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Abstract Many systematic effects need to be removed in order to obtaihighest quality
pulsar timing data. Interstellar propagation effects mayrdduced by employing coherent
dedispersion and observing at 1 GHz or above to avoid stroatiesing. However, these
techniques may not adequately bring propagation effedtsvihe level of other systematic
or random errors in the observation. We show that low-levaltering in a Kolmogorov halo
produces time delays that are much larger than normallygrézed and are time variable.
These may be a significant source of noise in some high poadisning efforts.
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1 INTRODUCTION

Much new insight into multi-path scattering has been gaindlde past five years. This progress has resulted
from studies of pulsar dynamic spectra with high dynamigesand high frequency resolution. The analysis
is most illuminating by taking the power spectrum of the dyiaspectrum and displaying the resulting
secondary spectrum with a logarithmic intensity scale{FedL, left). Faint, but clearly visible scintillation
arcs (Stinebring et al. 2001) are usually present, ofteh suibstructure that systematically moves along the
main arc over weeks or months (Hill et al. 2005).

The scintillation arcs and accompanying substructure aestad a low-level scattering halo around the
guasi-Gaussian core of the scatter-broadened image (W\é&tlled. 2004; Cordes et al. 2006). This halo is
caused by relatively large angle scattering (5 — 10 timesvillth of the Gaussian core) from Kolmogorov
turbulence in the interstellar medium and has an intenkdyis typically 0.1% — 1% of the central core of
the image.

This low-level halo is not generally included in time-domainalyses of the signal since it is hard to
separate from low-level intrinsic pulse emission. Thetecatg tail that is normally studied is due to the
Gaussian core of the scatter-broadened image. In the timaido this gives rise to an exponential delay
tail since time delay is proportional to scattering anglessgd.

The presence of the Kolmogorov halo has important implicegifor high precision timing. Not only
are time delays substantially longer than normally recoephibut we show here that they are time variable.
The power in the halo component of the scattering tail is krealonly a quantitative study will indicate
when these delays are important for a particular timinggooj

2 ANALYSIS

The intrinsic pulse is convolved with the intensity imputesponse function?(t), to yield the observed
profile. If we could determiné’(t), we could deconvolve it from the observed pulse. Howevely ds
autocorrelation functionRp(¢), can be readily determine®p(¢t) can be found by projecting the power
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Fig.1 LEFT: Secondary spectrum (power spectrum of the dynamictepa) for PSR B1737+13 observed
at 1400 MHz with the Arecibo telescope on MJD 52636. The 8kztibn arc structure is seen to be patchy,
and it translates systematically from left to right as théspumoves through space. The white and black
boxes are regions used in our analysis for bias correcti@aguore of the sidelobe response) and noise deter-
mination (measure of the average background intensityydise baseline) respectively. RIGHT: Secondary
spectrum power is projected onto the delay axis. This is thecarrelation functiomRp (¢) of the impulse
responseP(t) (Rickett 2005). After subtracting a noise baseline andezttimg for sidelobe response, we
calculate the centroid dRp (¢). We use this as an approximate indicator of the signal'stéfe delay. The
uncertainty in delay is determined by propagating the ung®y in baseline level through the algorithm.
The narrow spike near the origin in the linear plot is due ®gldelobe response and is subtracted out in
the centroid analysis.

in the secondary spectrum onto the delay axis or by workingcty from the dynamic spectrum (Rickett
2006).

In contrast to a time-domain analysis of the scattered puiséle, it is important to realize that the
intrinsic pulse shape (and low-level pulsar emission) dastsinfluence the determination &p(t). For
example, even though the pulsar PSR B1737+13 (Figure 1) mawerage pulse width of 30 ms, the
interstellar scattering delays extend only~ad 0 ys.

Referring to Figure 1, left, an example for a pulsar with nmatie DM observed at 1400 MHz, there
is substantial power out to a delay of 8. When the power in the secondary spectrum is projected onto
the delay axis, it produceBp(t), which is shown on a logarithmic display in the upper righthglaWe
determine the centroid dRp(t) after empirically finding a noise baseline and correctingtfie sidelobe
response near the origin. The centroid and the uncertainitg idetermination (due to uncertainty in the
baseline subtraction) are also indicated and redisplayed binear scale in the lower right panel. The
Kolmogorov halo not only adds significant delay, but the geliso varies in time, sometimes significantly
over multi-year timescales, as can be seen for two pulsdfgire 2. In the analysis of PSR B1737+13
(Figure 2, top), substantial time variability in the ceidrof Rp(¢) is seen at all three frequencies. This
presumably reflects time variability iff(¢) through fluctuations in the low-level scattering tail. Wevla



Delay for PSR B1737+13 (430 MHz)

Scintillation & Pulsar Timing

Delay for PSR B1737+13 (1175 MHz)
7 ’

187

Delay for PSR B1737+13 (1400 MHz)
1 :

7

3 : } 08

. i 075 { 3 $
&4 O 2 o0s
g, &0 kY L]
[ [ [} s
3 s } 2 04 }

2

025
02
1
18503 1981 19815 1982 20037 20038 20039 2004 Hoz 20025 2003 20035 2004

Year

Delay for PSR B1133+16 (327 MHz)
075

Year

Delay for PSR B1133+16 (1175 MHz)

Year

Delay for PSR B1133+16 (1400 MHz)
6 ' .

5
375

IS
101

05

25

125
1

0]
20046 20053 20%2 25 20035 2004.75 2002
Year Year

Delay (.s)
Delay (ns)
Delay (ns)
»
o

N

20025 2003 20035 20045

Year

2004

Fig.2 Results for two pulsars at three observing frequencies.: Papplication of the algorithm to
the pulsar PSR B1737+13 (dist = 4.8 kpc, DM = 48.7 pc é)n The darker points represent the average
of several closely spaced observations. BOTTOM: Resultshi® nearby pulsar PSR B1133+16 (dist =
0.36 kpc, DM = 4.87 pc cm®).
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Fig.3 Results for the distant pulsar PSR B1933+16 (dist = 7.9 kpd,=D158.5 pc cm®) at 1410 MHz.
The inset shows more closely spaced observations.

seen many examples of time variable delay in high sensitadintillation arc observations (e.g. Hill et al.
2005; Cordes et al. 2006).

Although the delays are smaller in the case of PSR B1133+i6i&2, bottom), they can be measured
very precisely with this method. In Figure 3, multi-year ¢éiscale variability in delay is seen again for PSR
B1933+16. As shown in the inset, the delay values vary snipatltlosely spaced observations.

3 DISCUSSION

The effect of interstellar scintillation on high precisitming of pulsars has been recognized for decades
(e.g. Cordes et al. 1990) and new insights continue to en{&gmachanran et al. 2006). A push toward
100 ns residuals (or better) for the highest precision tiy@fiorts requires attention to the smallest details.
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It is important to deal with scattering effects explicitgtiner than by observing at higher frequencies and
hoping that the effects are below those of other noise seurce

We have shown that low-level scattering effects can be ptasedata at the sub-microsecond level
and that the resulting time delays can be time variable.ithgortant to develop correction techniques for
this time-variable delay. This is hampered by the unavditalof the intensity impulse respons®(t).
We are investigating the correlation between moment® gft) and the time delay irP(t) itself. If a
significant correlation can be found, it will be possible oalfirst-order correction of timing data. We are
also exploring techniques for estimatifjt) using the modeling method of Walker and Stinebring (2005).
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