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Abstract Interstellar scattering causes broadening and distoitidhe mean pulse
profiles and polarization position angle (PPA) curves okpts, especially pulse pro-
files observed at lower frequencies. This paper implementgthod to recover the
pulse profiles and PPA curves of five pulsars which have olsvsoattered pulse pro-
files at lower frequency. It reports a simulation to show tbattering and descatter-
ing of pulse profiles and PPA curves, and as a practical agifgit the lower fre-
guency profiles and PPA curves of PSR 1366, PSR 1831403, PSR 1838+04, PSR
1859+03 and PSR 1946+35 are obtained. It is found that tlggnatipulse profiles
and PPA curves can be recovered.
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1 INTRODUCTION

Interstellar medium (ISM) scattering broadens the inicit@ver frequency pulse profiles of pulsars
and causes flattening and distortion of the polarizatioitiposangle (PPA) curves (Li & Han 2003;
Karastergiou 2009) to some extent, according to the obddrequency and distribution scale of the
ISM which is located between the pulsar and the observerstagering of pulse profiles has been
studied extensively since the first observation of the 8itibn of pulsars (Scheuer 1968). Since
then, pulsar researchers have developed several ISM raecgtteodels which are the thin screen
model (Rankin et al. 1970; Komesaroff et al. 1972), the tlsicleen model and the extended screen
model (Williamson 1972), based on the observable effectsefemporal broadening of pulse pro-
files and the assumable scale of a scattering screen in the TB&Iscattering effect of the pulse
broadening and the flattening of PPA curves have been stiidigdently by many authors (e.g.
Komesaroff et al. 1972; Rickett 1977; Li & Han 2003) and thstaiition of PPA curves with or-
thogonal jumps by Karastergiou (2009). They used the hiffequency mean pulse profile without
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obvious scattering as the intrinsic pulse profile and coraalit with scattering models to obtain
similar pulse-shapes and PPA curves to the observed shitever frequency pulse profiles. Only
a few of them have performed deconvolution to recover toti@risity pulse profiles of lower fre-
guency from scattering (Weisberg et al. 1990; Kuz'min & lkvea 1993; Bhat et al. 2003). This
paper revisits the method of Kuz'min & Izvekova (1993) totoes the total intensity pulse profiles
of pulsars and extends it to the restoration of linear iritgpsofiles and PPA curves for another five
pulsars. The scattering broadening time scales of thesarsuhave been obtained from the best fit
for three different scattering models. The scattering tgoale is a key parameter in all scattering
models, and depends on observing frequency and dispersasure (DM) (Ramachandran et al.
1997).

Descattering compensation for the first Stokes parani¢tgiof the scattered pulse signal was
performed by Kuz’'min & Izvekova (1993), and their method teaxt well for recovering the original
low-frequency pulse profiles of the Crab pulsar. Howeveremidiscussing the restoration of the
other Stokes parameters, we consider whether all the Spaitasneters are scattered the same way
asI(t). In the early works of Komesaroff et al. (1972) and Ricke@4Z), they assumed that the
scattering effect may be approximated by convolving eachefime-dependent Stokes parameters
of an unscattered pulse with a scattering model under cestssumptions. In the research note of
Li & Han (2003), based on the works of Macquart & Melrose (20@Bey simply assumed that
the scattering process works similarly on all Stokes pataraeBy using that assumption in their
convolution method, they explained the scattering effecpalse broadening and on PPA curve
flattening well, but their approach does not work properlewhpplied to the deconvolution method
of Kuz’min & lzvekova (1993) to recover the shape of the PPAveuThis research paper uses the
same method as Kuz’'min & lzvekova (1993) to recover the tot&nsity profile/(¢). To recover
the linear intensity and the PPA curve, this paper assunatshth complex number form of Stokes
parametersy andU, may scatter the same way B$). The Stokes parametefsandU have been
treated as the real and the imaginary components of a compieber, respectively (Tinbergen
1996), and such a treatment is also applied in PSRCHiiviae section “Complex-Valued Rotating
Vector Model.” These assumptions and methods are appliedttwer the pulse intensity profiles and
PPA curves of some pulsars in Section 3, the results aresdisdun Section 4, and the conclusions
are presented in Section 5.

2 SCATTERING MODELS AND METHOD

This paper tests all three different kinds of scattering et®@tb check the scattering phenomena in
pulse profiles and PPA curves. The thin screen model (Eqagkimes the signal to be scattered
is approximately mid-way between the source and obsermerjsaaltered by irregularities in the
ISM; the thick screen model (Eq. (2)) is defined such that 18fgularities are distributed over
a larger scale than in the thin screen model and can be neab#ezver or the source; the third
one is the extended screen model (Eq. (3)), in which the kigrs&attered in the whole path of its
propagation, so that the irregularities are spread ovewtime space between the source and the
observer (Williamson 1972). The functions describing ¢he®dels are the following:

Jthin — eXp(_t/Ts) (t Z 0)7 (1)
TTs\ /2 L
Jthick = (E) exp ( 16t ) (t>0), (2
71'57'53 1/2 —727,
gcxtcnd - (W) eXp ( 4t ) (t > 0)7 (3)

1 http://psrchive.sourceforge.net/manual s/psrmodel/.
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where Ty is the scattering broadening time scale which can be detednihrough an empirical
relation between wavelength)and DM (Ramachandran et al. 1997)

7o = 4.5 x 107°DM"0 x (1 + 3.1 x 107° x DM?) x A*4, (4)

This relation is used as a reference to set an upper limitarptiocess of best fit, except for PSR
B1946+35.

This paper integrates the method of compensation of Kuz&rizvekova (1993) into the three
different scattering models. Their method works efficigitdl recover the original shape of pulse
profilesz(t) from observed pulse profilegt). Here, the same method has been used to recover the
total intensity pulse profiles. The recovery of the linedemsity and PPA curve will be introduced
at the end of this section. Wheyft) is assumed to be a scattering model or response function, the
observedy(t) is the product ofz(t) and g(t), and the spectrum of the recovered pulse (original
pulse) can be written as (Kuz'min & Izvekova 1993)

X(f) = Y(£)/G()). (5)
Y(f) = /ﬁxwexp«vawfwda (6)
mﬁ:/mm@emww, ()

whereY (f) is the spectrum of the observed pulé&,f) is the frequency response of the scattering
screen, and the descattered restored pulseis obtained by inverse Fourier transformation

x@z/ﬂﬁww%ﬁW- ®)

By using the above equations, the total intensity pulse lpsofian be recovered from the scattered
pulse profilesy(t). It is also possible to study the effect of scattering on @udsofiles and PPA
curves by changing the descattering procedure above by &sjnations (10) and (11). We tried to
implement the work of Li & Han (2003) by using Equations (1631g11) with complex treatment of
Stokes paramete€g andU, and obtained the same results in explaining pulse profiladening and
PPA curve flattening caused by ISM scattering. The follovdrgmodified functions of Kuz’'min &
Izvekova (1993) that apply a convolution, repeating thelwadrLi & Han (2003). The spectrum of
the scattered pulse is calculated by

Y(f) =X () = G(f) (9)

and the scattered pulgét) would be written

y@z/ﬂﬁmm%M# (10)

The above equations (Egs. {§))) were used to recover the total intensity profiles of thatC
pulsar from ISM scattering (Kuz'min & Izvekova 1993). Thisie they are used to recover the total
intensity, linear intensity profiles and PPA curves of a feéeo pulsars. In the process of restoration
of the Stokes paramete¢s andU, it is assumed that the observed scattered Stokes parargeter
andU form a complex number(t) = Q(¢) +iU(t); p(t) is the descattered complex number from
z(t). The observed spectrum eft) would be

Z(f) :/z(t) exp(—j2m ft)dt. (11)
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The spectrum of a descatteregd) is

P(f) = Z(H/G(), (12)

so the descattered recovered linear intensity and PPA cahthaed from

p(t) = / P(f) explj2 f1)df. (13)

The complex treatment of the Stokes paramefeaendU is more practical than treating them sepa-
rately as scalars. When tligandU are tested separately as scalars using the method of réugpver
1(t), the results in all three models for the descattering of th& Eurves are not as expected, and
fail to produce smooth swing curves (Radhakrishnan & Co@&9}, PPA jumps, smooth flat curves
or show similarity with the higher frequency pulse’s PPAvas; but wher) andU are expressed as
a vector over the complex plane and using the method of Kue&rizvekova (1993), they produce
better results, and the linear intensity and PPA curve a@ve¥ed in a more desirable way.

3 SIMULATION AND PRACTICAL APPLICATIONS
3.1 Simulation of the Scattering and Descattering of Pulser®files and PPA Curves

This paper describes research about a simple simulatiamtexiigity profiles and PPA curves with
three different models for scattering and descatteringarfasxample, the thick screen model is used.
The simulated pulse profiles have a Gaussian shape, withyBRAfves following the rotating-
vector model (RVM) (Radhakrishnan & Cooke 1969). We haveiimesl a coherent radiation that
is 100% polarized, in which the degree of linear polarization iratahtensity is 0.8. The Stokes
parameters), U andV can be respectively expressed in terms of the degree of [pwdarization
and PPA byQ = 0.87 cos(¢)), U = 0.8Tsin(¢)) andV = 0.754/Q? 4+ U2 (van de Hulst 1957); in
the simulation onlyQ andU are being considered. The simulated plots from (a) to (kshosvn in
Figure 1; the left panel plots of (a), (b), (g), and (h) aredhiginal pulse profiles and PPA curves;
the middle panel figures of (c), (d), (i), and (j) are the srad pulse profiles and PPA curves; the
right panel figures of (e), (f), (k), and (I) are the descattiarestored pulse profiles and PPA curves;
the solid lines and dotted lines in normalized intensityfiles of (a), (c), (), (9), (i), and (k) are the
total and linear intensity profiles, respectively; and toé&e lines in the plots (b), (d), (f), (h), (),
and (I) are PPA curves. It can be seen from the figure of thelation that the amount of scattering
caused pulse broadening and PPA curve flattening, and itHitesing screen(t) is definite itis in
principle possible to recover the actual features of thetergisignal.

3.2 Recovering the Intensity Pulse Profiles and PPA Curves

To compensate the scattered pulse profiles and PPA curvesearehed the European Pulsar
Network (EPN) online databa&élLorimer et al. 1998) for sample pulsars (Gould & Lyne 1998)
which have obvious pulse profile broadening. The data fromgivisars were downloaded, four of
which were previously used by Li & Han (2003) for studying #ffect of scattering on pulse profiles
and on PPA curves. This study’s calculation used the lowegrufency pulse profiles with obvious
scattering to compensate for the scattering. In Figures&? tioe higher frequency profiles without
obvious scattering (intrinsic pulse profiles) and their Riedves (intrinsic PPA curves) are given
for comparison. The scattering time scale and some reldtt@ from the five pulsars are given in
Table 1. The three different time scales for three diffesmattering models are obtained by the best
fit for the pulse peak (Cols. (7)—(9)), and the time scalesah (®) are calculated by Equation (4)
(see Table 1). When calculating the best fit, in almost albrd the precision of those scattering
time scales is approximately controlled to within 1 ms.
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Fig. 1 Pulsar signal simulation for scattering and descatterfling left panel plots of (a), (b), (9)
and (h) are original pulse profiles and PPA curves, the migdteel plots of (¢), (d), (i) and (j) are
scattered pulse profiles and PPA curves, and the right péotslas (e), (f), (k) and (I) are descattered
pulse profiles and PPA curves. In all the intensity pulse j@®fthe solid lines are the total intensity
and the dotted lines are linear intensity. The dotted lingke plots of (b), (d), (), (h), (j) and (I) are
PPA curves.

Table 1 The parameters of five pulsars and their scattering timesdat different scattering mod-
els. The parameters are tabulated from Cols. (1)—(9) asupobme, period, dispersion measure,
observed higher frequency and lower frequency, empiriaklesof scattering time scale by Eq. (4),
time scale for thin-screen, time scale for thick-screed, tame scale for extended screen.

PSR Name P DM Freq, Freq Tem Tthin Tthick Textend
(ms) (pccm™3) (GHz) (GHz) (ms) (ms) (ms) (ms)
B1356-60 127.503335 294.133 1.560 0.660 9.88 1.0 0.5 0.6
B1831-03 686.676816 235.800 0.610 0.408 29.63 15.0 10.0 6.5
B1838-04 186.145156 324.000 0.925 0.606 22.38 15.0 3.0 1.0
B1859+-03 655.445115 402.900 0.925 0.606 60.97 13.0 7.4 5.5
B1946+35 717.306765 129.050 0.610 0.408 1.87 10.0 6.0 4.0

Actually, because of the uncertainty of the scatteringestraone of the scattering models are
strictly appropriate to explain the scattering effect ofspsignals independently, even if we take the
pulse width evolution with observing frequency into accoluorimer & Kramer 2005). In general,
this study has tested all three different scattering madeiscover the pulse profiles and PPA curves.
As an example, Figures 2—6 presented the application of btiteedhree models for restoring the

2 http://wammw.mpifr-bonn.mpg.de/old_ mpifr/div/pulsar/data/browser.htrml
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Fig.2 PSR B1356-60. The dotted lines in (a) and (b) are scattered intensitfiles; in plots (c)
and (d) the solid lines are descattered intensity profilestha dotted lines are intrinsic intensity
profiles for comparison; and the plots of (e), (f) and (g) a@&ttered, intrinsic and descattered PPA

curves, respectively.
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Fig.3 PSR B183%103. The dotted lines in (a) and (b) are scattered intensitfiles; in plots (c)
and (d) the solid lines are descattered intensity profilestha dotted lines are intrinsic intensity
profiles for comparison; and the plots of (e), (f) and (g) a@&ttered, intrinsic and descattered PPA

curves, respectively.
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pulse profiles and PPA curves. The intensity profiles are atized to their own peak intensity, and
the error of the PPA is calculated the same as in von Hoenslh&ilouris (1997) by

V(Q -rmsy)? + (U - rmsg)?
L) '

N = (14)

In all Figures from 2-6, the solid lines in the plots are the recovered total intgrfs) and linear
intensity profiles (d), the dotted lines in (a) and (b) ardtecad total intensity profiles (upper panel)
and linear intensity profiles (lower panel), the dotteddime (c) and (d) are total intensity (upper
panel) and linear intensity (lower panel) profiles of insimpulse profiles for comparison, and the
plots on the bottom are scattered PPA curves (upper pangP@) curves of intrinsic pulse signals
(upper panel (f)) and recovered PPA curves (lower panel {(§))«" error bars are presented in all
the figures of the (e), (f) and (g) plots.

For PSR B135660, in Figure 2 the descattered pulse profiles and PPA curserebd at
0.659594 GHz are shown, and the intrinsic pulse profile i®ofesl at 1.56 GHz. All three mod-
els are tested and they produce similar results. The apipiicaf the thick screen model is presented
here, and the recovered intensity pulse profiles (c), (d)taedPPA curve (g) are similar to those of
the intrinsic pulse signal.

For PSR B183103, in Figure 3 the descattered pulse profiles and PPA curserebd at
0.4 GHz are shown, and the intrinsic pulse profile is obseatddl61 GHz. All three models have
been tested, and they produce similar results with diffeseattering time scales. The application of
the thin screen model is given here, and the total intensitylimear intensity profiles match well
with those of the intrinsic pulse profiles. The recovery offARurve results in a jump-like feature
in itself.

For PSR B183804, Figure 4 demonstrated a recovered pulse intensity erafitt PPA curve
observed at 0.606 GHz, and the intrinsic pulse profile is ieskat 0.925 GHz. All three models
have been checked, and the extended and thick screen mooidlsp the same intensity profile and
PPA curve results; they produced flat PPA curves. Here thestireen model has been applied, and
the recovered intensity profiles do not match very well whté intrinsic profile, but the PPA curve
shows an S-curve-like feature (Lorimer & Kramer 2005). Iis thulsar, another high frequency
profile observed at 1.4 GHz was tried for comparison with gevered pulse profile, but results
were not good.

For PSR B1859-03, Figure 5 plots the descattered pulse profiles and the BR#& & observed
at 0.606 GHz, and the intrinsic pulse profile is observed @2% GHz. All three models are tried
and all of them worked well. The intensity profiles and PPAvesrall have the same features. The
presented plots in Figure 5 are obtained by using the thieescmodel. The recovered intensity
profiles are similar to the intrinsic profiles, and the PPAveU(g) is much the same as the PPA curve
(f) of the intrinsic one.

For PSR B1946 35, Figure 6 gives the descattered pulse profiles and the BiR& s observed
at 0.408 GHz; the intrinsic pulse profile is observed at 0.6z GAll three models are tested, and all
the models give good results. In the extended screen mb@dbRA curve shows a flat pattern, and
in the other two models the PPA curves show a jump-like stirectShown here is the application of
the thick screen model. The recovered pulse profiles are gintilar to the intrinsic pulse profiles,
and the recovered PPA curve shows a jump-like feature asrshowigure 6. It is acceptable to
add 90 degrees to the last four points of curve (g) (Jardiehiii & Kramer 2009), making the
PPA curve much like the positive part of plot (). Interegty the higher frequency observation of
0.925 GHz, at 1.408 GHz, shows orthogonal jumps in its PPAedrorimer et al. 1998), which
indicates that the recovered PPA curve (g) may be plaugidigler discussion will be presented in
the next section.
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Fig.4 PSR B1838-04. The dotted lines in (a) and (b) are scattered intensitfilps; in plots (c)
and (d) the solid lines are descattered intensity profilestha dotted lines are intrinsic intensity
profiles for comparison; and the plots of (e), (f) and (g) a&ttered, intrinsic and descattered PPA
curves, respectively.

4 DISCUSSION

Section 3.1 showed the simulation of scattering and desaadtresults, and as indicated in Figure 1,
the scattering can cause pulse broadening and flattenihg 8RA curve. When there is a jump in the
PPA in the original pulse after scattering, the PPA curvellmmuch more complicated, but the PPA
curve can be descattered as shown in plots (f) and (l). In@e8t2, which is devoted to practical
applications, the intensity pulse profiles and PPA curvdwefulsars have been descattered, and in
each pulsar the frequency of the intrinsic pulse profile fimparison is below 1.4 GHz. In almost
all pulsars the recovered profiles and the PPA curves are gjuitlar to the features of the intrinsic
pulse profiles and their PPA curves (see Figs. 2, 3, 5 and &sé hesults in Section 3.2 support
the previous assumption that the original pulse charatiesiare substantially frequency-invariant
below 1.4 GHz (Radhakrishnan & Cooke 1969).

When carrying out the descattering process, the existehpalse width evolution following
changes in frequency has been ignored (Lorimer & Kramer Ph8&ause of the small difference in
frequency between the scattered pulse profiles and thasitpulse profiles.
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Fig.5 PSR B1859-03. The dotted lines in (a) and (b) are scattered intensitfilps; in plots (c)
and (d) the solid lines are descattered intensity profilestha dotted lines are intrinsic intensity
profiles for comparison; and the plots of (e), (f) and (g) a&ttered, intrinsic and descattered PPA
curves, respectively.

Figures 2-6 show that all the descattered compensations to the se@fiatse profiles are good,
except for the intensity pulse profiles of PSR B18®8 (see Fig. 4). This may arise from the rough-
ness of the scattered pulse profiles. In PSR B13H§ the frequency of a chosen intrinsic pulse
profile for comparison is 1.56 GHz, because no other obseinegpliencies are available below
1.4 GHz. The recovered PPA curves in all pulsars also showed ggreement with our expec-
tations, namely that some of them have similar featuresdi ihitrinsic PPA curve (see Figs. 2 and
5). The PPA curve in Figure 4 shows an S-curve-like featurd smame of them have jump-like fea-
tures (see Figs. 3 and 6). The jumps in Figures 3 and 6 can kerstodd through the simulation in
Section 3.1. If the original PPA curve has jump features Wwhiere distorted or flattened by scat-
tering (Karastergiou 2009), the recovery of such a PPA cisnigely the cause of jumps within a
true scattering model. Fortunately, in the higher freqyeixservations of 0.9 GHz and 1.4 GHz for
pulsar B1948-35 showed orthogonal jumps in their PPA curves (Lorimer.et@98). These are the
intrinsic pulse profiles compared to the scattered pulsél@mbserved at 0.408 GHz. The jumps
observed are much more likely to be the intrinsic charadtér@PPA curves of this pulsar’s signal,
which can be observed below 1.4 GHz. According to the sirariabbservational evidence and the
empirical assumption of frequency invariance of pulse abt@rs below 1.4 GHz (Radhakrishnan
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and (d) the solid lines are descattered intensity profilestha dotted lines are intrinsic intensity
profiles for comparison; the plots of (e), (f) and (g) are ®rad, intrinsic and descattered PPA
curves, respectively.

& Cooke 1969), it can be said that the occurrence of jumps irdescattering compensation of the
PSR B19486-35 is acceptable, and would be the intrinsic feature of tateieed PPA curve observed
at 0.408 GHz. For pulsar B183B, there is no observational result for the PPA curve withian o
thogonal jump in the EPN database, so it may be easier toiaxplen adding 90 degrees to the
last five points.

5 CONCLUSIONS

We have shown the descattering compensation for the pubdigegrand PPA curves of five pulsars,
and the compensation for scattered pulse profiles and PR&gbrought us good results. Through
simulation and practical application, it is found that &k tintrinsic characteristics of pulse signals
can be recovered if the scattering model is clear enoughré@tmvery of pulse characteristics is
an important issue in pulse study and rotation measurer®}, (and in setting the arrival time of
impulse signals from pulsars. The recovered S-curve-lig& urves of a pulsar such as B183#
would give us an opportunity to apply the RVM (Radhakrish&aDooke 1969) to set the magnetic
inclination anglex and impact parameteér. In a word, the recovery of pulse profiles and PPA curves
may improve our understanding of pulse emission regionsamdsion mechanisms. In this paper,
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three Stokes parameters,Q andU, have been restored. The Stokes paramiéteas been left for
later discussion. We hope to continue studying the Stokaseportraits (Chung & Melatos 2011)
of the five pulsars, and this may be useful for research irap@mission properties.
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