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THE INTRINSIC INTENSITY MODULATION OF PSR B193#21 AT 1410 MHz

FREDRICK A. JENET' AND JANUSZ GIL?
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ABSTRACT

The single-pulse properties of the millisecond radio pulsar PSR B#t937are studied at 1410 MHz. The
nongiant pulse emission regions appear to be remarkably stable, showing no pulse-to-pulse fluctuations other
then those induced by the interstellar medium. This type of behavior has not been seen in any other pulsar,
although it was seen in previous 430 MHz observations of this source. The stability of this source is interpreted
in the context of the sparking gap model of radio pulsar emission, and a model-dependent upper bound is placed
on the Lorentz factor of the outflowing plasma.

Subject headings: pulsars: general — pulsars: individual (PSR B1922)

1. INTRODUCTION The next section describes the 1410 MHz observations per-

. . ) formed at the Arecibo radio observatory. It also describes the
This Letter reports on observations of the radio pulsar PSR achniques used to measure the intrinsic fluctuation properties
B1937+21 taken with a center frequency of 1410 MHz at the ¢ this source. Section 3 discusses the sparking gap model in

305 m Arecibo radio telescope in Puerto Rico. Previous ob- nqre detail, with emphasis on the frequency dependence of the
servations of this source at 430 MHz revealed a behavior thatmodulation index. Our conclusions are summarized in § 4.

was completely different from other known sources (Jenet, An-
derson, & Prince 2001). At 430 MHz this source exhibits almost
no detectable pulse-to-pulse fluctuations. Occasional bursts of
radio radiation, or “giant pulses,” are observed, but they are The data were taken at the 305 m Arecibo radio telescope
restricted to small regions in pulse phase (Kinkhabwala & Thor- using the 1400 MHz Gregorian dome receiver. The obser-
sett 2000; Cognard et al. 1996). The observations presentedation lasted 2 hr, and approximately 4.5 million pulses were
here show that this remarkable pulse-to-pulse stability of the obtained. The exact center frequency used was 1410 MHz.
nongiant pulse emission also occurs at 1410 MHz. Edwards & A 10 MHz band from each of the two circular polarization
Stappers (2003) attempted to measure the modulation propchannels were two-bit complex sampled at the Nyquist rate
erties of PSR B193¥21 at 1300 MHz with the Westerbork ~ of 10 MHz (100 ns). The data were recorded to tape using
synthesis radio telescope. Unfortunately, the signal-to-noise ra-the Caltech baseband recorder (Jenet et al. 1997). Further
tio (S/N) in their observations was not high enough to measureprocessing of the data was performed at the Caltech Center
the pulse-to-pulse properties. for Advanced Computation and Research using a 256 pro-
Currently, single-pulse properties are known for at least, but cessor Hewlett-Packard Exemplar. The 2-bit complex samples
not much more than, 54 sources: 46 normal pulsars (Lange etwvere unpacked and assigned optimum values in order to min-
al. 1998; Weisberg et al. 1986; Ritchings 1976) and eight mil- imize signal distortion (Jenet & Anderson 1998). The dual
lisecond pulsars (Edwards & Stappers 2003; Jenet et al. 2001 polarization voltage data was adjusted using an empirically
1998). These observations have shown that the shapes anéerived cross-talk matrix (Stineberg 1982). The effect of the
intensities of individual pulses are unique, although they av- Earth’s motion around the Sun was removed by resampling
erage together to form a stable mean profile. The characteristidghe complex voltage data at a rate necessary to transform the
widths of individual pulses, typically referred to as subpulses, data into the barycentric frame. This rate was calculated using
are usually smaller than the average profile width (Hankins the software package TEMPQogether with the DE200
1996). This typical behavior has not been detected in the pulsesephemeris (Standish 1982). The effects of interstellar disper-
from PSR B193#21. Instead, this source appears to be highly sion were removed by coherently dedispersing the data (Jenet
stable in the sense that each pulse is identical to the next. et al. 1997; Hankins & Rickett 1975) at a dispersion measure
It is shown here that the stability of this source at both of 71.0249 pc cm® (Jenet et al. 2001).
frequencies can be understood within the context of the spark- As with the 430 MHz observations, the single pulses from
ing gap model of pulsar emission originally proposed by Rud- PSR B193#21 at 1410 MHz are not bright enough to use
erman & Sutherland (1975, hereafter RS75) and later reworkedconventional single pulse analysis techniques. Hence, the low-
in more detail by Gil & Sendyk (2000, hereafter GS00). In this intensity analysis methods used by Edwards & Stappers (2003)
model, the stability is a result of a large number of emission and Jenet et al. (2001) are also used here. Typically, a pulsar
regions, or “sparks,” occurring on the polar cap. The GS00 exhibits pulse-to-pulse shape variability and intensity fluctua-
model predicts that if the emission is stable at a given fre- tions. Three statistical techniques are used to determine if these
quency, then it will be stable at all higher frequencies. Since phenomena are occurring in this source. First, the phase re-
this stability will also depend on the velocity of the emitting Solved modulation index is calculated in order to determine if
plasma, an upper bound may be placed on its Lorentz factor.any pulse-to-pulse amplitude fluctuations are present. Second,
the average intensity fluctuation spectrum (Backer 1973) is
calculated to determine the timescale of the modulation. Third,
the average autocorrelation function (ACF) and the ACF of the

2. OBSERVATIONS AND ANALYSIS

* Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak
Grove Drive, Pasadena, CA 91109.

2 Institute of Astronomy, University of Zielona @a, Lubuska 2, 65-265
Zielona Goa, Poland. 3 See http://pulsar.princeton.edu/tempo.
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) Fic. 2.—Autocorrelation functions of the primary and secondary compo-
Fic. 1.—Average pulse profile of PSR B19821 nents.Filled circles. Average ACF;solid line: ACF of the average profile.
The error bars represent the 95% confidence region.

average profile are calculated and compared to each other inACF nd w hosen to avoid the noi i ring in th
order to determine if there are any pulse-to-pulse shape vari- a as chosen 1o avo € NoISe Spike occurring €

; ; : i first bin of the rebinned average ACF. The solid line represents
ations occurring. Pulse-to-pulse fluctuations may be intrinsic . . .
to the source or due to propagation through the interstellarc“s)(A‘P)’ while the filled circles represex®, (A¢)) . Each po-
medium (ISM). The magnitude of the modulation index, the larization was analyzed separately, and the resulting ACFs were
timescale of the modulation, and the existence of any pulseaveraged together. The error bars were calculated using the

shape variations can be used to discriminate between intrinsicnumber of points .av.eraged tqgether within each bin and the
and ISM-induced pulse-to-pulse variations. rms of the data within each bin. The error bars represent the

The average pulse profilél,(¢)) , normalized by its peak 95% confidence range. Note that even though the giant pulses

value is shown in Figure 1. The signal intensity at pulse phasea.re included in the ACF analysis, they Wlll.have little effect
6 is 1.(¢), and the angle brackets,.) , represent averagingS"Ce they are very narrow and they occur infrequently.
over the ensemble of 4.5 million single pulses. The average The phase resolved modulation index is defined as
profile consists of two components separated by about 520 S —
milliperiods (mP). Note that only a small temporal region of m() = W(9)7) — {I(¢)
length 425us (273 mP) is shown around each component, with - (I(o))
a time resolution of 0.42s. The giant pulses occur between
35 and 40 mP near the primary component, and between 560Here m(¢) is a measure of the pulse-to-pulse variation in in-
and 565 mP in the secondary component. The autocorrelationensity. Again, both polarizations were analyzed separately, and
function of the average profil€(A¢) , is calculated for each the resulting modulation indices were averaged together. In
component Sfeparately and compared to the average autocolprder to increase the S/N, both(¢))  afid(®)?) were re-
relation function,(C,(A¢)) , of each component. These corre- hinned to a time resolution of 3,8 (2.1 mP) before calculating
lation functions are defined as m(¢). The error bars were calculated using the number of points
. o ?v(er;?ed vr\]/ithin eﬁcg bin ra]md the rtr)ns values(lgfio)) A and
Is(¢)?) within each bin. The error bars represent the 95%
Ciy(Ag) = - ¢OL (I(){ls(d + Ad))dp, (1) confidence range. If the amplitude of each pulse is constant and
° the only remaining fluctuations are due to a Gaussian statistical

" rocess, them will be equal to*TFigure 3 plotsm(¢) for
< f Is(¢>)ls(¢+A¢)d¢>, @ F () q g plotsm(¢)

®)

C.(a¢) = both components. Only the phase region where a significant

measurement could be made is shown. The modulation index is

; ; istent with being constant across each component as ex-
where¢, andg, are the starting and ending pulse phases of ONSIStE
the giveon emislsion component,g respectivel?/, pamd P is the pected if aII. pu!ses have the same shape. The average vallue of
phase lag. Note that cyclic boundary conditions are assumeolahnedrgzgglr‘;"é'gp '2‘;’? Iiﬁgn-tis Or'gg ei?iej‘li 0.2 forthe main
when evaluating the above expressions for the case when™ _. y p , feSpectively. o
é + A¢ lies outside the intervale,, ¢,] . If the individual Since pulse-to-pulse modulation is detected, it is necessary

: : 0 determine if it is intrinsic to the pulsar or a result of prop-
pulses have identical shapes from pulse-to-pulse, then thesd® 9€ o
two autocorrelation functions will have identical shapes. These ?g?rflo?st'\r)lrorgh the ISM. J he_eX{Jictze/ﬂ demag'o&!”?ﬁx due
functions would be significantly different for the case of a no mg ; fa?rr:t?lllsi%“tlr?n by;mT S net t) | 2,0v(\)/1e H"; ﬁ
typical pulsar (Edwards & Stappers 2003; Jenet et al. 2001)'bg es?'moat:cc;i b S_ 1—ek aB/A (Je ehe?Ba'é the Z)‘bse:(mn
Figure 2 shows both autocorrelation functions plotted together ; DN =1+ 4B/Av , wherB is the ving
for each component. When calculating the average ACF, bandwidthgr is the decorrelation bandwidth, arid a packing
<C'5>' the high-resolution ACF was rebinned to a time resolution * This definition ofm is slightly different from the typical definition, which
of 3.2 pS (2'05 mP) in order to increase the S/N. All of the averages down the noise before calculatindn that casem = 0 if nolpulse-

ACFs were normalized by their value @b = 2.05 ) MP. This  o-pulse fluctuations were present. Note that the equation for the expected ISM
corresponds to the second phase-lag bin of the rebinned averag@odulation index takes this definition into account.
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Fic. 3.—Phase-resolved modulation indices of the primary and secondary
components. The error bars represent the 95% confidence region.

fraction that lies between 0.1 and 0.2 (Cordes et al. 1990).
Using a decorrelation bandwidth of 1.1 MHz at 1410 (Cordes

1986),mis expected to be within 1.38 and 1.48. The two dashed dipolar field, it turns out that the anglep
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morphology described by Rankin (1983). Sireés propor-
tional to the number of sparks that would emit into the ob-
server’s line of site, the pulse-to-pulse modulation is expected
to be anticorrelated witta. Possible evidence for this corre-
lation is discussed in (Jenet & Gil 2003), who used the com-
plexity parametea = 5(P/10 *°)?"(P/1 sy *** , expressed in
terms of the RS75 gap model (see GSO00 for details). Since
PSR B193#21 has a relatively large complexity parameter,
it is expected to have a large number of sparks on its polar
cap. Hence, the emission is expected to be stable.

A large number of sparks on the surface is not quite enough
to guarantee that the individual pulses will be stable. The emis-
sion from each spark-associated plasma column must overlap
each other in order to average out the fluctuations. Since the
spark plasma is moving out along the magnetic field at rela-
tivistic speeds, the angular width of the radiation patt€én,
will be given by ©, = 1/y, wherey = 1/[1 — (v/c)?]*? v is
the velocity of the spark associated plasma in the radio emission
region, andc is the speed of light. As the spark plasma moves
up along the magnetic field lines, its radiation will be beamed
in a direction tangent to the local magnetic field line. Hence,
the radiation from two sparks that originate near each other on
the polar cap will be emitted in different directions. For a
, between the ra-

lines in Figure 3 represent these two values. The timescale ofdiation beams from two adjacent sparks will be given by

the fluctuations were determined by calculating the average
intensity fluctuation spectrum for both pulse components
(Backer 1973). Each spectrum is consistent with zero power
down to a frequency of 0.02°§ At this point, the spectrum

starts to rise. This type of spectrum is indicative of the short-
timescale fluctuations induced by the ISM. The characteristic

timescale as determined by that frequency at which the powermajized by the neutron star radiBs= R,10°

_ 0.015Ad

Af
Rs

1/2p—1/2
rg P

(5)

p

whereAd is the distance between adjacent sparks on the polar
cap (see GSO00 for details), and is the emission altitude nor-
cm. In order for

falls to half its maximum value is given by 125 s, consistent the emission from adjacent sparks to overlap, the following
with that measured by Cordes (1986). Since the magnitude andsgndition must be met:
timescale of the observed fluctuations are consistent with that

expected for the ISM, we conclude that these fluctuations are
primarily due to ISM propagation and not due to intrinsic pulse-
to-pulse fluctuations.

3. INTENSITY MODULATION AND THE SPARKING GAP MODEL

These results can be understood in the context of the GS0gprovided that is large. From the definition @,

model. In this model, a region of low charged-particle density
forms just above the surface of the polar cap. This “vacuum
gap” is postulated to contain a number of localized plasma

discharges, or “sparks.” The plasma generated in each spark

moves upward, following the local magnetic field. At some

A§<6,. (6)
When the above equation is satisfied, the emission from ad-
jacent sparks will overlap, and the corresponding radio emis-
sion will show very little pulse-to-pulse intensity fluctuation,
and equations
(4) and (5), one can rewrite equation (6) as

i

P

le

aR,

<0015 @

point, processes within the spark-associated plasma generatgnere Ad is taken to be equal to If the emission from a

the observed radiation, with higher frequencies being emitted
at lower altitudes (Melikidze, Gil, & Pataraya 2000; Gil, Lyu-
barski, & Melikidze 2004). The minimum distance between

given altitude satisfies the above condition, then emission
from lower altitudes will also satisfy this condition. Hence,
if emission from a given altitude is observed to be stable,

two adjacent sparks on the pulsar's surface is approximatelythen emission from all lower altitudes will also be stable.

given by the height of the vacuum gap(see GSO00 for details).
Assuming that the polar cap is populated as densely as possibl
by these sparks, the total number of sparks on the cap is es
timated bya? , whera is given by

a

(4)

Sl

The radius of the polar cap ig = 10°Rg*P°° cmR, is the
neutron star radius in units @0° cm, aRds the pulsar period
in seconds. The quantityis called the complexity parameter,
since it was shown by GSO00 thats correlated with the profile

Observations of other pulsars point to the existence of a “ra-
®lius-to-frequency” mapping, which states that higher fre-
guencies are emitted at lower altitudes (e.g., Kijak & Gil
2003). Assuming that this holds for PSR B19371, the
pulses emitted at 1410 MHz are expected to be at least as
stable as those emitted at 430 MHz.

Since the observations are in agreement with the sparking
gap model described above, one can go one step further and
use equation (7) to place an upper boupg,, , on the Lorentz
factor of the emitting plasma. We use the form of the radius-
to-frequency map given by Kijak & Gil (2003Y4(vgy,) =
40v 2P o0YP °% where vg,,, is the observing frequency in
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GHz, andP_,; is the pulsar period derivative in"10s s. cess. In the context of the GS00 model, the stability is a result
For PSR B193#21, r,(0.43)= 3.8 anda = 23. Hence, of a large number of sparks occurring on the polar cap (i.e.,
equation (7) yieldsy,.., = 31R, . This estimate assumes the large a~ 23), together with a relatively low Lorentz factor
standard vacuum gap model described by RS75. For the caseg ~ 1000f the emitting plasma. (It is worth noting that another
of the near threshold vacuum gap model (Gil & Melikidze millisecond pulsar, PSR J0473715, which hasa ~ 8 , shows
2002),a can be up to about 3 times higher than that estimated clear pulse-to-pulse intensity fluctuations; see Jenet et al. 1998).
from the RS75 model, sinaewill depend on the actual value  Since the 430 MHz observations show no pulse-to-pulse fluc-
of the surface magnetic field line radius of curvature. In this tuations, the GS00 model predicts that all higher frequencies

CaSe Ymax = 91R; . will be just as stable, provided higher frequencies are emitted
at lower altitudes. This r(_esult is independent of_the exact phys-
4. SUMMARY AND DISCUSSION ical model used to describe the vacuum gap (Gil & Jenet 2003).

Future observations of this source at other frequency bands
Radio observations of the millisecond pulsar PSR B19&¥ above 430 MHz will further test the GS00 model.

were taken at a center frequency of 1410 MHz. Remarkably,
none of the usual phenomena were detected. The data are con- Part of this research was performed at the California Institute
sistent with each pulse having the same shape and intensityof Technology Jet Propulsion Laboratory, under contract with
Previously, Jenet et al. (2001) showed that this source exhibitsNASA and funded through the internal Research and Tech-
the same single-pulse stability at 430 MHz. This stability is nology Development Program. J. G. acknowledges the support
currently unique to this source. The sparking gap model pro- of the Polish State Committee for scientific research under grant
vides a unified framework that can explain this source’s be- 2 PO3D 008 19. We wish to thank Russell Edwards and Roy
havior as an extreme case of the normal pulsar emission pro-Smits for a useful discussion.
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