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Abstract. Observations of the millisecond pulsar B1937+214l. 1994 [KTR94] and Cognard et al. 1995 [C95]) have opened
made at Nancay over 6 years show 30% rms flux variations oweany new applications for pulsar timing measurements. In ad-
13 + 4 days due to Refractive Interstellar Scintillations. The adition to studies of the dynamics of rotating neutron stars, there
rival times (TOA) also show variations over a similar time scal@re prospects of developing an astronomical time reference as
16 £ 10 days with an rms amplitude of about scs. These precise as the best on Earth and even detecting cosmic gravita-
“rapid” TOA variations are anti-correlated-(—40%) with the tional waves.
flux and so are also caused by propagation through the ionized The influence of the ionised interstellar medium on the pulse
interstellar medium. The correlation is such that weak pulsggival time is centrally important. In order to reveal the emitted
tend to arrive late. While TOA modulations due to changingulse shape, the smearing of the pulse by the dispersive sweep
geometric delay should be positively correlated with flux, thosgross the receiver bandpass has to be compensated for and sev-
due to small scale variations in the dispersive delay should &l techniques have now been successfully developed. The need
negatively correlated with the flux and so are presumed to feemeasure the arrival time at two or more radio frequencies to
responsible in our observations. The level and time scales afénitor and correct for changes in the interstellar dispersion
shown to be consistent with expectations based on the Kaklay is now well documented (Cordes et al. 1990 and KTR94).
mogorov model of the interstellar density spectrum. Howevethese measurements have also yielded new estimates of the
in the data there is a sequence of about 5 discrete eventdaige scale structure of the interstellar plasma density from a
which the flux remains low over 10-30 days and the TOA is astructure function analysis of the changing dispersion measure.
average late but also shows rapid variations. Assuming that thegerstellar scintillation acts to perturb the pulse arrival time
are indeed discrete events, we interpret them as due to isolat@é@n the observations cover only a few independent samples
regions of enhanced plasma density crossing the line of sighttthe diffractive scintillation in frequency and time (Cordes et
Such “Extreme Scattering Events” make a major contribution . 1990). Wide bandwidths and long integration times are used
the TOA variations and their anti-correlations with the observed timing observations to reduce such diffractive effects. Re-
flux. They are seen against a background of the normal refraective effects also modulate the flux on typical time scales of
tive scintillation. A model is proposed in which discrete sheegiys to months. There should be associated small modulations
of plasma cross the line of sight and cause a “de-focussingf’the arrival time due to the longer path of refracted waves.
event when aligned parallel to the line of sight. The statistics There are few observed examples of such refractive arrival time
the events imply a surprisingly large space density of the sheeiidulations, though the theory of how the interstellar plasma
an alternative is that by chance we view PSR B1937+214 tasan modulate the pulse arrival times has been discussed by sev-
gentially through a supernova shell which is fragmented andégl authors (e.g. Blandford & Narayan, 1985 [BN]; Cordes,
causes multiple events. Pidwerbetsky & Lovelace, 1986 [CPL]; Romani, Narayan &
Blandford, 1986 [RNB]; Foster & Cordes, 1990).
Key words: pulsars: general — pulsars: individual: PSR The two most complete series of arrival time observations
B1937+214 — scattering — ISM: general for PSR B1937+214 are those of KTR94 at Arecibo and C95 at
Nancay. After correcting for the pulsar position and spindown
model (P) and the changing interstellar dispersion delay, these
observers report a timing residual, which has a quasi sinusoidal
variation of a few microseconds over about six years. This slow
The millisecond pulsar B1937+214 has been very closely stu@iation is thought to be an intrinsic rotational instability of the
ied in the 15 years since its discovery (Backer et al. 1982). Thelsar, and when it is removed, the residual arrival times appear
extraordinary precision with which its pulse arrival time can b® vary randomly. At 1.4 GHz these residual TOA variations
measured and its remarkable rotational stability (e.g. Kaspitetve an rms of about 0@sec in both data sets, implying that

1. Introduction
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they are not limited by signal to noise ratio, which is considecalibration of the pulse peak amplitude from autocorrelator units
ably better at Arecibo. Further the Arecibo observations at 2@Janskys is accurate to about 15 %.
GHz have a lower rms of 0.2sec, which suggests an inverse Flux density variations caused by diffractive scintillation
frequency dependence, as might be caused by a plasma pstypuld be largely smoothed out by averaging the pulse signal
agation process. The purpose of this paper is to report suchoaar 70 minutes and over 7.5 MHZ at 1410 MHz. From measure-
interstellar propagation contribution to the timing residuals ments by Ryba (1991) the characteristic diffractive scintillation
the Nancay data and their relation to variations in the pulse flpparameters for PSR B1937+214 @&e ~ 0.5 MHz andt, ~ 7

In Cognard et al. (1993) [C93] we identified an “extremainutes, implying that in each daily average there are about 150
scattering event” from the simultaneous perturbations of th@lependent scintles; we estimate the residual modulation index
flux and arrival times, made possible by the relatively frequedtie to diffractive scintillation to be 14% and the corresponding
sampling of the observations. Several more such events hdiffractive contribution to jitter in TOA to be very smalk(40
since been found in the data, as reported by Cognard & Lestradec).
(1996). We earlier found (Lestrade, Cognard & Biraud, 1995; The software ANTIOPE was developed at Meudon Obser-
hereafter LCB) an anti-correlation between the timing residuatory to adjust the relevant pulsar parameters (period, time-
and the pulse flux. The purpose of this paper is to reanalyderivatives, position, proper motion, possibly trigonometric par-
this anti-correlation and the associated theory and also to allax, pulsar phase offsets, ...) to the TOA measurements by a
amine the influence of the extreme scattering events. In Secke@st-squares-fitting procedure. In this software, a TOA is mod-
we describe the observations, in Sect. 3 we give the correlatelted as the propagation time of pulsemitted by the pulsar at
analysis, in Sect. 4 we discuss the interpretation as Intersteffalar System barycentric positid®,, and coordinate-timé,,
Scintillation, in Sect. 5 we give a discussion of the structuresid received by the radio telescope at barycentric positjon
responsible in the interstellar medium, and in Sect. 6 we suanrd coordinate-time,:
marize our conclusions. Ry — 1| k< DM >

Tn*tnzi"rTR""ig (1)
C v

2. Observations and ANTIOPE analysis TR iSthe Shapiro delay of General Relativity. The lastterm s the
Timing observations of PSR B1937+214 are conducted at theditional delay caused by the mean level of the total electron
decimetric radio telescope located near Nancay (France). Teatent of the ionized interstellar medium integrated along the
collecting area of the telescope is 7008 (aquivalent to a 93 line of sight and characterized by the mean Dispersion Measure
meter dish) and the system temperature is typicallys K. < DM >.
The integration time with this transit telescope is 70 minutes Eg. (1) is expandable into a Taylor seriesé{f (pulsar
at the declination of PSR B1937+214. The pulsar signal is ddistanceR,) and breaks into several geometrical terms as shown
dispersed by using a swept frequency oscillator (at 80 MHz) lry Hellings (1986). Eq. (1) is complemented by the relativistic
the receiver IF chain. This oscillator is a slaved Voltage Contrgansformation between coordinate-time and measured time at
Oscillator (VCO) driven by a saw-tooth wave form, synthesizdtie station. Finally, the rotation of the pulsar is modelled by its
in steps of 100 ns to produce a parabolic frequency sweep pr@ational phase :

cisely tracking the interstellar dispersion law. The frequency . L P
0

range swept by this oscillator is 7.55 MHz, which is the dispe(gﬂ(Tn) = $o+ = (T —To) — =~ (T, — Tp)? )
sion bandwidth at 1410 MHz corresponding to the 1.56 msec Py 2P

period of PSR B1937+214 with DM = 71.04 crfpc. The pulse 1 P 5

spectra are produced by the station digital autocorrelator with a 6 ﬁ (T = T0)” A+ oo

frequency resolution of 6.25 kHz. The “Frequency Of Arrival”

is measured by cross-correlation between the daily pulse spgbereg,, P,, P, and P are the phase offset, the pulsar period
trum and the pulse spectrum template, and then converted iata period derivatives at origify,, respectively.

the corresponding Time of Arrival (TOA). The station UT time  In the TOA model of ANTIOPE, the barycentric position of
scale is provided by a Rhode and Schwarz XSRM Rubidiutine geocenter is read from the Jet Propulsion Laboratory DE202
Frequency standard and the offset relative to the internatiof@tandish 1982; Newhall, Standish & Williams, 1983) the terres-
UTC time scale is measured daily at 14 UT via the Observatdnal coordinates of Nancgay are from the VLBI determination by
of Paris by a special purpose receiver using TV signals. TRetit, Boucher & Lestrade (1989). Standard transformations for
accuracy of this daily monitoring is at the level of 40 nanosec e precession and nutation are used to transform the terrestrial
shown by various consistency cross-checks and several Glaimdrdinates of Nancay to celestial coordinates and these trans-
Positioning System (GPS) measurements conducted in pafatmations are complemented by the Earth Orientation Param-
lel. The contribution from system noise to the errors in TOAters (Pole motion (x,y) and UT1-UTC). The IAU conventions
estimates have not been fully evaluated. Our error estimatéé®poch J2000 are implemented for all these transformations.
are typically 0.2usec; the clock step of 0/1sec triggering the The time scale of the measured TOA's is the conventional UTC
VCO provides a hard lower limit to the measurement error atiche scale and the relativistic transformation between Terres-
the observed residual of Oidec is an upper limit. Finally, the trial Time and Barycentric Time uses the analytical solution of
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Nancay data for PSR 1937+21 at 1410 MHz 89.0-95.5 ESEs'" as circles  Circ & Lin File: data.jan96
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Fig. 1. PSR B1937+214 time series of the averaged pulse flux at 1.41 GHz and post-fit residual in the Time of Arrival (TOA) plotted as pluses,
with periods identified as Extreme Scattering Events plotted as circles.

Fukushima (1988), where only the periodic terms are kept. In thable 1. Parameters of PSR B1937+214 fitted to the TOA's measured
following sections we analyze the post-fit timing residuals, 10 both senses of circular polarization at Nangay between December 22,
study the fluctuations caused by interstellar propagation effe¢888 and December 12,1991 at 1410 MHz. The numbers in parenthesis

not removed by the deterministic model of Eq. (1).

Parameters Fitted values

We have analysed two sets of data from the regular timing PeriodF (s) 0.001557806472448616(3)
observations of PSR B1937+214 at Nancay started on Decem- P (s/5) 10.51209(2) 107*°
ber 22, 1988. TOA and flux densities were measured regularly 8 £ (s/s7%) —0.95(14) 107>
to 12 times per month at 1410 MHz in both senses of circular go- @ (/2000) 19h39m/38-558714(2)
larization until December 2, 1991. Subsequently, we observed 5 (J2000) 21734759.13746(3)
the pulsarat1.28,1.41, 1.68 and 1.70 GHz butin the linear polar- * (mas//yr) _g‘gg(?
ization mode. The combined data sets at 1.41 GHz are displayerﬂng‘gggﬁ]sTierD) 2_44'79(()0)_0
in Fig. 1. Analysed separately, we find that the post-fit timingyumoer TOA dates 321
residual rms is significantly better for the circular polarization pgst-fit TOA rms 0.39sec

observations (rms = 0.38sec) than for the linear polarization

are the formal uncertainties on the last digits.

observations (rms = 0.6sec). As we discuss below, the in-

creased rms is due to the effects of varying ionospheric Faraday

rotation. Consequently we have notincluded the TOA's from ttoé pulse flux at the three frequencies up to Dec 2, 1995, when
linear polarization data in Fig. 2, which shows the time seriegrcularly polarized observations were resumed.
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NANCAY DATA on PER 195721 Fig. 1 from 1992 onwards. Consequently, we put more weight
of ‘ ‘ 1 on the circular polarization observations at 1410 MHz in the
= Hroouz | TOA-amplitude cross-correlation analysis developed below.
3 The adjustment of the 8 classical timing parameters
1 (b0, Po, Po, P, , 6, e, pus) for the single pulsar B1937+214
8 1 has been made with ANTIOPE. The post-fit timing residual rms
o 3 Af '
M { Mesg %

e

FLUX (mdy)

is 0.39usec in this adjustment, when DM > is kept constant

g WJ 1 (71.0037 crv3 pe). This rms is not significantly different from
‘ % ‘ ‘ ‘ the post-fit rms 0.4@sec when the Arecibo 90-day smoothed
o« 945 95 w5 DM variations (Ryba, 1991) are used. Table 1 shows the fitted
s . 7 values and, as expected, these pulsar parameters, especially the

1 period, are slightly different from the values determined when

the long-term variation of DM is modelled by the Arecibo DM
series €.g.Cognardet al 1993). However, this has no impact on

AJU | the post-fit timing residuals used to study the short term varia-
@

WMU\V Wh%g/) H\M 5 | tions of the TOA's in our present study. )

A Y h 1 In this adjustment, we have solved fét to remove the

I L L ] "red noise” that is otherwise apparent in the residuals. We have
93 94

200

g%

92.5 93 93.5

o]

1000

FLUX (mdy)
500

ol v P S B

925 95 @35 o4 945 95 955 also solved for higher time-derivatives Bf(up to 7th order in
‘ ‘ ‘ ‘1 280MHz ‘ ‘ ‘ 1 tests), but this does not significantly improve the post-fit tim-
ing residual rms. A recent comparison between the fractional
stabilities of the timing residuals of PSR B1937+214 and the an-
I | gularly close millisecond pulsar PSR B1855+097 is interpreted
)

/\)M 4 as evidence that the red noise in PSR B1937+214 is an intrinsic

600 800
T
|

FLUX (mdy)
400

rotation irregularity of the pulsar itself (KTR94).

| | As reported by Cognard et al (1993), an Extreme Scattering
ol e oo a ...l Event (ESE) was identified in October 1989, when the TOA

o9 %3 759 o o % %5 residuals were systematically positive and the flux went through
a pronounced minimum. In Fig. 1 we have used circles to flag
Fig. 2. Time series of averaged pulse flux from PSR B1937+214 iis interval. We have also used circles to flag four other such
three radio frequencies (in linear polarization). Periods identified ggervals, which have also been identified as ESEs by Cognard
Extreme Scattering Events are plotted as circles & Lestrade (1996); however they are less well observed than
the first event and their classification as ESEs is more tentative.

200
T
—_
=
[Se]e]
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PSRB1937+214is 50 % linearly polarized with a P.A. swing, Correlation analysis
of 90° at 1418 MHz (Thorsett 1991). This P.A. swing of the o o
linear polarization components combines with the annual ahf€ "andom appearance of the variations in Figs. 1 and 2 suggest
secular variations of the Faraday Rotation of the ionosphere &f¢PITelation analysis, which we presentin this section. The sim-

interstellar medium (ISM) to modify the observed mean pu|§gest explanation for the flux variations is Refractive Interstellar
profile shape. This effect will shift S|Ight|y the mean pulse proScmtlIIatlon (R'SS), and indeed the 6—year datasetat 1410 MHz

file peak from day to day, adding a variable delay to our timi ovides an important long period for the study of RISS and the

measurements. One can show that the pulse profile peak st in Fig. 2 provide a unique study of the frequency depen-

fractionally by - of the pulse widthV/, if a is the Faraday dence of the phenomenon. Since RISS variations are stochastic,
360° ’ . . . .
Rotation in degrees. Assuming a plausible variation of the ionige correlation function (or structure function) provides a useful

spheric Rotation Measure of 1rd, the corresponding Ch(,mgecharacterization. The data-sets are long enough that there is no

in Faraday Rotation angle ~ 2.5° at 1400 MHz. Assuming clear advantage to the structure function and we present in Fig.

the worst case for the intrinsic pulse profile, a square shape, §r’fBe au_to-correlation fu_nction for the flux and fpr TOA residual
taking the P.A. swing of-90° and pulse widtHV = 35.sec at and their cross-correlation for the data from Fig. 1.

1410 MHz for PSR B1937+214, the expected systematic timing EXPliCitly, the data are flux variations from their meark;
variation is=2- x W ~ 0.3usec. Annual or long term varia- 2d TOA residualAT; estimated at unevenly spaced timtes

360° . . : )
tions of the Faraday Rotation from the ionosphere and ISM af¥¢¢ form the covariance estimates in the usual way as:

absorbed by the pulsar parameter adjustment, resulting in slight 6. Az; Ay,

biases of the pulsar position and period. The day-to-day vaizy (1) = % 3)
ations increase the post-fit timing residual rms in our Ngnc 1

linear polarization observations, as noted above. This jitterviderex andy stand for eithef” or T'. Thus we have two auto-
large enough to be seen as increased “noise” in the TOA'sdavariance (ACV) estimatesy », Crr and a cross-covariance
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Cpr. The Ef’j represents the summation over all data paics Fig. 3 are plotted the estimated cross-correlation functions,
with time difference; — ¢; lying within a window of widthdp  which are nomalized by the estimated signal variances:
centered om; = [6p, wherel is an integer andp = 1day. In

the top panel of Fig. 3 we plot the auto-correlation funct|onﬁ _ OFT(Tl) ®)

(ACFs), which are simply the normalized ACVs: QFF(O)QTT(U)

prr(n) = CL(”) 4) The lower panel of Fig. 3 shows that at zero lag the flux and
Crr(0) TOA residuals are anticorrelated, in the sense that weak pulses

tend to be late. This result was already reported (LCB), and
our goal here is to present it in more detail and to reexamine the
|nterpretat|on The anti-correlation is interesting because it flags
part of the TOA fluctuations as due to interstellar propagation.
Ve estimate the cross-correlation coefficient betwBemdT,
taking the zero lag value @f=7(7;) after first smoothing it
by the same 5-day Gaussian function used in defiginghe
result is an estimate of -0.36 0.1 at zero lag, for the data
3.1. Noise correction of Fig. 1 (1989-1995); the filtering effect of the different fitted
Spolynomlals is discussed below in Sect. (4.2).

Fig. 3 shows the effects of both system noise and estima-
tion error. System noise causes rapid fluctuations independent
between each lag value and which are reduced in amplitude by

AF, = AF; 4+ np, (5) the 5-day smoothing (solid line). In addition estimation error
causes variations that are correlated over a range of time lags
and similarly the true TOA residu@dlT; with its “noise” gives comparable to the refractive scintillation times exhibited in the

and similarly forprr. At zero lagsrr equals unity and drops
abruptly with increasing; this spike at zero lag is due to system
noise and any rapidly varying pulsar process; also visible is

more slowly decreasing term that is our “signal” which deca
over 10’s of days. As discussed below we believe that this signa 5
is caused by interstellar propagation.

Consider “noise’nr;, which includes any pulsar variation
faster than one day, added to the slower flux deviatiof
giving a measured flux deviation:

a measured TOA residual: auto-correlation functions; they come from the finite time span
. of the observations (6.5 years), which includes only a mod-
ATy = ATi +nr,i (6)  est number of independent refactive scintillation times (10-20

days) These two terms determine the error in the zero-lag cross-
correlation, and we give details of how this error is computed in
ppendix A. It should be noted however, that since the estimate
of o (1) dependsinversely on the square root of the product of
the estimated variancesiandT’, any systematic error in these
guantities will add to and may exceed the formal errors quoted.
This is particularly difficult for the "signal” timing variance,
éFF(Tl) — ].}FF(TZ) + RnF(TZ) @ since this is very small and is influenced strongly by the filter-
ing and timing model fitted to the observations. We analyzed the
Our goal is to estimate the ACV of the signals. Since thaata with polynomials of differing orders and found an increase
noise is WhiteRnF(Tl) adds a spike at zero lag and, becauseiit the anti-correlation with increasing order of the polynomial,
fluctuates about zero for all other time lags, it also contributeswich reduces the estimated timing variaiger (0).
rapidly fluctuating error term at other lags as evident in Fig. 3. Having established the existence of variations in flux and
Here the signals are the parts of the ACVs that remain correla®dA on time scales of 10-20 days, we show in Fig. 4 the same
for some 10-20 days, and so to reduce these rapidly fluctuata®ga as in Fig. 1, smoothed by a running mean over 20 days.
errors we have smoothed the ACV estimates with a Gaussi@y averaging the day-to-day fluctuations this shows the slow
function (5 day full width at 1/e), but excluding the zero lagariations much more clearly. An average is calculated for each
point to eliminate the noise spike. We write these smoothetiserved value by adding any other observations that lie within
estimates a$)r» and Qrr, which are plotted as solid lines+10 days; thus in the plot some average points may correspond
versus positive lags for the flux and versus negative lags for tieeonly one observation, others may include 4 or 5 observations.
TOA, normalized in the same way as the data points (ie dividédso shown are running estimates of the rms deviation of the
by Crr(0) andCrr(0) ). The lines show the correlation dueobservations in each 20-day window.
to the signal more clearly than the points. We @iep(()) and
Qrr(0) as our best estimate of the signal varianced i and
AT. Note that each also has a statistical error due to the flncl)’te2 Contribution of ESEs
lengthT,,s of the observing span. As noted above, Figs. 1 and 4 include data from the Extreme
Turning to the cross-covarianégr () = Crr(7;), since  Scattering Events. In Fig. 4 the time periods of the ESEs are
the uncorrelated noises cause no bias, though they do contribmggked by pairs of vertical dotted lines. As can be seen in the
independent fluctuations versus time lag. In the lower par@ttober 89 event, the flux decreased smoothly to a minimum

Assuming that the two noise series are white and both indepén
dent of the signal$” and7" and independent of each other, th
ensemble average of ea€his simply the sum of the ACVs of
the signalRrr or Ry and of the nois&R,,r or R,,r. When
the data sets are sufficiently long the A@Stimates(denoted
by a hat) are similarly the sum of signal and noise terms eg:
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Nancay data for PSR 1937421 at 1410 MHz 89.0-95.5 Including "ESEs" Circ & Lin P_3

I I

— —H— —

w0 L 4 .

S i o TOA Auto—corr 1 + Flux Auto—corr i

.0 i 1 i

5ot : :

) i i il

B i B Moo ]

O g o =] o +

e oo S e o e e o] o Pt e

L Q. toodEEt o o 0 oo o I — PRI AT T T ]

<? L 0 1 + i

0 L 4 i

C)' | L L L L | L L L L L L L L | L L L L |
=100 —-50 0 50 100

Lag (days)

Flux/TOA Cross—correlation for PSR 1937421 at 1410 MHz File: data.jan96
smoothed cross—corr(0)= —0.36 + 0.121

— I_ T T T T I T T T T 1 T T T T I T T T T _I
c B I ]
Sl 1 - ]
Tl n & €1 N ]
e ' R I X ]
o r + ++ + o+ + T g ]
O o LA e g N e -
o ST NVGE o T + RN 1 Nl
T S N h
n on [ * 5 + + 7+ i
O : +
S ot L T —
© 1 I ]

T -I 1 1 1 1 I 1 1 1 1 T 1 1 1 1 I 1 1 1 1 I-

—100 -50 0 50 100

Lag (days)

Fig. 3. Auto and Cross correlation functions for the pulse flux and residual TOA at 1.41GHz versus time lag. For the TOA the auto-correlation is
displayed for negative time lags. Normalization is described in the text. The solid lines are smoothed versions of the points formed by convolution
with a Gaussian function falling to 1/e at 2.5 day, but omitting the zero lag spike in the auto-correlations . All of the data shown in Fig. 1 are
included.

Table 2. Cross-correlation analysis of the Flux and TOA residual for two time intervals with and without the Extreme Scattering Events and
using 3rd or 5th order polynomials in the TOA fitting model

Dates ESEs | Polynomial PET m or
order fitted or/ < F > usec
89.0-95.5| included 3 -0.36+0.10 | 0.30+0.02 | 0.27+0.1

89.0-95.5| excluded
89.0-92.0| included
89.0-92.0| excluded
89.0-92.0| included
89.0-92.0| excluded

-0.26+0.18 | 0.23+0.02 | 0.27+0.1
-0.43+0.14 | 0.30+0.03 | 0.30+0.1
-0.33+0.11 | 0.23+0.02 | 0.33+0.1
-0.73+£0.29 | 0.30+0.03 | 0.19+0.1
-0.60+0.25 | 0.23+0.02 | 0.18+0.1

U1 o1 www

and then increased back to its normal average value. At the sdioe, by excluding the data from the ESEs. The anti-correlation
time the pulses were generally late (an increase in TOA), abdcomes barely significant, being within 1.5 standard errors of
the TOA also became more variable, as shown in the runningro. As noted above the order of the polynomial in the timing
rms plot. The other events exhibit the same general featunemdel also has animportantinfluence. In Table 2 we list the zero
particularly an inverse relation of flux and TOA. Consequentliag correlation coefficients with and without the five ESE’s for
we have examined their influence on the cross-correlation furice entire data set (89.0-95.5) shown in Fig. 1. We also list the re-



1074 J.-F. Lestrade et al.: Interstellar modulation of the flux density and arrival time of pulses from pulsar B 1937+214
Nancay data for PSR 1937421 at 1410 MHz 89.0-95.5  (running mean over 20 days) Circ & Lin polarization
\
SL + i
© Do et P :
= s o+ s :
g Lo, + Lo 2]
= R+ Lo ‘
= Lo ¥ #* + F Do ¥
X9 Do L + i % P Do
= Do + e + T P Cog
i #%&Jr + P ﬁ & o+ g# % *%ﬁ + #fﬁ% N f s : ¥ A
o E ; + + ¥ Bt + * + 1 re o LT T
£ + # ++ # ot Iy + Tt I & F kS o T
o SO R ++#++++ + tti#F 4 A " J:%;% +* ﬁi* m*ﬁﬁ it
L S f n Lo ]
28 T . # ' LR T
Fe 7 s Ly
= & : T . R
3 Lo o . Lo ’ AN Co
w . I ) ‘ Ju g T Joos .,.:" S
[« & A A Akt u @« - ' Lol tes s R o
- R S V. ae o R el PR A .’.‘ a0 -F-,..:-,.- . « et
! . X 1", il L . ! bl ! ! . . ! L
89 90 91 92 93 94 95
TIME (YEARS)
Time Of Arrival (running mean over 20 days)
0 : Lt
Q = . + . + N
3 + ‘ + + F
< ﬁ . L + hd D i+ Ly %: * o
tE e R T ]
= ¢‘§L 4 gi s Tt I % ++ A T #ﬁg *
R A 4 ks + + + Fam, +1 ¥ o+ iy % + +]
£ +‘$‘$ L * + + fﬁ v ¢ - 4‘5; ks + 33%} !
= W W g # F T, %&ﬁﬁ*ii L
E o % RS E 4
S - o : H -
STl ‘ : i
= - v 4 .. R
. » : \ . / ; . be e, /':_ L & -.*',"'. - . .w.“:’
- -:‘""' ‘."- - RS v .'\.“'. o, ‘ ‘-‘":. i . "‘:.'“:' ."' : :'.": o “ ./ i w"".:} :
T : = ML L Lt ! !
89 90 91 92 93 94 95
YEAR

Fig. 4. PSR B1937+214 time series of the pulse flux at 1.41 GHz smoothed by a running mean over 20 days and post-fit residual in the Time
of Arrival (TOA), also smoothed by a running mean over 20 days. Below each curve is a display of the running estimate of the rms deviation
of the observations inside each 20-day interval, which displays the level of short term variability in the observations. In the rms plots the scales
are the same (mJy for the flux apdec for the TOA), but the zero is the baseline with the horizontal axis. The 5 periods identified as Extreme
Scattering Events are indicated by pairs of vertical dotted liness.

sults with and without the two ESEs, for the better quality subsate indeed flagged as ESEs and are accompanied by higher rms
(89.0-92.0), for two polynomial orders. In each case we includ®©A. However, there is no process that should bias the TOA late
the associated estimates of scintillation index and standard déen the flux is low as observed. Clearly the anti-correlation of
viation in TOA, derived from the smoothed varian@;ap(o) flux and TOA is not an artifact. More questionable is whether
andQTT(O). We conclude, from Fig. 3 and Table 2, that the arthe events flagged as ESEs are indeed discrete events or just
ticorrelation is most evident in the 89.0-92.0 subset of the datarm a continuum with the other RISS variations.

and that “ESE”s dominate the estimated cross-correlation coef- _
ficient and have a smaller influence on the smoothed variances. The October 1989 ESE was, fortuitously, very well sampled
and its identification as a discrete event seems secure (Cognard

However, we must question the “ESE” identification andt al., 1993). The chance of catching an event during this pe-
ask whether we have simply selected and removed periodgiofl of closely spaced observations is very small, unless such
normal RISS in which the flux decreased more than usual. Tésents are relatively frequent for this pulsar. Thus, though the
criteria for an ESE classification were an unusual increasedther events are less well observed and their ESE identification
the rms TOA as displayed by the lowest plot of Fig. 4 and aould be questioned, we suggest that they too are discrete events
associated (smooth) decrease in flux. Since the errors in &mel not just unusual periods of normal RISS. In summary, there
TOA estimates vary inversely with the flux, low flux and higtappears to be a background level of random fluctuations in flux
rms TOA should be correlated. The lowest flux periods in Fig.(due to RISS) with discrete interstellar propagation events su-
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perimposed, each presumed to be due to a discrete strucal@d996) & Gupta et al. (1993). We use the theoretical expres-
passing slowly through the line of sight; these discrete evesiens from the latter paper, based on the uniformly distributed
are characterized by a reduced flux and generally late TOA®Imogorov spectral model, to predict theoretical values ex-
There remains the possibility that the background RISS algected for PSR B1937+214 at 1410 MHz in terms of its diffrac-
causes TOA variations at a level below our errors and that théise scintillation bandwidthAry as measured by Ryba (1991).
are anti-correlated with the flux. Their Eqg. (3) withAvy = 0.5 MHz at 1410 MHz gives the pre-
dicted modulation indexn, = 0.28. As listed in Table 2 the
89-95.5 1410 MHz observations give, = 0.30 £ .02, which

is in good agreement with the theory.

As discussed in detail below, there is a strong reason to believe From Fig. 3 we estimaté\r, = 13 + 4 days. Eq. (4) of
that the flux variations are due to Refractive Interstellar ScintfBupta et al. (1994) foAr, requires estimates for the pulsar
lation (RISS). Thus the anticorrelation of TOA variations witfdlistance and the transverse scintillation velocity. We take a dis-
the RISS variation labels these TOA variations as interstellartince of 3.6 kpc from the Taylor & Cordes (1993) model. The
origin also. However, their association with the ESEs sugge8tted proper motion (Table 1) gives velocity of 10.5 km/s, which
that they are not part of the background RISS phenomen®fobably underestimates the scintillation velocity, since over 3.6
The TOA variations are thus important not only for probing thPc we expect substantial random velocities of the interstellar
causes of ESEs, but also for possibly reducing part of the T®sma and some differential rotation. Adopting a velocity of
variations and so further refining the precision with which the0 km/s, in agreement with the measured scintillation veloc-
pulses from this and other millisecond pulsars can be timed.ity from Ryba (1991), we obtaidh7, ~ 17 days. A somewhat
this section we analyse what are the expected auto and ci@g¥ler theoretical estimate can be made from:

correlations due to background RISS, with the necessary theqr . 2

presented as Appendix B. We then consider the implications%?[r ~0e/V = 0a/V(rg/oa)” ~ Ara(v/Ava). (10)

the ESEs. Hereo, andoq are the spatial scales of the refractive and diffrac-
tive scintillation patterns, respectively. Witkiry = 7 mins typi-

cal of Ryba’s measurements, we obtain. = 14 days, in agree-
ment with the value derived from Fig. 3.

Two parameters that can be extracted easily from the auto- The satisfactory agreement between theory and observation
correlations of the flux in Fig. 3 are the modulation index anfdr m, andAr, is strong evidence that RISS is indeed responsi-
the time scale of their variations. The modulation inaexis ble for the 10-day variations of flux. We note, however, that the
the rms variation in flux normalized by the mean flux and wasfect of excluding the ESE’s makes a significant difference to

4. Interpretation as interstellar scintillation

4.1. Flux variations as RISS

estimated by: our observed parametera( is reduced by about 20% arkir,
is nearly doubled with much increased uncertainty). Clearly our
J /QFF(O) RISS model of the interstellar propagation is only approximate.
my = ——F——_— (9) Nevertheless, we now use the Kolmogorov model to predict

<= what TOA variations should be seen and their expected cross-

The time scaleAr, characterizes the width of the autocorrelaeorrelation with the RISS modulations of flux.
tion function, and it is defined observationally by the time lag
whereQrp (7) falls to half of its zero lag value. These measure&i
parameters are to be compared with the theory of RISS. In Se¢
4.3 below, we also estimate the cross-correlation of flux acroBise decay in the ACF of the TOA in Fig. 3 has a time scale
frequency and compare with theory. similar to but somewhat longer than that of the flux. We consider
The theory of RISS variations, presented by various authohgre what TOA variations should be caused by the irregular ISM
depends on a detailed model for the spatial and spectral disamd whether an anti-correlation with the flux is expected under
bution of the interstellar plasma density. The canonical mod&rmal RISS. In our earlier report (LCB) we used the theory
is that of an isotropic Kolmogorov wavenumber spectrum withf Blandford & Narayan,1985 (BN85) & Romani, Narayan &
an approximately uniform spatial distribution along the line-oBlandford,1986 (RNB86) to interpret the anticorrelation and
sight from the pulsar. An alternative that is easier mathematience constrain the model for the interstellar density spectrum.
cally is that the scattering is concentrated in a thin layer, whi¢towever, we omitted to account for the partial removal of the
can be modelled as a thin screen. In view of the evidence oM variations from the TOAs, and we now re-examine the
a very clumpy distribution of scattering material in the ISMtheory.
the screen model may even be the more realistic. While there is The intensity and TOA are both influenced by propagation
evidence for anisotropy in the scattering on some lines of sigtitrough the irregular interstellar plasma. The primary effect is
we expect that random orientations along the line of sight withe phase modulation imposed by the irregular refractive index
normally reduce the effective anisotropy. of the medium. The geometric optics phase is an integral along
The RISS modulation index and time scale of several pulsa@ng line of sight. However, for many purposes its effect can be
have been reported by Kaspi & Stinebring (1992), Stinebringapproximated by considering a phase screen located midway

g. The Flux - TOA correlation
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between source and observer. BN85 used this approximatimnfact an average of delays from ray paths distributed over a
which RNB86 validated by a more exact calculation. They irscattering disk. At a refractive flux maximum the ray paths are
troduced the method of intensity-weighting to obtain explicieceived from a larger region than at a flux minimum and so
expressions for the auto and cross correlation of the flux, TQ#ere is a larger geometric delay from averaging over the larger
and other observable quantities. The correlations are giverregion. The lower panels of Fig. Al plot the theoretical nor-
integrals over the two-dimensional wavenumiggiof the spec- malized correlation coefficients of flux affd.,(t). Note that
trum of phase fluctuationB, (¢), which they modelled as: the positive correlation remains approximately constant for time

lags as large as..

_ 2 — \20.0—B
Fola) = X°Q(@) = A"Qoa (D Now consider the residual dispersive delay. When an in-
where 3 takes the value 11/3 for the Kolmogorov spectruntreased plasma density region crosses the line of sight it in-
Their definition of TOA included the variable dispersive delagreases the dispersive group delay, but commonly it will also
which causes a formal divergence of the integral for the correlzause a de-focussing of the waves since the plasma refractive
tion of TOA. They suppressed the divergence by putting a lowiadex decreases with increasing density. This creates an anti-
wavenumber limit to the integration equal(fé 7,s) 1, where correlation between flux andp (¢), also shown in the lower
T,1s is the total duration of the observations anés the relative panels of Fig. A1. When the two effects are combined (solid
transverse velocity of the observer with respect to the interstelirve), there is a net negative peak correlation at zero lag, the
lar diffraction pattern. In our observations the dispersive delayagnitude of which depends strongly on the high-pass filter
is partially removed either by the subtraction of a polynomigime constani3.
fitted to the TOA or by subtraction of a running mean estimaté e theoretical normalized correlation functions are given

of tr_le dispersive delay from two- frequency observa_tions Whﬁpthe upper panels of Fig. A1 and are to be compared with the
avqllable. Either procedure can be modellt_aq asa h'gh,'passr%asured correlations in Fig. 3. The comparison requires a con-
terin t_he observed fr_eq_uv_ancy domalr_1, but '_t Is notas Slmple\5’}e'€'rsion from spatial to temporal lags; so we need the effective
_replacm_g the_ lower Iw_mt n th_e two-dimensional wavenur_an/relocityv and the refractive scatg, which is also the radius of
integration since the filtering is along one wavenumber d'mefPfe scattering disc. However, if we accept that the flux variations

sion only. are RISS, the scale is set from the auto correlations of flux, and

. hThe %rimlary cbservations ?]re atha frequency of ,1‘41 GhiZe relative width of the TOA auto correlation can be compared
with residual TOAT'(t) at epoch t. There are two main propyis theory, There is a strong influence of the high-pass time

agation contr|but|ons.expected 1q(t): the dispersive plasmac nstant, due to the steep power law spectrum of the dispersive
delayTp and a refractive delay due to the longer path length FOA fluctuations. As discussed in Appendix B, we estimate

waves refracted f_rom a straight-line path (see BN85), whichwe ;1 days for the polynomial used in the TOA fitting for
call the “geometric delay” (Foster & Cordes, 1990) the data of Fig. 3 and with a refractive time scale of 13 days the

T(t) = Tyeo(t) + Tn(t) (12) ratio VB/_orr ~ 8, which is shown in fchg left _hand panels of Eig.
Al. The time scale for the TOA variations is then substantially
where for very small refraction anglésat distance L longer than the 13 days of the flux variations. Analysis of Fig. 3
) can in principle yield an observed time scale for the TOA vari-
Tyeo(t) = 0.5L8; (13)  ations. Using the same procedure as for the flux variations in

In our observation®y, (t) is partially removed either by sub-Fig' 3, we estimate a time scale of 3@10 days. However, we
tracting a polynomial timing model fit to the TOA or by subtracttMPhasize that the ACF of the TOA is very poorly determined,
ing a smoothed estimate @%,(t). We characterize this by theand depends on the details of the ACF computation. The appar-

time constanB of the equivalent high pass filter. The resultin nttime sgale Is increased vv_hen the I.ESE’S. are removed, since
TOA residual consists of the geometric delay and the resid ESEs include large amplltude rap|d varlatloqs in the TOA
dispersive delay. In Appendix B we examine the modificatidi® well as a 10-day modulation anti-correlated with the flux.
of the RNB86 theory to include only the residual dispersive de- The comparison of the theoretical and measured cross-
lays. However, it is instructive to consider the physics of hoaorrelation is reasonably satisfactory; a value -0.3 to -0.4 is
the two TOA terms are correlated with the flux. found from Table 2 and the predicted value is -0.48. However,
Consider first the geometric delay, which in Appendix Bhe large fractional uncertainty in the TOA varian@I(T(O))
we show is positively but weakly correlated with the flux. Evidominates the uncertainty in the cross correlation coefficient.
dently the geometric delay will be greatest when the waves &er example, the effect of reducirg (by fitting a fifth order
refracted through the greatest angle,|fg.is a maximum. This polynmial) decreases the TOA variance and so boosts the appar-
condition occurs where the refractive flux curve has its steegnt cross correlation coefficient to -0.7, but the errors are pro-
est transverse gradient. With the observer’s transverse motuamtionately increased also. As further discussed at the end of
through the pattern this condition is typically at neither a ma&ppendix B, the observed variance in residual TOA can also be
imum nor a minimum flux, and so does not lead to a persistamtmpared with the predicted value. Again the prediction agrees
correlation of TOA and flux. The positive correlation result®r the nominal conditions but depends strongly on the time
from the following second order effect. The observed delay éonstantB.
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In summary, we note that the Kolmogorov theory gives Bable 3. Cross-correlation analysis of the Flux between pairs of fre-
reasonable agreement with the observed parameters for the flusncies with and without the Extreme Scattering Events during 92.0
and TOA auto and cross correlations. However, we cannot dri5.5.

a strong conclusion from the agreement since the Kolmogorev . o . - e
f[heory has no explanation for the E_SE’s and for their s_,ubstan tlegHZ GHz | (ncESEs) | (exc ESEs)
influence on the observed correlations. Our overall interpretas 56 7141 [ 0.986+ 0.03 | 0.960+ 0.03 | 0.978
tion is that we measure a background level of RISS modulatian$ 41 | 1.70 | 0.93+0.05 | 0.93+0.05 | 0.917
of the pulsar flux with an added component due to afew discrete 28 | 1.70 | 0.79+ 0.1 0.74+ 0.1 | 0.834
events. These events seem to dominate the residual TOA fluctu-

ations on times of 10 to 30 days, making it difficult to identify
the weaker ISS modulations of the TOA. The anti-correlation gf
flux and TOA is to be expected for both the background ISS and
for discrete events since they are both due to plasma pertu& have described flux variations characterized by an rms of
tions in the line of sight. An alternative interpretation, that the0% over a typical time scale of 13 days. These appear to be a
ESEs are not discrete events and are just selected portions otthmabination of statistically stationary RISS and superimposed
normal RISS, cannot be entirely ruled out. Observationally, bathsmall number of discrete events (ESESs), in which the flux
interpretations imply that a significant residual TOA variabilitgxhibits a relatively smooth minimum over 10 to 30 days. The
is due to variations in the dispersive delay on time scales of IOSEs also show variations in the TOA with an rms of about 0.3
20 days that are anti-correlated with the flux variations. Frogsecs which are anti-correlated with the flux; there may also
the standpoint of the ISM the alternative interpretation is quites similar but weaker 0.18secs TOA variations anticorrelated
different, since there is no need to invoke the existence of digith the background RISS, which are at or below the level of
crete plasma clouds, whose proposed properties are discusggdmeasurement uncertainties. We now ask what interstellar

Discussion

in Sect. 5. structures might be responsible.
The background RISS behaviour is entirely consistent with
4.3. Correlation of flux over frequency measurements from other pulsars, and is thought to be due to a

pervasive distribution of electron density perturbations whose
A further comparison with the Kolmogorov theory can be madgatial spectrum follows the Kolmogorov spectrum over at least
for the pair-wise cross-correlation of the multi-frequency fluxix orders of magnitude (Armstrong at al. 1995). By contrast
observations of Fig. 2. The auto and cross correlations are shawiidels for ESEs are more tentative. In the paper reporting the
in Fig. 5. The auto-correlations of the flux show the same noifigst such event, Fiedler et al. (1987) proposed that it was caused
spike and slow decay over 10 to 20 days as in Fig. 3. Fig. b the intervention in the line of sight of a discrete dense region
shows the flux correlations between 1280 and 1410 MHz agfiplasma with small scale irregularities whose enhanced scat-
Fig. 5b between 1280 and 1700 MHz. There are clear pogiring was responsible for decreasing the source flux by about
tive cross-correlations centered on zero lag, whose widths a®; hence the name Extreme Scattering Event. An alternative
similar to that in the flux ACF of Fig. 3. The zero lag crossmodel, proposed by Romani et al. 1987, argues that the events
correlation coefficients and errors are given in Table 3, witlre also due to a discrete dense region of plasma, which instead
and without the identified ESE events. Evidently the flux flugicts as a diverging lens in reducing the observed flux. In the
tuations are broad-band in nature with and without the ESEgper reporting the Oct 1989 ESE from PSR B1937+214, C93
As discussed in Sect. 2, the multi-frequency observations wgi@sented such a model of enhanced refraction for the event. Si-
linearly polarized and subject to TOA fluctuation noise frommonetti (1991) constructed a similar model in attempt to model a
random ionospheric Faraday rotation. Consequently, in a cRirge swing in polarization angle observed in quasar 0917+624.
relation analysis of the multi-frequency TOA data, we saw MBypically such models must have a dimension on the order of a
significant interstellar fluctuations, since they were too smadw astronomical units and an electron density-af00 cnm 3.
compared with the noise spike. In addition there was no orgaor temperatures ned0*K such densities imply a pressure
ised correlation detectable between flux and TOA nor betwegiore than 100 times greater than typical interstellar pressures
the TOA at pairs of frequencies. (Kulkarni & Heiles, 1986), which creates a problem in explain-

We calculated the theoretical degree of cross-correlation by their origin. Romani et al. 1987 also suggested non-spherical

tween the flux at the two frequency-pairs, assuming the Kehodels (such as sheets or filaments), which can reduce the re-
mogorov spectrum model of the ISM as discussed in the nexlired electron density, and they also proposed confinement by
section. The values are given in Table 3 with the observed veile enhanced pressure in an expanding supernova shell. Clegg
ues. Both sets of results agree with the theory within the statigi-al. (1988) analysed models of interstellar shocks due to su-
cal errors. Though they do not constrain the interpretation vasgrnovae and stellar winds as potential lensing structures.
strongly, the agreement does confirm that the flux variations are | applying these ideas to our observations of PSR
due to interstellar propagation, and that the ESEs are broad bgnd37+214, we have the added information from multiple
in nature. events, giving information on the space density of the objects

responsible. We take the results from the October 89 event as
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typical of the others. The event duratidh,. ~ 20 days yields to that in an ESE. This layer was proposed to coexist with the
an approximate transverse scale~ V1. ~ 0.6 AU, assum- more pervasive interstellar distribution of turbulent plasma. In
ing the velocity to be 50 km/s as before. With 5 events, forteying to apply this model to our observations we conclude that
total of about 100 days, observed in 6.5 years, we estimate ttheould predict too high a level of background amplitude fluctu-
probability of an event to be 0.042. ations to be compatible with the observations. We need a model

Another type of transient propagation event has been seeM"fP\iCh contributes amplitude modulation only in fche form of the_
the diffractive scintillation spectra of pulsars, in which fringeg'screﬁe events. Consequently we assume a discrete refracting
are observed to modulate the spectrum for similar episodes gPud” for each event, as in previous ESE models..

10-30 days. These have been called multiple imaging or inter- So now consider a d_lstrlbutl_on of sheet-ll!(e or f_|lamentary
stellar fringing events (Hewish et al. 1985, Cordes & Wolszcz&#Puds of electron densityN. with smallest dimension- a;

1986, Wolszczan & Cordes, 1987, Rickett et al. 1997) and £t8d greatest dimension a factplarger. Let there be.,, sheets
likely to be caused by the same agent as for the ESEs. Calei filaments per unit volume randomly distributed over the
lations of the possible plasma structures reach similar modgR§ire line of sight £). Then the probability of a single inter-

for their electron density and size, with similar problems in ex€ction favourably oriented (parallel) with the line of sight is:
plaining the stability of such structures in which the pressure]'@

2 T2 /2
more than 100 times the typical interstellar pressure. lsh ~ PshLag - My gi ~ ngLag /n”.

(14)

Rickett et al. (1997) proposed a solution to the pressureeach case we equate this probability to our estimate of 0.04
problem by postulating a layer with multiple weaker densitgnd usingz; we obtainng, ~ 4 x 10~4m=3. This is105pc 3
enhancements{ 0.2 cm~?) in the form of sheets or filamentsand suggests 1-AU size plasma clouds that are over a million
of thickness on the order of 1 AU, in approximately normdlmes more common than stars. For filaments their number den-
interstellar pressure balance. The associated refraction was siy-ng; would be a factor)? larger.
mally small enough not to cause amplitude modulation. On rare During the occasional alignments of their long dimension
occasions, however, the refraction angle was sufficient to caadeng the line of sight the angles of refraction will be given
the fringing and perhaps the amplitude modulation comparalblg 6 ~ \2r,dN.n/2r for either a sheet or a filament. The



J.-F. Lestrade et al.: Interstellar modulation of the flux density and arrival time of pulses from pulsar B 1937+214 1079

condition for the large amplitude modulation (sometimes callékde delay due to parallel alignments and compare with the typ-
the multipath condition) is overlap between the refracted and ucal delay of 1usec. There are dispersive delays,; and ge-
refracted raypaths. This depends on the distdice «L from ometric delays.., but for a de-focussing event the two terms
the observer to the cloud and gives: must be approximately equal, in accord with Fermat's princi-
) ple. The former givesspy ~ A27.0N.asn/(27c), which we
La(1 = 2)A redNen/2m ~ at 15) note approximates the geometric dedag; /c. The interference

which for our observations of PSR B1937+224 21 cm, L, condition, Eq. (15), allows this to be expressed as:
= 3.6 kpc) becomes: Tspm ~ ai/cLa(l — ) > 1.2usecs. (21)

-3
dNenz(1 —x) ~ 46em™" . (16)  The close agreement with the typical observed delay supports

Sincexz(1— ) < 0.25, the lowest electron density for isotropicoUr interpretation ofthe ESEs as de-focussing events, (as already
clouds ¢ ~ 1) would then be about 200 cmi, comparable to demonstrated in the more detailed analysis of C93).
other ESE models. Eq. (15) is the same condition as that given Of course, we have not proven that the sheet scenario is the
in other analyses (eg Clegg et al. 1988). correctinterpretation, simply that it is consistent with the obser-
We have now to consider the “non-aligned” intersections anations. We can also consider other geometries. Initially we as-
whether they cause significant amplitude modulation. These §¢med that the sheets were distributed randomly over the entire
cur for sheets or filaments approximately perpendicular to tRath length and found their space density to be abatipc—?.
line of sight. The chance of such alignments will b&;, | ~ Th(_)ugh this_seems large, the distribu_tion seems sparse when the
n* Mgy, for sheets and/g | ~ 7 My for filaments. These M- typical spacing between the sheets is compared to their largest
values may well be greater than unity, in which case they repfamension &;7). The densityss, ~ 4x 10~**m~? corresponds
sent the typical number of intersections for a single observatiéf @ typical spacing o8 x 10'*m or about 3008;. According

which add incoherently. The associated angles of refraction &ethe scenario analysed above the sheets are completely in-
dependent of each other, unless the axial ratio approaches the

Osh, L ~ 0/ Msn,L /0 (17)  unreasonably large value of 3000.
Alternatively, we can consider the sheets to be connected
- making a network or “foam”. If the foam were confined in
a layer of thicknes® and had plane randomly oriented faces
Opi, 1 ~ 0)/ma,L/n, (18) (a: thick), we find the probablity of an aligned intersection to
. L . , ._be~ 3D/(a;n?) which we can equate to the observed 0.04.
with a similar interpretation ofus, 1 . Using ray concepts again,ne must havel, > D > na; which gives3000 > 7 > 9.

we estimate the fractional variationin flux byl — ) L0/ J¢, Since axial ratios larger than about 20 must be relatively rare,

where¢ is a transverse spatial coordinate. The multipath Cogy; 1, 5 foam model is more reasonable if it is confined to a layer

dition (eqn 15) sets this to be typically about unity for th§;, 4niy a few cells thick and does not extend through the en-
::avourag:e_mtersect.lons. I-]!encg, Wﬁ,can find that for & ;o |SM. Such an idea is consistent with the inhomogeneous
avourableintersections (after simplification): nature of the ionized ISM, as discussed by Kulkarni & Heiles

wheremg, | is taken as the maximum of 1 andy, ;. For
filaments the relations are

AI/I|gh,1 ~max[0.2/n% 1/7%] (19) (1986), who estimate a filling factor of 10% for the Warm In-
’ terstellar Medium (WIM). Another possibility is for the faces
and to be irregularly curved with a typical radius of curvatuge.

(20) Clegg et al. (1988) suggested that such distortions in supernovae
shells would be common due to the swept up neutral HI clouds.
An examination of these equations shows that the filaments miiee effective axial ratio of a curved surface of thicknegss
give significant persistent intensity fluctuations for all values qf'2R./a, but the length of the sheets could be substantially
7, having a minimum of 34% fa§ ~ 2.9. By contrast, the sheetslarger thama,; and such a foam could, in principle, extend over
give only weak fluctuations, being less than 10% fomalt 2. most of the distance to the pulsar.
Consequently, we propose that the ESEs are due to de-focussingMe now must ask what astronomical structures are respon-
events from refracting sheets of plasma of thickne€s6 AU, sible. The model of isolated 0.6AU spherical clouds requires too
when they are aligned parallel to the line of sight. By increasimgany clouds of too great an electron density. Sheetlike clouds
their “axial ratio” n we can reduce the required electron der{with axial ratio < 20) require a lower density (10 electrons
sity in the clouds and at the same time suppress the levelcai—2) and could be confined to one tenth of the pulsar dis-
more frequent amplitude fluctuations caused by perpendicuiance (0.4 kpc), which could be substructure in the warm ion-
intersections. ized regions probed by d&dobservations (eg Reynolds 1991).

A further observed quantity is the extra delay caused whelfahe sheets are in thinner layers they could be partially or
plasma sheet causes a parallel intersection. For the Oct 89 egentpletely connected; thus maybe they could be the outer ion-
we observed TOA fluctuations oftdl usec, to which were fitted ized envelopes to neutral HI clouds, especially near an ionizing
a two-part density profile, that followed the major TOA perturstellar source whose radiation only penetrates partially into the
bation. In terms of the model presented here, we simply estimbtie Sheetlike and filamentary structures have been proposed by

AI/I|fi, 1 ~ max[0.21°°,1/1]
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Heiles (1997) to explain the smallest scale (30AU “tiny scalegnd suggest that other pulsars should show similar events. A
structures observed in HI, which he interprets as cool (15 K)ore specialized model assumes that the PSR B1937+214 line
elongated or flattened clouds in normal pressure balance. Hofisight passes tangentially through a single supernova shell,
ever, his estimated electron density is much too small to cawgieose surface is broken or distorted into quasi-parallel sheets,
the ESEs. They are embedded in warmer less dense regionsrasgonsible for each event.
we wonder if their outer envelopes may in some circumstances 5) Though our interpretaion is that the ESEs are indeed
be ionized and form the proposed thin ionized sheets. discrete events, there remains some doubt that they really are
Other connected sheet structures are possible in shock fratigginct from the background fluctuations. Thus an alternative
associated with expanding shells due to novae or stellar winifgerpretation of our results is that we have detected an anti-
A system of supernovae superbubbles has dimensions too largeelation of RISS flux and TOA, due to changes in dispersive
for a connected sheet (foam) model. However, if the line of sigtielay from small scale plasma structures, which are part of the
happens to be parallel to and pass through a single supernoasic turbulent spectrum, as discussed in Appendix B.
shell the multiple events could be explained as various quasi-
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arallel but disjoint subsections of the shell which happen to i
P ) PP Nancay and F. Biraud at Meudon for their help and insights at various
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of about 13 AU (at 50 km/s). Of course this scenario presuppog€son and the Laboratoire Primaire du Temps édence (LPTF)
that the line of sight to PSR B1937+214 is special and that thethe Observatoire de Paris, for daily UTC corrections between the
frequent ESEs are a phenomenon special for this pulsar. ¥gion clock at Nancay and the conventional UTC time scale. The
note that a small remnant G57.2+0.8, only about one degi¢sgncay Radio Observatory is the Unicientifique de Namay of the
from the pulsar (Sieber & Seiradakis, 1984), as listed in tl¥bservatoire de Paris, associated as&Jdé Service et de Recherche
catalog of D.Green, 1997. Fiedler et al. (1994) suggested tAaBR) No. B704 to the French Centre National de la Recherche Scien-
the remnants responsible for the ridges of emission seen in [igue (CNRS). The Nancay Observatory also gratefully acknowledges
frequency radio maps may be responsible for the ESEs reportfg_ﬁjflnanmal support of the ConseitRBional of the Rgion Centre in

in extragalactic radio sources. This model is similar to that bfa"ce- BIR gratefully acknowledges the hospitality of the Observa-
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of the necessary extra pressure in the form of the supernova

blastwave. Appendix A: error analysis for the correlation functions
For small fractional errors in the three quantities in Eq. (8), the
6. Conclusions fractional error inprr(7 = 0) can be found approximately
from:

2
9qQ

1) We have observed TOA variations in the millisecond pulsar2 )

B1937+214 that are interstellar in origin and which fluctuat@e . “Rer 10.252Qrr 4 25UQTT (A1)
H H ~ 2 . 2 . 2

over times of 10 to 30 days. The TOA is generally delayed? Ry F Qfp

and variable during the periods when the radio flux exhibits\Be ogtimated the three contributing variances by considering

smooth minimum. We have classified .these times as disqrﬁ{ﬁependentcontributionsfrom estimation error and from noise.
events (ESEs) and observed 5 of them in 6 years of obervauopﬁus.

which gives an event probability of about 0.04. )
2) The smooth minima in the flux, described in (1), are sy2 Cer + Rnp Rt (A2)
perimposed on a background of stochastic variations in the puﬁFT N Nnp,

sar flux whose properties (rms and time scale) agree well witlere IV, is the number of independent signal time-scales av-
those predicted for RISS from the KOlmOgorOV model of the |ré'raged and\/’n is the number of independent noise Samp|es
terstellar plasma density spectrum. With the ESEs removed fi@raged (which is the number of observations times 5 for the
expected TOA fluctuations associated with RISS are not defiggussian smoothing function used). Similarly:
tively detected since their expected level is near our detection ) )
threshold. o2 QEr + Rop (A3)

3) We propose that the ESEs are caused when sheets " N, Ny,
enhanced plasma density pass in front of the pulsar and hapggs
to be aligned with the line of sight. Filamentary structures are not Q2 R
suggested since the level of amplitude modulation expected §gy, ~~ —~IT 4 —nT
the more frequent perpendicular intersections is not seen. The Ny Ny
time scales suggest a transverse dimension of about 0.6 AU andAn alternative estimate can also be made of the error in
length perhaps 10 times greater. The prodidty ~ 200cm 3. jppr(7 = 0), from the rms variation i1 (7) at time lags sub-

4) Possible sites for such structures include the envelotantially greater than the 20 day time-scale of the scintillation
of neutral HI clouds, the warm ionized medium, shock frongrocess. We used both methods and list in Table 2 the larger of
associated with stellar winds, novae; such models are gendhie two.

(A4)
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Appendix B: theory for RISS flux and corrected TOA

We give details of how the theory developed by BN85 ang,

Normalized Auto and Crass Correlation of F and 6Ty
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Fig. Al. Theoretical Auto and Cross cor-
relation functions for fluxy F' and residual
TOA 0T (with dispersive delay partially
removed by a running mean over time con-
stant B).s is the spatial offsety, is the ra-
dius if the scattering disd/ is the velocity

of the scintillation pattern across the earth.
The theory used is an equivalent screen with
a Kolmogorov phase spectrum, as described
in Appendix B. The top panels give the
normalized auto-correlations for flux (solid
line), and residual TOA (dash-dot), and the
normalized cross-correlation between them
(dashed line). The lower panels give the co-
variance between flux and TOA (solid line),
and their break-down into the positive corre-
lation of flux with geometric dela¥;.. (dot-

ted line) and the negative correlation of flux
with residual dispersive delayl’s (dashed
line). The left panel is evaluated for the nom-
inal ratio of the running mean time constant
to the refractive scintillation time= B/7;

the right panels for the ratio reduced by a
factor two.

errors. This is approximately equivalent to a high pass filter, i.e.
subtraction of a running mean. We model the running mean as a

nvolution of the TOA with a Gaussian function of time, whose

RNB86 can be modified to account for a partial correction of thg i, js parameterized by FWHM=66B. For the data of Fig.

dispersive delay. We call such an estimatedbeectedTOA.

1 we estimate the effectivB ~ 100 d. In reference to Eq. (12)

Eqg. (12) _gives the TOA variation as the sum of tvyo terms,. CC.)PD)B(t) is the mean dispersive delay (smoothed d#mwhich
responding to Eq. BN85(3.10); the second term is the variatigR s sybtracted to give the corrected TOA. The variatiofsip

in the dispersive delay from the assumed constant DM values |k faster and essentially unaffected by the high-pass filter. Thus
changes as the column density of electrons in the line of sight corrected TOA can be written as:

changes due to relative motion of the pulsar, the interstellar elec-
trons and the earth. The variation is slow and has a very “red”
spectrum. In the measurements by KTR94, it was dominatedNB(t) =T(t) = Tp,p(t) = Tyeo(t) + AT, p(t) (B1)

a slow linear decrease for years 85-92.
Inthe data of Fig. 1, the slow changes in TOA are “absorbe

by the timing model which was fitted to the arrival times - a third
order polynomial and annual terms due to a priori position&Tp g(t) = Tp(t) — Ip,B(1). (B2)

Where the more rapid dispersive variations are written as:

1081
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In describing the theory we use thenotation of BN85 for Gaussian smoothing of the fluctuation in dispersive delay can
normalized fluctuations and write their Eq. (3.12) for the nothen be written as:
malized TOA fluctuation as:
(STD)B(.%‘) =

6T = 8T + 6Q (B3)

[e%e) 2
.N)\2
where 6Q = T,.,/A74 is the normalized geometric delay,/0 o fo(a)é(q) {1.0 — exp[—(0.5¢V Beost)*] }
which is the same as the fluctuation in solid angle given by their

Eq. (3.8) and\ 4 is the diffractive broadening time used as thex expligzcosb]df ¢ dq /(47?) (B5)
normalizing time constant. Ourormalized corrected OA is o ]
then: The temporal variations are found by mapping the component

x of the spatial variable t&’¢.
§Tg(t) = 6Q(t) + 0Tp 5 (t), (B4) For the data we computed the auto and cross correlations

of the time series fod F'(¢t) and0T3(t). There are three cor-
where the second term is the normalized residual disperspegations involving the flux and TOA, which comprise several
delay that passes the high-pass filter. contributions written in terms of a spatial offsgparallel toV.

BN85 and RNB86 give expressions for correlation®Qf Using Eq. (B4) we obtain:

with 6 F' (the flux normalized by its mean), and we present here
comparable expressions for the correlation with ¢berected Rpp(s) =< 0F(x)6F(x +s) > (B6)
TOA. The normalized correlations are displayed in the upper
panels of Fig. A1, which should be compared with the MeR . 15(s) =< SF(x)0T5(x +8) >= Rra(s) + Rrps(s)
sured correlation plots in Fig. 3. The curves are the normalized
autocorrelation of flux (solid curve), the normalized autocorre- =< OF(x)0Th p(x +5) >+ < OF(x)0Q(x +) >
lation of corrected TOA, and the cross correlation of flux and (B7)
corrected TOA. The theoretical curves depend on the Etio.,
wherer, is the temporal scale (at 1/e) of the refractive scintillarRr 5 r5(s) = < §T5(x)0Ts(x +s) >
tion pattern, which is als¥ B /o, with o, defined as the radius _
of the scattering disc or refr/active scale dndas the velocity = Rop.p5() +2 Raps(s) + Raals)  (BS)
of the scintillation pattern. The left hand panel approximatdhe factor 2 in Eq. (B8) results because the correlation
the condition applicable to the observations. The flux is anf, pz(s) is symmetricin s. In (B6)-(B8) three of the six corre-
correlated with the TOA as observed, with a maximum negatilagions do not depend oB and are given by BN85 (Appendix
correlation coefficient that depends &) 7,.. As shown by the B): Rr r Rrq andRg o. We now consider the remaining 3.
lower panels of Fig. 6, this negative correlation is the summa- Using Eq. (B5) we can writ®r pp(s) as:
tion of a positive correlation of flux with geometric delay and
negative correlation with the residual dispersive delay, who@@DB(S) =
amplitude decreases as we decreBsd@here is not an exact oo
correspondence between the theory of Fig. 6 and the measére> | Q(q) fr(q)fp(¢)Gp.5(q)q dg /(27) (B9)
ments of Fig. 3. In particular the width and amplitude of the ~'°
autocorrelations of TOA in Fig. 3 match more nearly with thghere:
right hand panels in Fig. 6 than with the left hand panels, which o
should properly describe the filtering done in the analysis. Howy, 5 (q) = / {1.0 — exp[—(0.5¢V Beos#)?]}
ever, we have already noted the large uncertainties in estimating 0
the ACF of the corrected TOA. Further we must emphasize that exp|—igscosf|dd /(2m) (B10)
this theory does not include any discrete structures in the line of Fr(q) is given by eqn (4.9) of BNSS, in which, is the

sight, which are needed to explain the ESEs. Nevertheless,%‘ ) . . . .
9 P ius of the scattering disc at the equivalent thin screen whose

i . r
now proceed with details of the theory for a pure Kolmogoroy. . & ) .
medium. (ﬁstance is L; thusr, = L64 with 64 as the radius of the

B 2
We are concerned with two normalized variabl&8g (t) scattered angular spectrum. We factap|—(0.5¢V'53)7] out

N . ]
the corrected TOA defined above affl(¢) the flux normal- Oi;|t he C(;Oags‘s;%n.meo)s? Zsagd :v)\(lgﬁggritgg éﬁ?ﬁgn?afgfgrfg
ized by its mean. We follow closely the method of BN8 CXPY-ogY JSin P 9 y

and RNB86, in which each observable is given as a spatlgfm' Eq. (B10) then becomes:
13..2a—1)

convolution of a weighting function with the phase from the -
medium/screen. In the wavenumber domain the convolution £5&2.5(@) = Jo(as) — 52 al
comes the product of the phase spectrifip) and the corre- <(VB)2q)“ Tua9)

sponding wavenumber filter. For the dispersive delay the filter (B11)

fo(q) = 2L/ (ko?)exp(—q?c?/4) is just the first of the three
terms in Eq. (4.11) of BN85. The effect of our one-dimensionatherec? = o2 + 0.5(V B)?

4sop



J.-F. Lestrade et al.: Interstellar modulation of the flux density and arrival time of pulses from pulsar B 1937+214 1083

In applying (B11) to (B9) we obtain a summation of gdue to the geometric term and a larger negative correlation due
integrals, which yield confluent hypergeometric functions. Fadie the dispersive term.

lowing the notation of RNB86, we introduce the functidiss) The autocorrelations in the upper panels of Fig. 6 are nor-
from their Eqg. (2.11). Then the sum of g-integrals can be emalized to unity by dividing by the appropriate variance. The
pressed in terms of the following function: variance ofF' is the square of the scintillation index, the the-
~N ory for which was discussed in Sect. (4.1). The variance for the
Holr,u] = ut=f+2myee 1-3---(2? —-1) (12?/75 ) v corrected TOAAT is given by the zero lag valur s 75 (0).
a:
2 2 2 2
F—a h;lrl+a/2(5 _ U\/§T0'r) (B].Z) < ATB >= ATd < (STB >= ATd RTB,TB (O) (Bl?)

where the latter quantity is obtained from eqn (B8) with: 0.

In obtaining a numerical value we need the correct value for the
0 S s o constantX. Via a rather tortuous path through the equations of

Rrpp(s) = —2K hg <\/§0r> +2K Ho {m’ UB] (B13)  BN85 or RNB86 this constant can be reduced to:

The result is:

Here the constant K characterizes refractive intensity variane= A(so/rs)% 2 (B18)

and is given by Eq. (2.14) of RNB86. In completing the g- ) ) )
gl v o pesiy s onthe xponeniie mos WS e e e st e

restrictive requirement comes from the leading terms which gi _ _ :
J functions. These two evaluated individually requite< 4 is a strength of scattering parameter, which can be estimated

to avoid a divergence at g=0. However, taken together they C(f)rrzp_m the diffractive scintillation bandwidth, using the equivalent
verge under the less restrictive conditiGn< 6, which is the screen formula:

same condition for the convergence of the a=1 term in the SupyA, ~ (rs/s0)> (B19)
mation, so the netresultis correctly given by Eq. (B13) provided
B < 6. With g = 11/3 we find

The procedure foRq pp is entirely similar since the filter

— 0.33
function for( (see BN8S5 Eq. 4.10) is the same as for F with afi — 0.64(Ava/v)™, (B20)
added term proportional tg*. The result is which gives
2 ~ ~ 2
RRQ(S) = RF,DB(S) + 05K h(l) (\/; ) — < AT >= 0.0046RT37TB(0) ~ 0.05usecs (B21)
O-I‘ . . .
s o with B /7, = 8.0. We note that the variance 0,08ec$ gives an
05K Hy [ , r} (B14) rmsdeviationry ~ 0.22usecs, which is similar to the observed
V20, 0 values listed in the last column of Table 2. The good agreement
Finally considetRp s ps as is encouraging, but may be fortuitous, since there are several
’ uncertainties in predicted value as well as inthe measured value.
RpppB(s) = It should certainly be noted that all of the theory in this
- appendix ignores the effect of discrete scatterers invoked to ac-
/ Qq)[fo ()2 {10- exp[—(0.5qVBc089)2]}2 count for the extreme scattering events.
0
x exp|[—igscosf]df /(2m)q dq /(2rk*) (B15) References
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