV(T)}TZ
v

“zm:m[

where o, is the root-mean-square of the measured ¥. Chukwude (2003) proposed the amount of contamination
obtained in v from the standard timing activity by all forms of timing fluctuation with

(6)

Oras(M) =102 (2T) 02 (3,T) (7)

where 62(2,T) and & (3,T) are, respectively, the differences of timing residuals over time T after a second
and third-order polynomial fits.

However, a significant analytical parameter for measuring the degree of timing fluctuations in the smooth spin-
down of pulsars is the root mean square (rms) phase residuals over an observing span of length T after fitting a
polynomial of order m whose variance is defined (see e.g. Cordes & Downs, 1985) as
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where &, is the number of observations and R(?) is the residuals of the fit. The difference in the timing residuals

is expressed as a quadrature sum of the timing noise and white noise components given in the form (e.g. Cordes
& Downs, 1985; D’ Alessandro et al., 1995)

or(M,T) =on (MT) + oy (9)

2 2 . . . .. . . .
where o7y (M, T)and oy, are, respectively, the mean square contributions from timing noise and white noise

processes. The mean square white noise fluctuations can be written (e.g. Cordes & Downs, 1985; D*Alessandro
etal., 1995) as

GVZ\,N = 0',\2,| + GJZ (10)
where G,\ZA and O'J2 are the mean square contributions from measurement noise and pulse phase jitter, respectively.
Previous analyses using the white noise component of Eq. (9) was theoretically presumed to be zero and in this

condition, O'TZN (m,T)>> O'Vf,N was properly satisfied for small samples (Chukwude, 2007; Chukwude and Urama,

2010). However, a more unbiased method adopted in the current analysis is to assume that the observed pulsar
timing activity is composed of both timing and white noise fluctuations. This implies that the calculated pulsar
timing properties would be more appropriately considered as the sum of fluctuations produced by the two broad
processes. As a result, the amount absorbed by the cubic term is the sum of the timing noise and white noise
components (see e.g. Chukwude and Odo, 2016) given as

Oros(T) =07y (T) + oy (11)

where o7y (T) and o, are, respectively, the rms timing noise and white noise components of or23(7). Similarly,

the activity parameter (4) of radio pulsars can be written in the form

AT) = An + Ay (12)

where At~ and Awn correspond to the contributions from both TN and WN fluctuations respectively. Following
the same argument, the pulsar clock stability parameter (o) can be expressed as

o,(T) :GZ[TN](T)"'O'Z[WN] (13)

where o,y (T) and oy, are the components of the parameter from TN and WN, respectively. The depend-

ence of the non-discrete timing irregularities parameters (or23, A and o, ) on data span length T comes from the
non-stationarity of TN fluctuations (e.g. Cordes & Downs 1985). It follows that or23(7), A(T) and a(T) apply only
to the case where the contributions from TN strongly dominates over that of WN

However, the electromagnetic radiations that are produced by a rotating pulsar interact with the free electrons in
the interstellar medium (ISM), thus, affecting the waves to travel at frequency dependent velocities. As the pulsar
signal travels through the ISM, the overall column density of free electrons has dispersive effects on the broadband
pulses. The group velocity of the pulse train is

2
|4
2 :c1/1—72 (14)

where c is the speed of light, v is the observing frequency and v, is the plasma frequency given by

n.e’ n
Vo = [=~ 10*Hz,|—o 15
P\ am, 1cm™ (13)

e is the electron charge, m. is the electron mass and 7. is the electron density in the relevant direction in the sky.



International Journal of Advanced Astronomy 13

The Dispersion Measure (DM) which is a measure of the integrated column density of free electrons along some
line of sight is written as

d
DM::LnﬂI (16)

where d is the distance to the pulsar. These radiations are dispersed by the ionized content of ISM as they travel.
Consequently, this leads to a delay in the arrival time of the pulses due to the dispersion measure at two different
observing frequencies (v and v’) (Lorimer & Kramer 2005; Lyne & Graham-Smith, 2012) given as

2
tow (V) = = DM ~ 4.15x10°(v;” —v;%) x DM (17)

27m,
The observational consequence of the dispersive delay is that a pulsar observed with a broad frequency band will
show pulses that arrive later at lower frequency than at higher frequency following the v™? law. By observing
pulsars at separate frequency bands, the dispersion measure can be measured at each observing epoch. However,
as the radiations travel through a highly magnetized medium, Faraday rotation of the plane of polarization occurs
and measurement of the position angle over a wide range of frequencies gives the corresponding rotation measure

(RM) given (e.g. Lorimer & Kramer 2005) as

—fi—rnsm (18)
- el
2am’c* o

RM
By is the magnetic field strength along the line of sight weighted by electron density. Evidently, the dispersion
measure (DM) and rotation measure (RM) are dependent on the electron number density of the ISM and are ex-
trinsic to pulsar rotational irregularities. It follows, therefore that both DM and RM, which characterize the inter-
vening ISM are expected to be dependent on spin frequency and its derivatives, which describe rotational irregu-
larities. Timing irregularities introduce variations in spin frequency and its derivatives which becomes problem-
atic in the long-term measurement of pulse’s arrival time. In this paper, we explore the contributions of interstellar
medium parameters (DM and RM) on timing irregularities and the intrinsic evolution of radio pulsars.

2. Data analysis and results

The data used in the analysis is from Jodrell Bank Observatory (JBO) radio pulsars with significant measurements
of non-discrete timing irregularities parameters estimated from radio timing data with time span length of over
four decades (see e.g. Hobbs et al.2004; 2010 for more details). This dataset is dominated by either TN or WN.
The activity parameter was computed using equation (12) on the assumption that the method used effectively
whitened the timing residuals of the pulsars in the sample while 366 objects with complete information on pulsar
clock stability parameter o, (T) were compiled from literature Hobbs et al. (2010). Also, the timing noise statistic
was calculated from the information published in Hobbs et al. (2010) using equation (11). The corresponding
rotation measure (RM) and dispersion measure (DM) were all extracted from the Australian Telescope National
Facility (ATNF) Pulsar catalogue. We used both analytic and statistical methods to analyze the data collected for
this study. The statistical analyses indicate the strength of relationship between pairs of variables with the aim to
understand which among the independent variables are related to the dependent variable and to explore the forms
of their relationships. This method enabled us to calculate the correlation coefficient r, which provides the strength
of correlation between the parameters.

In order to investigate the distribution pattern of dispersion and rotation measure, Figure 1 shows the distribution
of these parameters on logarithmic scales. It is evident from Fig. la that, the spread in the values of dispersion
measure is about 5 orders of magnitude (~4 — 1000 cm>pc) with a mean value of ~174 cm™pc. The distribution
is unimodal and follows a near normal distribution with about 50 % of the objects having dispersion measure
below the mean value.

Similarly, the distribution of the magnitude of the rotation measure of our sample is shown in Figure 1b. the
rotation measure ranges from ~- 320 to 2250 radm™. This is a wide spread (~4 orders of magnitude with a mean
value of ~ 72 radm™. The distribution of rotation (irrespective of sign) is skewed negatively with about 155 pulsars
having rotation measure values above the mean value.
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Fig. 1: Histogram Showing the Distributions of the Dispersion and Rotation Measure of Our Pulsar Sample.

Figure 2(a-d) shows the scatter plots of log |RM| against the timing irregularities parameters for the 523 radio
pulsars. The scatter in the rotation measure data for any timing irregularities parameters is quite large and with up
to 5 orders of magnitude. However, it is striking to observe that the rotation measure (irrespective of sign) appear,
on average, to increase with timing irregularities parameters. The figures actually show an upward sloping trend
with closely clustered scatter points depicting that pulsars with large values of rotation measure have large values
of timing irregularities parameters. Regression analyses of our data yield positive correlation (#~ 0.68) for the
variables being studied. The exact forms of their relationship are:

log |RM |=(0.97 +0.20)A+(-1.05+0.01)  —
log | RM |=(1.02+£0.20) log o, + (—1.00 £ 0.01)
log |RM |=(1.31+0.20)A, +(-1.03+0.01) (19)

and e—
log |RM |=(0.61+0.20) log o, +(-1.01+0.01)
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Fig. 2: Scatter Plots Showing the Relationships between Absolute Magnitude of Rotation Measure Against Non-
Discrete Timing Irregularities Parameter.

In addition, we find a dependence of timing irregularities parameters on dispersion measure for our sample. Figure
3(a - d) shows the scatter plot of dispersion measure as a function of timing irregularities parameters. The plots
are characterized by large amplitude (~ up to 5 orders of magnitude) scatter in both dispersion measure and timing
irregularities parameters data. However, superimposed on this scatter is a striking trend which suggests possible
relationship between the parameters, in which pulsars with small timing irregularities parameters on average, have
small dispersion measure. It is found that the dispersion measure is positively correlated (correlation coefficient r
~ 0.72) with timing irregularities parameters. The implication of this is that pulsars with large dispersion measure
exhibit more timing irregularities. The large amplitude scatter observed in current sample is not entirely unex-
pected given the large-scale inhomogeneity in electron density distribution in the interstellar medium and uncer-
tainty in pulsar rotation periods (see e.g. Cordes et al., 1985; Cordes and Chernoff, 1997). Regression analyses of
our data give positive correlations (r > 0.68) between dispersion measure and timing irregularities parameters.
The best fits to our data yield regression equations expressed as follows:
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log DM = (0.70£0.20) A + (0.43 £ 0.01) B
log DM = (0.68+0.20) log &, +(0.44 +0.01)
log DM = (0.98+0.20)A, + (0.45+0.01) (20)

and ——
log DM =(0.52+0.20) log &, + (0.43+0.01)

Log o,
Fig. 3: Scatter Plots Showing the Relationships Between Dispersion Measure Against Non-Discrete Timing Irregularities
Parameters

3. Discussion

The result of the statistical analysis of a large data base of rotation powered pulsars with significant measurements
of interstellar medium parameters and their effects on the timing irregularities parameters has been presented. The
ISM consists of neutral and molecular hydrogen gas, ionized gas (HII), dust grains and magnetic field. It is a
diffuse medium of gas and dust between stars. It is widely believed that the distribution of electron density in the
ISM is very inhomogeneous (Backer et al. 1993; Hobbs et al. 2004; Lorimer & Kramer, 2005; Hobbs et al., 2010).
This inhomogeneity in the electron content of the ISM might be responsible for the observed large scatter in DM
and RM data. If a pulsar is associated with HII region or supernova remnant, it will invariably be associated with
large dispersion measure/rotation measure. This could account for the large scatter observed in both DM and RM.
The trend observed in the relationship between the interstellar medium (DM and RM) parameters and the radio
pulsar timing irregularities parameters is remarkable. This is because the interstellar medium is expected to sig-
nificantly affect the intrinsic spin-down of radio pulsars and thus, the timing irregularities. The significance of the
relationship is that it strongly supports the widely accepted theory for pulsar rotation and evolution.

4. Conclusion

We have revealed, using a large homogenous sample of radio pulsars with accurately measured interstellar me-
dium parameters that the timing irregularities of pulsars on a wide range of timescales is sufficiently dominated
by fluctuations. Specifically, our results show that interstellar medium parameters of radio pulsars in our sample,
obtained from standard measurements, are significantly correlated with timing irregularities parameters. The ob-
served large scatter in DM and RM against the timing irregularities parameters data highlights the complex nature
of the electron content distribution in the ISM and the large dispersion in the magnitude timing irregularities of
pulsars in our sample.
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