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Abstract

We present dispersion measure (DM) variations analysis for 68 pulsars with data collected from LOFAR. The
observations were taken using six International LOFAR Stations in Europe: FR606 in France, SE607 Sweden and
DE601, DE602, DE603 stations in Germany over the period of 3.5 years (between June 2014 and November 2017)
at the frequency of 150MHz with 80MHz of bandwidth during this time the total number of pulsars observed with
FR606 and used is 21, SE607-13 pulsars while a set of 34 sources was obtained from four stations in Germany
which makes the total of 68 pulsars. We show that, the variations of the DM measurements show various trends
along the span of the observation: increasing or decreasing, and in some cases more changes from one trend to
another, (e.g PSRs J1543-0620 and PSR J2048-1616). We find that for a number of pulsars results show
consistency with the Kolmogorov distribution (e.g PSRs J1913-0440 and PSR J2157+4017) while other sources
show significant difference (PSRs J108+6608 and JO614+2229.We also obtain the DM derivatives (i.e. dDM/dt)
for some pulsar in order to examine the correlation between the DM and its derivative. The result of this
correlation shows a best-fit with a square-root dependence of 0.6+0.2, which is comparable with the result that
was previously obtained by Hobbs et al. (2004), who shows a dependence of square-root between the DM and its
derivative; with a gradient of 0.57+0.09.
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I.  Introduction
The interstellar medium (ISM) is the matter radiation and magnetic fields that occupy the space between

the stellar systems in a galaxy. When the radio emission from a pulsar reaches an observer on Earth, it has
propagated through different components of the ISM. Throughout this propagation, the emission from pulsar
interacts with the free electrons in the ionized gas of the ISM. As a result, three main effects of the ISM on the
emission from pulsars can be observed. These effects are scattering, scintillation and dispersion (Lorimer and Kramer
2005).

Example of dispersion can be seen clearly in the frequency-resolved pulse profile from radio pulsars.
This effect is best noticed in delay between emitted pulses at lower frequencies, which arrive later, and the pulses
emitted at the higher frequencies (e.g Figure 1.1).The so called dispersion

Measure (DM) denotes the amount of ionized ISM between a pulsar and an observer. It also determines
the delay time between pulses received at higher frequency compared with its lower frequency counterpart.
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Figurel.l: The effect of the ISM dispersion on the received signal from PSRJ1921+2153.
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The plot shows the dispersion in the frequency profile, where the received pulse at lower frequencies arrive later
than the emitted pulses at the higher frequencies. The gaps along the pulses of this plot are removed frequency
channels due to RFI. This pulsar is included in this study.

The dispersion of a pulsar signal is one of the important characteristics of the ISM. The refractive index (n) of the
ionized gas can be obtained from the plasma frequency f, as follows,
n= [1-L2 )

f2
Note that, the electron density, n. in ISM environment is given in cm 3 As the approximate value of n.= 0.03
cm 2 gives a plasma frequency, f,, of 1.5 kHz, then we can approximate the refractivity (n — 1) to be —2.4 x 1071°
for a frequency, f, of 100kHz.See Lyne and Graham-Smith (2012) for full explanation. The plasma frequency can
be obtained as,
f =2~ B.5kHz ()12 )

Tme cm™3

Where n is the refractive index of the ionized gas and f is the frequency of the wave, e and m are the electronic
charge and mass respectively. Since the group velocity of the traveling pulses is

vg= cn, where c is the speed of light in vacuum, thus for the given electron densities, the group velocity is
n,. 2

Vig=c-—5) @)

T[mefz

The travel time T through the distance L, therefore, will be in the form

Lat L. eXfim, L 3.5 (L
T:f_=E+0—‘”=E+1.345X103v2f0nedl(4)

0 v 2mmcev?
This equation shows the travel time in vacuum (the first term) with an additional term which represents the
dispersive delay t. The extra term contains the dispersion measure (DM) given as follows,
L
DM = fo Near ®)
The DM measures the electron density between the pulsar and the observer, with units cm~3pc, the delay due to
dispersion can be written in the form

t=Dx L;—“j (6)
where D is the dispersion constant which can be given as,
D = -2 = 41488 x 10°MHz?pcem’ )
If we have two different frequencies (fiowand fiign), then equation (6) can be written in another useful form as,
At=D x DM x (— L) ©)

Flow?  fhigh?

I1. Observations
The data upon which the study was based were collected from international Low -Frequency AR ray

(LOFAR) telescope (ILT) high-band antennas (HBAs), described in detail by Van Haarlem et al. (2013).
Specifically, the observations were taken using six international LOFAR stations Europe: Nancay station (FR606)
in France, the Onsala station (SE607) in Sweden and four stations in Germany (DE601 - Effelsberg, DE602 -
Unterweilenbach, DE603 — Tautenburg, DE605 - Julich) over the period of 3.5 years (between June 2014 and
November 2017) at the frequency of 150MHz with 80MHz of bandwidth. During this time the total number of
pulsars observed with FR606 and used is 21, SE607-13 pulsars while a set of 34 sources was obtained from four
stations in Germany which makes the total of 68 pulsars. The raw data for this observation can be obtained from
the LOFAR long time archive (https://lta.lofar.eu). Proposal (LC0-014, LC1-048, LC2-011, LC3-029, LC4-025,
LT5-001, LC9-039 and LT10-014. Table 1 shows detailed information on the observation characteristics for each
source.
I11.Data analysis and Results

The basic processing in this work has been carried out with the psrchive (Hotan et al. 2004; van Straten
et al. 2012) software package. As a first step, the data were cleaned from radio frequency interference (RFI), by
using a modified version of the ‘surgical’ algorithm of the clean.py script from the coastguard (Lazarus et al.
2016) python package to remove affected frequency channels and sub-integrations. In the rare case of outliers
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due to remaining RFI, the observations were also manually inspected and additional cleaning was applied using
the psrchive program pazi. On average, 9.0% of data were removed in this process. Pulse profiles can be
polarization dependent, so the total intensity profile can be significantly distorted if the different polarization
channels are not calibrated correctly, which affects the ToAs. As LOFAR antennas are static, there are several
time-dependent projection effects to take into account. We improve the initial timing model (i.e. ephemeris file) for
each pulsar in the data set. An updated timing model is very important to obtain a precise DM measurement and
improve other pulsar parameters e.g. period derivative, position and proper motion. To achieve this goal, we
prepared a bash script that makes use of two python scripts make templates.py and make toas. py which
were written by Lucas Guillemot (LPC2E/Orleans; private communication, 2018). To get a precise time series of
the DM, we used tempoz2 to fit for DM for each observation individually. This approach avoids any correlation
of the measured DMs with other (time-dependent) timing parameters. To mitigate the impact of outlier ToAs on
our measured DM, we apply an automatic To A rejection scheme as was done similarly in Tiburzi et al. (2019).

1V.Results

Tablel: The summary of observation, dispersion measure derivative for pulsars in this study. Where PSR is the
name of pulsar, DM Fitting Range is the date range between the first and the last observation of the pulsar in MJD,
dDM/dt is the dispersion measure derivative and dDM/dterr is the uncertainty of the DM derivative.

PSR DM ADM/dr dDn/de PSR DM ADnMde dDn/dr

Fitting (em™pe/5r) err Fitting (em ™ pe/3x err

Range Range

(MJID) (MJID)
Joiga+boog  56B52-58048 0,000 04 o000 o Joo55+5127 §7137-58075 0.000 12 o.001 87
Jozza+3g944  50887-38048 g.000 67 0.0001 Jo1ad+b608 s56535-58048 -3.0010 0,000 33
Jo332+5434  50887-5804a 00D 24 0,000 0 Joi3g+5814 56582-58a7y 0,000 7L 0,000 13
Jog54+5543  50887-58056 Q00D 02 0000 OF Jozoa+1932 56532-58027 0,000 03 0,000 12
Jos4z+2320°  56887-580s5d 0.004 52 0.009 Joz43+5312 560525-58060 0.00137 0,001 23
Jobaz+g7a1¥ 56851-5B056 -0032 50 £.0004 Jo358+5413 56542-58076 -0 55 o000 of
JoBig+rgzg  56886-58a56 -0.000 19 0.0004 Jogob+6138 s06o0g-580my -0.000 05 0,000 23
JoBzr+obio  56856-58a56 -0.004 15 o.000 of Jog52-1759 56525-58077 000155 0,000 44
Jogsz+o755  56865-58056 -p.000 of 0.000 04 Jogzl+2z00 s56525-57965 0.0t of o000 18
Jiigb+1551  56768-58c055 0.000 57 0.000 0F Jobig+2229 s56570-58047 0,000 15 0,000 12
Jaz3922453  508B86-580s35 -0.000 94 0000 07 Jobzg+z415 s56524-58075 -0u001 97 0,000 14
Jiz09+5531  56r763-58a535 -a.o04 18 00004 JoBza-1330 56532-58075 o.ooo B2 0,000 13
Je543-0b20  shoga-57139 -0z iz o.ooob Jolaz+o159 s56532-58077 -0.000 44 0,000 24
Tefig5-0317%  56303-38055 -0.004 04 0043 17 JoBab+abar 56591-57873 0,000 15 0,000 04
Ji7ao+1311 56863-37aby -0.00152 0.0002 Jogaz+o8z8 s7453-58ars 0U00% 53 0,000 31
TeBag-og35  568B86-58035 -0.0001 0.0001 Jog4b+0g51 5745:-58076 -0.000 1 o001 48
Jaggz=242:'  56865-58055 2.023 18 o088 Ji543-obzo  s56934-58074 -0001 43 o000 af
J2018+283g  56886-58035 -0.000 45 0.000 02 Ji7qo+27" 57228-58075 0001 15 0,000 72
Ja113+4644"  56886-57905 -0.034 42 0153 Jirsz-z800  s56552-5B034 0.001 10 0,000 22
Jzaz5+0535 506850-58055 -o.006 56 0.0004 Jifzo-p427 56531-5B074 o.oob 42 0,000 52
Jz313+4253  50858-58055 000D 28 0000 05 J1834-04206 56531-58083 -0.000 01 o000 26
Joosa+0423  57a76-58118 -0.000 T4 0.0002 Jigoo-zboo  56530-57271 0,001 50 oot Bz
Jozoz+b537"  57369-581:8 -ou008 of 0003 Jigiz-o440 5bH552-58070 -o.007 Bo 0,000 37

* Pulsars excluded from analysis
“LOTAAS discovered
" LOTAS discovered
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Table2: The dispersion measure derivative for pulsars in this study. Where PSR is the name of pulsar, DM Fitting
Range is the date range between the first and the last observation of the pulsar in MJD, dDM/dt is the dispersion
measure derivative and dDM/dterr is the uncertainty of the DM derivative.

PSR DM dDM/dt  dDMyde PSR DM ADM/dt dDM/dt
Fitting  (em™pe/yr) err Fitting ) Err
Range Range  (em7pefy)
(MJD) (MJD)
Jo135+4555 3735550418 -oo0006 000 1 Jigzi+2137  50543-58075  -0.000 07 0,000 02
Josso+azor s7avh-58u8  -oooom 0,000 27 Jig32+1059 sbroo-shogd 000025 0,000 01
Joz46+2441" 57377-58119 -0d91ii 0,486 58 Jig35+1616  56532-58070 a0z 61 0,000 13
Joroo+6418' 5rama-58aig -a.0z8 2 0,051 79 l1g43-1237" 57352-580m5 -0.004 11 0.442 43
JoBi5+4611" 57383-58110 0.00072 0.000 43 T1948+3340" 57132-58078 -no0e iy o.00d 37
Jogziehzsq 57a63-5B11 0,000 22 £.0002 Jzozz+2834 56573-580r0 030015 0,000 02
Juiz+s030  57362-58119 0000 45 0.000% Jzozz+si54 sb524-38074  -nocoor 0.0001
Jiz21+8321  57263-5818 0000 02 .00 B2 Jzo48-1616  5b524-38082 0,000 12 0,000 14
Jif40+5640 57705-58u8  -noooo o000 18 Ja219+4754 5b531-38075 000134 0,000 04
Jezzi+bozg’ 57a7b-58138  -owoogd 0,004 04 Jozg7+5009 5h538-5arh 0,014 42 n.oood
f‘Pulsars excluded from analysis
" LOTAAS discovered
" LOTAS discovered
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Figure: 1 shows The DM variation for PSRJ1543-0620 and PSR J2048-1616
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Figure 3 shows the DM variation for PSRs J0837+610 and J2157+4017

Following a similar procedure mentioned above, we used the DM and its derivative measured from data
to plot the DM values against the absolute values of the DM derivative. We then performed a linear fit to the
result. At this stage, we only included the DM derivative values with an uncertainty less than 0.003. The result of
this analysis showed a best fit with a square-root dependence of 0.6+0.2, which is compatible with the value found
by Hobbs et al. (2004)

DM and DM Derivatives (dDM/dt)
For each pulsar included in this paper, we have obtained DM measurements. Figure 1and 2 shows the

DM variations for PSR J1543-0620 and PSR J2048-1616. The two pulsars showed a clear decreasing trend and a
flat trend in their DM measurements, respectively. The scale variations for all pulsars showed different types of
variations which is ranging from large-scale variations e.g., PSRs J1136+1551, J1933+2421, J1645-0317 and
J1943-1237 to small-scale variations e.g., PSRs J2022+2854, J0826+2637, J1840+5640 and J0332+5434. Some pulsars
have also shown more changes from one trend to an other along the span of the observation e.g., PSRsJ1921+2153,
J2157+4017,J1955 +5059 andJ0837+0610. An example of these pulsars was presented in Figures 2. In this figure,
PSR J0837+0610 (top panel) shows a clear decreasing trend in early observations with short-term variation in the
spread points around MJD57100 which could be attributed to the underestimation of the DM uncertainties. In the
bottom panel, we also see a clear decreasing trend between the points MJD57000 and 57800. The DM derivative
is the linear change of the DM over the span of the data. Practically, it was determined for each pulsar by applying
near fit to the DM measurements. The unit of DM derivative is cm™ pc yr. Table 1 and 2 shows the measured
values of the DM derivative and the uncertainties for all pulsars included in our study. Another useful result is to
obtain measurements of the correlation between the DM and its derivative. This correlation can be estimated by
plotting the DM values against the absolute values of the DM derivative. Then, a linear fit was applied to the plot.
This analysis method was first applied by Backer et al. (1993), which they concluded that the absolute value of
DM derivative is proportional to the square root of DM. Another study was done by Hobbs et al. (2004) who
showed a best fit of, and a gradient of 0.57+0.09.

[dDM /dt] ~ 0.0002Vcm—3pc yr—1, 8)
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V. Discussion

Most of the pulsars in our sample show DM variability, on diverse time scale, DM measurements for a
number of pulsars were consistent with the theoretical model of the Kolmogorov power spectrum, which is used to
describe the turbulence nature of the interstellar medium. To improve our sensitivity to low-amplitude variations,
we computed a running average of the DM time series for each observation MJD, a weighted average over all
observations was formed, weighting each DM value by the inverse of its variance. Hobbs et al. (2004) found a
correlation between DM and its time derivative in their sample of 374 pulsars. When fitting a power law, they
found an exponent of 0.57(9), consistent with a square-root dependence: |[dDM/dt| = 0.0002 Y DM (DM in cm™3
pc and dDM/dt in cm™ pc yr): Applying this analysis to our data. The result of this analysis showed a best fit
with a square-root dependence 0.6£0.2, which is consistent with the Hobbs et al. (2004) result, albeit not very
constraining

VI. Conclusion

We present low-frequency DM time series for 68 pulsars over up to 3.5 years, obtained from observations
with the LOFAR Core and the individual GLOW telescopes, all pulsars show significant variations in DM. All
of the IISM-related DM variations we present are consistent with a Kolmogorov turbulence spectrum. The results
of this study have shown that the DM variations are ranging from large-scale variations to small-scale variations over
the span of the data. Acknowledging the caveat that LOFAR often provides a high DM precision for pulsars that
are poorly timed at higher frequencies, and vice versa, we show that our LOFAR DM monitoring could be used
to correct variations of the dispersive delays in higher-frequency observations from PTAs. We do not find
evidence for a frequency-dependent DM, so we expect the impact of this effect to be limited.
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