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Abstract

We report the electron density in a plasma tail of Comet ISON (C/2012 S1)
derived from interplanetary scintillation (IPS) observations during Novem-
ber 1-28, 2013. Comet ISON showed a well-developed plasma tail (longer
than 2.98 x 107 km) before its perihelion passage on November 28. We iden-
tified a radio source whose line-of-sight approached the ISON’s plasma tail
in the above period and obtained its IPS data using the Solar Wind Imaging
Facility at 327 MHz. We used the Heliospheric Imager onboard the Solar-
Terrestrial Relation Observatory to distinguish between the cometary tail
and solar eruption origins of their enhanced scintillation. From our exami-
nations, we confirmed three IPS enhancements of a radio source 1148—00 on
November 13, 16, and 17, which could be attributed to the disturbance in the
cometary tail. Power spectra of 1148—00 had the steeper slope than normal
ones during its occultation by the plasma tail. We estimated the electron
density in the ISON’s plasma tail and found 84 cm™3 around the tail axis at
a distance of 3.74 x 107 km from the cometary nucleus and an unexpected
variation of the electron density in the vicinity of the tail boundary.
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1. Introduction

Comet ISON (C/2012 S1) was found out by Nevski and Novichonok
using a 0.4 m telescope of the International Scientific Optical Network on
September 21, 2012 (Nevski et al. 2012). Because it was one of the sun-
grazing comets, which had a perihelion distance of 0.0125 astronomical units
(AU) (1.87 x 10° km), Comet ISON was expected to emit a large amount
of gas and then become extremely bright before and after its perihelion pas-
sage. However, the ISON’s nucleus collapsed on November 28, 2013 when
it passed the closest point to the Sun on its orbit (Knight and Battams,
2014; |Lisse and CIOC Team, |2014), and so far no one has confirmed any
on-orbit fragments after the time when Comet ISON’s remnants went out of
the space-borne coronagraph field-of-view (e.g. http://hubblesite.org/
hubble discoveries/comet_ison). During pre-perihelion, Comet ISON showed
a well-developed plasma tail. The measurement of plasma, particularly its
electron density, usually requires an in situ observation by a comet probe.
Direct plasma measurements have been carried out in the downstream of the
cometary nucleus for Comets Giacobini-Zinner (Meyer-Vernet et al.l [1986),
Hyakutake (Gloeckler et al.; 2000), and McNaught (Neugebauer et al.| 2007)).
However, there was no spacecraft to measure the plasma tail of Comet ISON
directly.

Remote sensing of the cometary plasma tail using radio observations was
begun in the 1950s (Whitfield and Hogbom), [1957). Wright and Nelson| (1979)
observed some radio source occultation by plasma tails of Comets Kohoutek
and West and found peak electron densities of approximately 25 x10* cm ™3
in their tails from observed anomalies of radio source positions. The inter-
planetary scintillation (IPS) is a phenomenon in which radio signals from dis-
tant radio sources fluctuate by density irregularities of the solar wind, and it
is well known that interplanetary disturbances such as coronal mass ejections
(CMEs) cause an abrupt increase in IPS (Hewish et al., [1964; Gapper et al.|
1982). A cometary plasma tail may also be a potential cause for the IPS en-
hancement. Ananthakrishnan et al.| (1975 observed an IPS of a radio source
at 327 MHz during its occultation by a plasma tail of Comet Kohoutek.
From their result, Lee| (1976) estimated the root-mean-square fluctuation
of the electron density as ~ 80 cm™3. After their pioneering work, similar
observations have been made for Comets Halley (Alurkar et al. |1986; |Anan-
thakrishnan et al., |1987} Slee et al., [1987), Wilson (Slee et al., 1990)), Austin
(Janardhan et al.; 1991), Hale-Bopp (Abe et al., [1997)), and Schwassmann-
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Wachmann 3-B (Roy et al., 2007)). In spite of these studies since 1975, the
IPS enhancement due to the cometary tail is still controversial. |Alurkar et al.
(1986) and Slee et al.| (1987)) presented positive results, while Ananthakrish-
nan et al. (1987) reported that no significant enhancement of scintillation
was observed for a radio source occultation of Comet Halley. Because the
IPS observation alone could not distinguish between the cometary tail and
solar-wind irregularity origins of the enhanced scintillation, it was difficult
to obtain a conclusive result for the IPS of the plasma tail.

In the current study, we examine the IPS enhancement due to the plasma
tail of Comet ISON using the radio telescope system of the Solar-Terrestrial
Environment Laboratory (STEL), Nagoya University during November 1—
28, 2013. To improve limitations of the IPS observation mentioned above, we
analyze data of an imaging instrument onboard the Solar-Terrestrial Relation
Observatory (STEREO) spacecraft (Kaiser et al., 2008). From these exami-
nations, we estimate the electron density in the plasma tail of Comet ISON.
The outline of this article is as follows: Section [2] describes IPS observations,
images taken by STEREO and amateur astronomers, and a method for event
identification. Section [3| provides analyses of IPS enhancement events by the
ISON’s tail. Section |4 discusses the results and gives the main conclusion of
our study.

2. Data and method

2.1. Data

STEL IPS observations at 327 MHz have been carried out regularly using
ground-based radio telescopes to investigate the solar wind and interplane-
tary disturbance since the early 1980s (Kojima and Kakinumal, [1990). The
Solar Wind Imaging Facility (SWIFT) has been in operation since 2010 and
capable of observing & 40 radio sources in a day (Tokumaru et al., [2011)).
For each radio source, the solar-wind disturbance factor, the so called “g-
value” (Gapper et al., [1982), is derived from an IPS observation. In this
study, we use the g-value data obtained using SWIFT. A g-value represents
the relative level of density fluctuation integrated along a line-of-sight from
a radio source to a radio telescope, and is defined by the following equation
(Tokumaru et al., 2003| 2006; [[ju et al., |2013):

2 _ fooo dZ{ANe(5»¢7T)}2W(Z)
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where z is the distance along a line-of-sight, ¢ and v are the heliographic
longitude and latitude, respectively, r is the radial distance from the Sun,
AN, (g,1,r) is the observed fluctuation level of plasma (electron) density,
ANe(e, 1, 1) is the yearly mean of ANy (g,v, 1), and w(z) is the IPS weighting
function (Young, 1971)) in a weak scattering condition. The w(z) is given by
the following formula (Tokumaru et al., [2003)):

o K22\ k%2202
= 1=q 4jp2 — 2
w(z) /0 dkk™?sin ( pp )exp( 5 ) : (2)

where k, ¢, A\, and © are the spatial wavenumber of density fluctuations,
the spectral index of the density turbulence, the apparent angular size of a
radio source, and the wavelength for observing frequency, respectively. We
use Equation with ¢ = 11/3, A = 0.92 m, and © = 0.1” for STEL IPS
observations. The ANy(e,1,7) and ANg(e, 1), 1) are assumed to be propor-
tional to the electron density [Ne(e,,r)] and its yearly mean [Neo(e, ¥, 7)],
respectively (Coles et al., |1978)). Ananthakrlshnan et al. (1980) reported that
the relationship between AN,(e, 1, 1) and N(g,,r) varied with the veloc-
ity gradient of the solar wind. According to Asai et al. (1998)), however, the
relative fluctuation level remained unity within a standard deviation in a ve-
locity range of 400—600 km s~ and were dominated mainly by the density
rather than the velocity of the solar wind for the 327 MHz IPS observation.
Therefore, the above assumptions are valid for applying to Equation , and

we obtain:
o A Ne(e, v, r) Pw(z)
f() dZ{NeO(ga ¢>T)} CU(Z)

Because of a normalized index by a mean, the g-value is around unity for a
quiet condition of the solar wind. The g-value becomes greater than unity
with dense plasma or high turbulence on a line-of-sight, but lesser than unity
for a rarefaction of the solar wind.

The IPS observation alone cannot distinguish between the cometary plasma
tail and CMEs origins of an enhanced g-value. To confirm CMEs, we use
images taken by the Heliospheric Imager (HI; |Eyles et al.; 2009) onboard the
STEREO-A spacecraft. HI comprises the HI-1 and HI-2 cameras, which take
images of the interplanetary space between 4° and 24° (elongation from the
Sun’s center) with a cadence of 40 min and between 18.7° and 88.7° with a
cadence of two hours, respectively. We use their level-2 data processed with a
running window of 11 days and differential images, which are available on the
STEREO Science Center web site (http://stereo-ssc.nascom.nasa.gov).

9

4


http://stereo-ssc.nascom.nasa.gov

2.2. Fvent identification and analysis

We measured the outspread angle and the length of the ISON’s plasma
tail from photographs taken by two amateur astronomers. On November
17, 2013, a narrow-field (1.87° x 2.89°) image was taken by G. Rhemann
in Namibia (available at www.astrostudio.at/all.php), while a wide-field
(8.71° x5.76°) image was obtained by M. Jéger in Austria (available at http:
//cometpieces-at.webnode.at)). Table[l]presents the outspread angle 6]
and length [L,q] of the ISON’s plasma tail derived from these images. These
measurements and an ephemeris were used to identify radio sources occulted
by the plasma tail.

We obtained g¢-values of ~ 40 radio sources and made a map of them
in the sky plane, the so-called “g-map” (Gapper et al., [1982)), for each day
during November 128, 2013. A location of Comet ISON with an outline of
the plasma tail was examined with respect to radio sources on a g-map for
each day. From this examination, we found that the radio source 1148—00
(R.A. = 11" 50™ 46°, Dec. = —00° 24’ 13” in the J2000.0 coordinates)
was occulted by the ISON’s tail during the 12—18th. We assumed that a
g-value of 1.5 or more indicates a disturbance of plasma (Iju et al., [2013),
and identified then five candidates for the IPS enhancement by the cometary
tail. These scintillation enhancements were observed on 1148—00 between
the 13th at 23:09 and the 17th at 22:53 UT; we gained a g-value = 1.375 on
the same source at 23:13 UT on the 12th. On the other hand, we identified
other sources without the occultation as controls. Table [2] summarizes an
ephemeris of Comet ISON with the plasma tail from November 14 until 18.
Figure[l]shows a daily change of Comet ISON’s position with respect to radio
sources including 1148—00 in the same period. From these observations, we
estimated the number density of electrons in the plasma tail. For each IPS
enhancement event, we calculated the intersection point [z,] of the cometary
tail axis and the projected line-of-sight on a tail-axial surface, the distance [d.|
between the cometary nucleus and z,, and the closest distance [d,] between
2z, and the line-of-sight from 1148—00. The 2; was defined as the closest point
to z, on the line-of-sight. It is noted that the distance between the cometary
nucleus and 2 is given by (d? + d2)"/2. Using d. and d,,, we calculated the
thickness of the plasma tail [W,y] which intersected by the line-of-sight with
a cone model of the comet system with 8.9° of the top angle. These properties
are explained schematically in the panel (a) in Figure 2l We assumed that
the density of the solar wind varied with r only, namely an isotropic flow of
the solar wind, although its actual distribution was more complex along the
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line-of-sight. The inverse-square law of the radial distance was expressed by:

1
oz, ¢) = 1+ 22—2zcos¢’ (4)

where ¢ was the solar elongation of a radio source, along its line-of-sight in
AU. The first term of a solar-wind density model (Leblanc et al., [1998) was
used as the unperturbed solar wind, i.e. Ny =7.2 at r =1 AU (2 = 0 AU).
A density enhancement region of the width Wi, by the cometary tail was
assumed as the perturbation source at z; on the line-of-sight for the perturbed
solar wind. The uniformity of density was also assumed in this region. These
assumptions were expressed as the following equation:

7.2k(z, 9) (21 — Wiait/2 > z or 21 + Wiait /2 < 2),

5
726(z,0) +ne (21 — Wha/2 < 2 < 21 + Whian/2), )

NGK"(Z7 (b) = {
where n, was the average density of electrons. For an IPS enhancement, an
example of the distribution of electron density is shown in the panel (b) in
Figure . We integrated Equation (3) numerically with Equation and a
given ¢ to results in the observed g-value and then obtained the value of n,
in the ISON’s plasma tail for each IPS event.

For the above IPS enhancements of 1148—00, we examined whether CMEs
passed across the line-of-sight from that using data of the STEREO-A /HI.
The STEREO-A was ~ 149° ahead of the Earth with a heliocentric dis-
tance of 0.96 AU between November 13 and 18. For interplanetary tran-
sients during the 13— 18th, we made HI-2 images into a movie, and checked
up CMEs around Comet ISON from the movie by eyes because their tran-
sient signatures were too faint to identify their leading and trailing edges
by a brightness measurement. From this examination, we confirmed that an
interplanetary CME (ICME) passed through Comet ISON from November
14 at 00:00 UT until 16 at the same. Figure |3 shows a HI-2 image of the
ICME and Comet ISON at 20:09 UT on the 13th. This ICME was observed
as a CME with a velocity of 548 km s~' by the Large Angle and Spectro-
metric Coronagraph (LASCO; Brueckner et al., 1995) onboard the Solar and
Heliospheric Observatory (SOHO) at 06:48 UT, November 12, which was
listed in the SOHO/LASCO CME catalog (Yashiro et al., 2004} available at
http://cdaw.gsfc.nasa.gov/CME list/index.html). Therefore, we con-
sidered the same ICME crossed the line-of-sight during the above period,
and both the cometary plasma tail and ICME contributed to IPS enhance-
ments of 1148—00 on the 14th and 15th. As a result, we identified three IPS
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Figure 1: Positions of Comet ISON and nearby radio sources at 00:00 UT on (a) 14,
(b) 15, (c) 16, (d) 17, and (e) 18 November 2013. In each panel, the asterisk (red) and
solid line (blue) denote the cometary nucleus and tail axis with a length of 4.47 x 107 km,
respectively. Pairs of broken lines (blue) show an outline of the ISON’s plasma tail with
Oiai1 = 8.9°. Circles and diamonds indicate positions of radio sources with g-values < 1.5
and > 1.5, respectively. We use four bins of g < 1.0 (black), 1.0 < g < 1.5 (green), 1.5 <
g < 2.0 (blue), and g > 2.0 (red) for the g-value in these maps.

7



Table 1: Outspread angles and lengths of Comet ISON’s plasma tail on November 17,
2013.

Orait (°) Liait (X107 km)
Minimum 4.6 (dense region) 2.98
Maximum 8.9 (sparse region) 4.47

Table 2: Ephemeris of Comet ISON with the plasma tail having a length of 4.47 x 107 km.

Date at Nucleus Plasma tail axis
00:00 UT  J2000.0 coordinates Heliocentric Geocentric Elong. Tip deviation from the nucleus
R.A. Dec. distance distance OR.A. 0Dec.
hm)  (°7) (AU AU) () () ()
Nov. 14 1242.79 —534.4 0.651 0.925 39 —900.8 370.5
Nov. 15 12 52.52 —6 49.1 0.621 0.909 37 —938.5 378.7
Nov. 16 13 02.77 —806.4 0.590 0.894 36 —976.9 384.7
Nov. 17 131355 —925.8 0.558 0.882 34 —1015.6 387.7
Nov. 18 13 24.90 —1047.0 0.525 0.872 32 —1054.0 387.1
(a) (b) 150p SR
125:’ o -Uologa[l-\-,[:%]_:
Radosouce M/l o e i
B, E Density increasing by E
; 75F the cometary plasma tail E
Line-of-sight E sob ]

to the Earth 25}
Cometary o0EL.

nucleus 00 05 1.0 1.5 2.0 25 3.0
Distance along the line—of—sight [AU]

___ Ambient solar wind

—

Figure 2: (a) Schematic explanation of properties for a cone model of the comet system
with 8.9°top angle. The d. is the distance between the cometary nucleus and z, on the
tail axis, dj, is the closest distance between z, and 2, and Wi, is the width of the ISON’s
plasma tail intersected by the line-of-sight. (b) Distribution of the electron density along
the line-of-sight from 1148—00 for the 17 November 2013 IPS enhancement. A rectangular
density enhancement with Wi,y is given by Comet ISON’s plasma tail as the unique
perturbation source.



enhancement events on November 13, 16, and 17, which are probably caused
by the ISON’s tail only.

3. Results

The g-values of the occulted source 1148—00 and six controls observed
during the 13— 18th are listed in Tables |3 and 4] with their observation time
and elongation. Figure [4] shows g-maps with Comet ISON, which depict not
only radio sources in these tables but also other controls. We obtained g-
values with a time interval of 23 h and 55 min for each radio source because
SWIFT was not steerable and observed an IPS of radio sources around their
local meridian transit. We note that radio sources were scanned by SWIFT
from the west to east in the sky plane with the Earth’s rotation to make a
g-map in a day, and so they could not be observed simultaneously. From
Tables [3, ] and Figure {4, we find that only 1148—00 exhibits g-value larger
than 1.5 for radio sources being close by Comet ISON on November 13 and
16, while three sources including that show such high g-values on 14 and
15. In panels (b) and (c) of Figure [4] radio sources 1127—14, 1136—13, and
3C263.1 are shown as blue and red circles nearby the 60° curve on the west
side, which probably relate to the ICME identified by the STEREO-A /HI-2.

We plot power spectra of radio-intensity fluctuation for 1148—00 during
November 13-17 in Figure []] We mention that spectra of the 16 and 17
November IPS enhancements are similar to those of the 13 and 15 November
events, respectively, and the radio fluctuation on 14th exhibits a higher noise
level than the others for the spectrum. The slope of power spectra in the
log-log graph can be fitted by the following power-law function:

P(f)=af ™, (6)

where P(f) is the power spectral density in arbitrary units, f is the frequency,
and o« and ( are the power-law coefficient and index, respectively, which
are constants. We estimated the power-law index [ for 1148—00, 1127—14,
1136—13, and 3C263.1 to examine the change of IPS spectra by the cometary
plasma tail and ICME. Figure[6]shows daily variations and three-days moving
averages of § for them in November 2013. We note that 18 of 30 power spectra
for 3C263.1 can be fitted well by the power-law function, and intermittent
data of § for that are shown in the panel (d) in Figure [6]

Although an ICME passed through the line-of-sight from 1148—00 on
November 14 and 15, we calculated the electron density of plasma tail for
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Figure 3: (a) White-light difference image taken by the STEREO-A/HI-2 for an ICME
with Comet ISON at 20:09 UT on November 13, 2013 and (b) that with indications of the
ICME’s leading edge and Comet ISON.

Table 3: Positions of occulted and control radio sources and their g-values at 327 MHz
on 13 and 14 November 2013.

Source J2000.0 coordinates Nov. 13 Nov. 14
R.A. Dec. Time ¢  g-value Time ¢  g-value
(hms) (°77) (UT) (°) (UT) (°)

1127—14 113005 —1448 47 22:49 54  0.980 22:44 55  1.665
1136—13 113910 —135034 22:58 52  0.957 22:53 53 1.099
3C263.1 114326 +220820 23:02 66  1.000 22:58 67  1.536
1148—00* 115045 —0024 13 23:09 54  2.139 23:05 55  1.504
1213—17 121546 —173144 23:34 43  1.042 23:30 44  1.037
3C273 122906 +020312 2347 46  0.682 23:43 47 0.961
3C2754 124219 —0046 02 — — — — — —

A “_? means no observation on Nov. 13 and 14.
a Occulted source
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Figure 4: The g-maps with Comet ISON during (a) 13 at 21:11—-14 at 08:04, (b) 14 at
20:58 15 at 08:00, (c) 15 at 20:55—16 at 07:56, (d) 16 at 20:50—17 at 07:52, and (e) 17 at
20:47—-18 at 07:48, November 2013 in UT. In each panel, the center of a map corresponds
to the location of the Sun, and concentric circles indicate the solar elongations of 20°, 40°,
60°, and 80°. Comet ISON is depicted for the nucleus (asterisk) and tail axis (solid line)
at 00:00 in each observational period. Crosses denote locations of the STEREO-A and
-B spacecraft. Colored circles indicate the positions of radio sources and a diameter and
color of the circles denote a g-value for the sources. Four bins of ¢ < 1.0 (black), 1.0 <
g < 1.5 (green), 1.5 < g < 2.0 (blue), and g > 2.0 (red) are used for the g-map. Radio
sources with an enhanced g-value listed in %‘zibles Bl and [4] are designated by their name.



all candidates. Table || gives d., d,, and the average density n. with their
errors for the five IPS enhancements. We emphasize that errors of d. and
d, in this table are half values of the line-of-sight migration with respect to
the ISON’s nucleus in a day in the tail-axis and its perpendicular directions,
respectively. We also note that errors of n, are calculated by integrations of
Equations and with errors of Wi,y which are deduced from those of
d. and d,, and they are minimal because other sources such as the density
change of the ambient solar wind itself along the line-of-sight are neglected for
the perturbation. Figure[7]|shows the distribution of average electron density
in the plasma tail of Comet ISON. In this figure, error bars represent errors
of d. and dy,, which are listed in Table 5 Because the IPS enhancements on
the 14th and 15th are caused by both the ISON’s plasma tail and ICME,
values of n, derived from them do not appear in Figure [} Figure [§ shows
a daily variation of n, deduced from scintillation enhancements of 1148—00.
In this figure, vertical error bars represent errors of n., and all data of n,
including the ICME event appear.

4. Discussion and conclusions

We present positive results of the 1148—00 occultation by the plasma tail
of Comet ISON. The vantage point of STEREO/HI enables us to confirm the
passage of an ICME during IPS observations and so select IPS enhancements
due to the ISON’s tail from our data. No large ICMEs pass through Comet
ISON around 23:00 UT on November 13, 16, and 17, and so it is suggested
that enhanced g-values of 1148—00 on these days are probably due to the
occultation by the ISON’s plasma tail. From Figure [I we find that the
distance between the ISON’s nucleus and the line-of-sight from 1148—00 is
larger than the maximum length of the ISON’s tail listed in Table[l] although
the line-of-sight is inside the prolonged tail (see Figure [7)) during the 16—
18th. We consider that the ISON’s plasma tail is extended more than 4.47 x
107 km, and consists of the visible tail up to and an invisible tail beyond this.
We argue the validity of this hypothesis because the plasma tail of Comet
Hyakutake was detected at the distance of 5.5 x 10® km from the cometary
nucleus by in situ measurement (Jones et al., [2000) while its visible part had
a maximum angular length of 70°(corresponding to &~ 5 x 107 km) (James,
1998; see also http://epod.usra.edu/library/comet_011510.html).

In earlier studies, Janardhan et al. (1992) reported a systematic slope
change of IPS spectra for a radio source 3C459 during the passage of Comet
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Table 4: The g-values of occulted and control sources at 327 MHz on 15, 16 and 17
November 2013.
Source® Nov. 15 Nov. 16 Nov. 17
Time ¢  g-value Time ¢  g-value Time ¢  g-value
(UT) (°) (UT) (°) (UT) (°)
1127—14 22:41 56 1.017 22:37 57 1.200 22:33 58 0.674
1136—13 22:50 54 1.769 22:46 55 0.662 22:42 56 0.995
3C263.1 22:54 68 2.717 22:50 68 1.315 22:46 70 1.067
1148—00*  23:01 56 2.093 22:57 56 1.913 22:53 57 2.527
1213—-17 23:26 45 1.078 23:22 46 0.835 23:19 47 1.290
3C273 23:40 48 0.931 23:35 49 0.693 23:32 50 0.759
3C275 23:53 42 1.086 23:49 43 1.159 23:45 44 1.699
& QOcculted source
b Tdentical with the column 1 in Table
} . Nov. 16

(a)
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Power spectra of TIPS for 1148—00 on (a) 13, (b) 14, (c¢) 15, (d) 16, and (e)
17, November 2013. In each spectrum, the spectral power is normalized to the maximum
value, and a pair of vertical dotted lines indicates a range of the IPS component. In panels
(a) and (b), the horizontal broken line represents the noise level.
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Table 5: Electron densities in the plasma tail of Comet ISON deduced from IPS observa-

tions.
Date  Time d. dIT) Ne Note
(UT) (x10”" km) (x10° km) (cm™3)
Nov. 13 23:09 3.74+0.31 —450+450 8447
Nov. 14 23:05 4.36 +0.37 4494520 47+5 An ICME passing
Nov. 15 23:01 5.104+0.33 14.88+6.00 67+3 An ICME passing
Nov. 16 22:57 576 +0.34 26.87+6.95 5844
Nov. 17 22:53 6.43+0.26 40.77+6.55 9447

T “_” corresponds to the south side of the plasma tail.
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Figure 6: Daily variations of the power-law index g for IPS power spectra of (a) 1148—00,
(b)1127-14, (¢)1136-13, and (d) 3C263.1 in November 2013. In each panel, diamonds
denote data points, and successive ones are connected by solid lines. The colored polyline
shows a three-point moving average of 3. A pair of vertical broken lines indicates a period
between the 12th and 18th when 1148—00 was occulted by the ISON’s plasma tail.
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Figure 7: Electron densities of the ISON’s plasma tail measured on 13, 16, and 17
November 2013. The line-of-sight from 1148—00 moves from bottom left to top right. In
the vertical axis, the negative number of distance corresponds to the south side of the
plasma tail, while the other is the north side. The filled square, triangle, and circle show
positions of the line-of-sight on 13th, 16th, and 17th, respectively, and their colors represent
electron densities. Diamonds indicate positions of the line-of-sight on 14th and 15th in
which their densities do not appear because of ICME passing. Symbols are connected by
solid lines. The horizontal solid line denotes the cometary tail axis. Pairs of dotted and
broken lines represent boundaries of the plasma tail with the top angle of 6,1 = 4.6°and
8.9°, respectively.
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Halley’s tail. |[Roy et al. (2007)) also reported that power spectra of B0019—000
exhibited an intensity excess of its lower frequency part at the closest ap-
proach of Comet Schwassmann-Wachmann 3-B. Now we examine these phe-
nomena from our observations. Figure[5|shows the power spectra of 1148—00
during November 1317, 2013. From this figure, we find that two types of
spectra appear alternately during the 13 —17th except for the 14th and these
spectra do not largely different from normal ones. From Figure [6, we find
that the power spectra of 1148—00 have an increase in the power-law index
[ during the occultation by the ISON’s plasma tail. A moving average of
[ for 1148—00 keeps ~ 1.6 during November 12—-18 while ~ 1.1 before the
12th and after the 18th. This variation is probably attributed to the ISON’s
tail. The larger 8 means the steeper slope of power spectra and that the tur-
bulence with larger spatial scales is predominant in the plasma. Therefore,
this result suggests that the cometary plasma tail has different plasma prop-
erties from the non-disturbed solar wind. Other sources 1127—14, 3C263.1,
and 1136—13 show a short lasted increase of 5 on November 14 and 15, re-
spectively, which are related to the passage of an ICME. The degree of 3
increasing for them is comparable to that for 1148—00. We emphasize that
radio sources often show their deformed IPS spectra, which are caused by
interplanetary disturbances such as ICMEs, in our routine observations.

From Table [5] and Figure [§ the passage of an ICME does not seem to
significantly affect the estimation of the electron density in the ISON’s plasma
tail, although we exclude the 14 and 15 November IPS enhancements from
consideration in Figure |5 because of the ICME. Meyer-Vernet et al.| (1986)
derived the electron density in a cross section of the plasma tail from in
situ observations of Comet Giacobini-Zinner. They showed that the electron
density became the maximum value on the tail axis and decreased with an
increase in distance from that. From Figure electron densities of the
ISON’s tail derived from the 13 and 16 November IPS enhancements are
consistent with the earlier study. On the other hand, we find an unexpected
increase of the electron density at a point close to the outermost boundary
on November 17 from the same figure. To discuss the cause of this variation,
we examine the outgassing activity of Comet ISON.

Combi et al.| (2014)) determined the water production rate of Comet ISON
from October 24 to November 24 using data of the Solar Wind Anisotropies
(SWAN) instrument on SOHO. According to them, the water ejection from
the ISON’s nucleus increased rapidly by two orders of magnitude (from
10%® up to 103° molecules per second) during November 12—18. On the
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Figure 9: Comparison between the water production rate of Comet ISON and a set of
material emission dates for the IPS enhancements on November 13, 16, and 17, 2013.
The histogram with error bars shows the daily averaged water production rate (in units
of 1028 s71) as a function of time, which was studied by (Combi et al. (2014)). The solid,
broken, and dash-dotted lines indicate the expected dates of material emissions from the
ISON’s nucleus for the IPS enhancements of 1148—00 on 13th, 16th, and 17th, respectively.
These dates are calculated using a velocity equation of plasma blobs flowing in the tail
deduced from Comet Halley (Celnik and Schmidt-Kaler, [1987]).
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other hand, many web pages indicated that Comet ISON became bright
suddenly and visible to the naked eye on the 14th (e.g. www.space.com/
23591-comet-ison-visibility-naked-eye.html). A combination of these
facts suggests that an outburst of Comet ISON begins about two days earlier
than a brightening thereof. Now we calculate dates for material emissions
from the ISON’s nucleus which caused the above IPS enhancements in the
plasma tail. However, we do not yet know the velocity distribution of plasma
flowing in the ISON’s tail. Instead, we use the velocity equation of plasma
condensations in the cometary tail deduced from another comet. (Celnik and
Schmidt-Kaler| (1987)) analyzed the dynamics of Comet Halley’s plasma tail
up to the distance of 5.0 x 107 km from its nucleus using photographical
observations. They derived the following equation:

v(t) = 2.77 x 107 + 4.5, (7)

where t is the time, assuming the constant acceleration in the tail. We use this
equation as a representative description of plasma velocity in the cometary
tail and determine the material emission dates from its integration. Figure
[9) shows a comparison between the ISON’s water production rate and a set
of material emission dates for the IPS enhancements on November 13, 16,
and 17, 2013. From this figure, we find that substances which caused these
IPS enhancements are ejected from the ISON’s nucleus before the outburst.
Even if a parcel of ionized molecules is assumed to reach the line-of-sight from
1148—00 two days after its ejection on the basis of the above suggestion, the
material emission date for the 13 November IPS enhancement is just before
the beginning of the outburst. Hence, we conclude that at least the IPS
enhancement of 1148—00 on the 13th probably does not stem from the out-
burst of Comet ISON. The remaining IPS enhancements are observed at the
rising phase of the ISON’s water production rate, while their associated gas
ejections are expected to occur just before the beginning of the outburst as
shown in Figure[9] To discuss precisely whether the ISON’s outburst relates
to them, we need to know the velocity distribution of the ISON’s plasma tail
before its perihelion because the plasma velocity becomes the minimum on
the tail axis and increases to the speed of the solar wind with the distance
from that (Bame et al. [1986; Neugebauer et al., 2007). The measurement
points for the 16 and 17 November IPS enhancements locate in the sparse
region of the plasma tail as shown in Figure[7] We expect that the solar wind
merges with the cometary plasma, and the flow of mixed plasma is highly
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turbulent in this region. There is another possibility that the tail discon-
nection event is responsible for the electron density increasing on the 17th.
The variation of the solar wind, e.g. an increase in the dynamic pressure or
a change of the interplanetary magnetic field polarity, may causes the tail
disconnection event (Voelzke, [2005)). |Vourlidas et al.| (2007) reported that
an ICME disconnected and carried off Comet Encke’s tail. If the discon-
nected plasma traveled from the ISON’s coma at the speed of the solar wind
(~ 450 km s71), it would traverse the line-of-sight from 1148—00 on the 17th
at 22:53 UT within approximately 40 h from its departure. From this as-
sumption, we estimate that a disconnection event should occur by 7:00 UT
on the 16th at the latest.

We obtained a rare opportunity to investigate the plasma tail of Comet
ISON using the IPS and STEREO/HI observations. In this study, we iden-
tified IPS enhancements of a radio source 1148—00 on November 13, 16, and
17, which were probably caused by the occultation of the ISON’s plasma tail.
Our examinations of them revealed that a change of the IPS power spectra
was observed during the passage of Comet ISON. We estimated the electron
density of the plasma tail. Although we cannot observe Comet ISON again,
a combination of the ground-based IPS and space-borne interplanetary im-
ager observations provides a useful means to study the plasma tail for other
various comets.

Acknowledgments

The IPS observations were carried out under the solar wind program of
the Solar-Terrestrial Environment Laboratory (STEL), Nagoya University.
We thank the STEREO Science Center for use of their web service and
STEREO/HI data. STEREO is the third mission in the Solar-Terrestrial
Probes program by the National Aeronautics and Space Administration (NASA).
We acknowledge use of the SOHO/LASCO CME catalog; this CME cata-
log is generated and maintained at the CDAW Data Center by NASA and
the Catholic University of America in cooperation with the Naval Research
Laboratory. SOHO is a project of international cooperation between the Eu-
ropean Space Agency and NASA. We thank the Solar Software Library for
use of the STEREOQO analysis software. We acknowledge G. Rhemann and M.
Jager for use of their images of Comet ISON. This work was supported by
the IUGONET Project of MEXT, Japan.

20



References

Abe, S., Kojima, M., Tokumaru, M., Kozuka, Y., Tarusawa, K., Soyano, T,
1997. Radio and optical observations of plasma tail of Comet Hale-Bopp
(199501). In: Proc. 30th ISAS Lunar Planet. Symp. pp. 171-174.

Alurkar, S. K., Bhonsle, R. V., Sharma, A. K., 1986. Radio observations of
PKS23144-03 during occultation by comet Halley. Nature322, 439-441.

Ananthakrishnan, S., Bhandari, S. M., Rao, A. P., 1975. Occultation of ra-
dio source PKS 2025—15 by Comet Kohoutek (1973f). Astrophys. Space
Sci.37 (2), 275-282.

Ananthakrishnan, S., Coles, W. A., Kaufman, J. J., 1980. Microturbulence
in solar wind streams. J. Geophys. Res.85 (A11), 6025-6030.

Ananthakrishnan, S., Manoharan, P. K., Venugopal, V. R., 1987. Occultation
observations of compact radio sources through comet Halley’s plasma tail.
Nature329, 698-700.

Asai, K., Kojima, M., Tokumaru, M., Yokobe, A., Jackson, B. V., Hick,
P. L., Manoharan, P. K., 1998. Heliospheric tomography using interplane-
tary scintillation observations: 3. Correlation between speed and electron
density fluctuations in the solar wind. J. Geophys. Res.103 (A2), 1991-
2001.

Bame, S. J., Anderson, R. C., Asbridge, J. R., Baker, D. N., Feldman, W. C.,
Fuselier, S. A., Gosling, J. T., McComas, D. J., Thomsen, M. F., Young,
D. T., et al., 1986. Comet Giacobini-Zinner: Plasma description. Science
232 (4748), 356-361.

Brueckner, G. E., Howard, R. A., Koomen, M. J., Korendyke, C. M., Michels,
D. J., Moses, J. D., Socker, D. G., Dere, K. P., Lamy, P. L., Llebaria, A.,
et al., 1995. The large angle spectroscopic coronagraph (LASCO). Solar
Phys.162 (1), 357-402.

Celnik, W. E., Schmidt-Kaler, T., 1987. Structure and dynamics of plasma-
tail condensations of comet P/Halley 1986 and inferences on the structure
and activity of the cometary nucleus. Astron. Astrophys.187, 233-248.

21



Coles, W. A., Harmon, J. K., Lazarus, A. J., Sullivan, J. D., 1978. Compar-
ison of 74-MHz interplanetary scintillation and IMP 7 observations of the
solar wind during 1973. J. Geophys. Res.83 (A7), 3337-3341.

Combi, M. R., Fougere, N., Makinen, J. T. T., Bertaux, J.-L., Quémerais,
E., Ferron, S., 2014. Unusual water production activity of comet C/2012
S1 (ISON): Outbursts and continuous fragmentation. Astrophys. J.
Lett.788 (1), L7-L11.

Eyles, C. J., Harrison, R. A., Davis, C. J., Waltham, N. R., Shaughnessy,
B. M., Mapson-Menard, H. C. A., Bewsher, D., Crothers, S. R., Davies,
J. A., Simnett, G. M., et al., 2009. The Heliospheric Imagers onboard the
STEREO mission. Solar Phys.254 (2), 387-445.

Gapper, G. R., Hewish, A., Purvis, A., Duffett-Smith, P. J., 1982. Observing
interplanetary disturbances from the ground. Nature296, 633-636.

Gloeckler, G., Geiss, J., Schwadron, N. A., Fisk, L. A., Zurbuchen, T. H.,
Ipavich, F. M., Von Steiger, R., Balsiger, H., Wilken, B., 2000. Interception
of Comet Hyakutake’s ion tail at a distance of 500 million kilometres.
Nature404 (6778), 576-578.

Hewish, A., Scott, P. F., Wills, D., 1964. Interplanetary scintillation of small
diameter radio sources. Nature203 (4951), 1214-1217.

[ju, T., Tokumaru, M., Fujiki, K., 2013. Radial speed evolution of coronal
mass ejections during solar cycle 23. Solar Phys.288 (1), 331-353.

James, N. D.; 1998. Comet C/1996 B2 (Hyakutake): The great comet of
1996. J. Br. Astron. Assoc. 108, 157-171.

Janardhan, P., Alurkar, S. K., Bobra, A. D., Slee, O. B., 1991. Enhanced
radio source scintillation due to Comet Austin (1989cl). Aust. J. Phys.
44 (5), 565-572.

Janardhan, P., Alurkar, S. K., Bobra, A. D., Slee, O. B., Waldron, D., 1992.
Power spectral analysis of enhanced scintillation of quasar 3C459 due to
Comet Halley. Aust. J. Phys. 45 (1), 115-126.

Jones, G. H., Balogh, A., Horbury, T. S., 2000. Identification of comet
Hyakutake’s extremely long ion tail from magnetic field signatures. Na-

tured04 (6778), 574-576.

22



Kaiser, M. L., Kucera, T. A., Davila, J. M., St. Cyr, O. C., Guhathakurta,
M., Christian, E., 2008. The STEREO mission: An introduction. In: The
STEREO Mission. Springer, pp. 5-16.

Knight, M. M., Battams, K., 2014. Preliminary analysis of SOHO/STEREO
observations of sungrazing Comet ISON (C/2012 S1) around perihelion.
Astrophys. J. Lett.782, L37.

Kojima, M., Kakinuma, T., 1990. Solar cycle dependence of global distribu-
tion of solar wind speed. Space Sci. Rev.53 (3), 173-222.

Leblanc, Y., Dulk, G. A., Bougeret, J. L., 1998. Tracing the electron density
from the corona to 1 AU. Solar Phys.183 (1), 165-180.

Lee, L. C., 1976. Plasma irregularities in the comet’s tail. Astrophys. J.210,
254-257.

Lisse, C. M., CIOC Team, 2014. Initial results from the Comet ISON Ob-
serving Campaign (CIOC). In: 45th Lunar and Planet. Sci. Conf. Vol. 45
of Lunar and Planetary Science Conference. p. 2692.

Meyer-Vernet, N., Couturier, P., Hoang, S., Perche, C., Steinberg, J. L.,
1986. Physical parameters for hot and cold electron populations in comet

Giacobini-Zinner with the ICE radio experiment. Geophys. Res. Lett.13,
279-282.

Neugebauer, M., Gloeckler, G., Gosling, J. T., Rees, A., Skoug, R., Goldstein,
B. E., Armstrong, T. P., Combi, M. R., Makinen, T., McComas, D. J.,

et al., 2007. Encounter of the Ulysses spacecraft with the ion tail of comet
McNaught. Astrophys. J.667 (2), 1262-1266.

Nevski, V., Novichonok, A., Burhonov, O., Ryan, W. H., Ryan, E. V., Sato,
H., Guido, E., Sostero, G., Howes, N., Williams, G. V., 2012. Comet
C/2012 S1 (Ison). Cent. Bur. Electr. Teleg. 3238, 1.

Roy, N., Manoharan, P. K., Chakraborty, P., 2007. Occultation observation
to probe the turbulence scale size in the plasma tail of comet Schwassmann-
Wachmann 3-B. Astrophys. J. Lett.668 (1), L67-L70.

Slee, O. B., Bobra, A. D., Waldron, D., Lim, J., 1990. Radio source scintilla-
tions through comet tails revisited: Comet Wilson (1987). Aust. J. Phys.
43 (6), 801-812.

23



Slee, O. B., McConnell, D., Lim, J., Bobra, A. D., 1987. Scintillation of a
radio source observed through the tail of comet Halley. Nature325, 699—
701.

Tokumaru, M., Kojima, M., Fujiki, K., Maruyama, K., Maruyama, Y., Ito,
H., Tju, T., 2011. A newly developed UHF radiotelescope for interplane-
tary scintillation observations: Solar Wind Imaging Facility. Radio Sci. 46,
RSOF02.

Tokumaru, M., Kojima, M., Fujiki, K., Yamashita, M., 2006. Tracking he-
liospheric disturbances by interplanetary scintillation. Nonlin. Processes
Geophys. 13 (3), 329-338.

Tokumaru, M., Kojima, M., Fujiki, K., Yamashita, M., Yokobe, A., 2003.
Toroidal-shaped interplanetary disturbance associated with the halo coro-
nal mass ejection event on 14 July 2000. J. Geophys. Res.108, 1220.

Voelzke, M. R., 2005. Disconnection events processes in cometary tails. Earth
Moon Planet.97 (3-4), 399-409.

Vourlidas, A., Davis, C. J., Eyles, C. J., Crothers, S. R., Harrison, R. A.,
Howard, R. A., Moses, J. D., Socker, D. G., 2007. First direct observation
of the interaction between a comet and a coronal mass ejection leading to a
complete plasma tail disconnection. Astrophys. J. Lett.668 (1), L79-L82.

Whitfield, G. R., Hogbom, J., 1957. Radio observations of the comet Arend-
Roland. Nature, 602.

Wright, C. S., Nelson, G. J., 1979. Comet plasma densities deduced from
refraction of occulted radio sources. Icarus 38 (1), 123-135.

Yashiro, S., Gopalswamy, N., Michalek, G., St. Cyr, O. C., Plunkett, S. P.,
Rich, N. B., Howard, R. A., 2004. A catalog of white light coronal mass
ejections observed by the SOHO spacecraft. J. Geophys. Res.109, A07105.

Young, A. T., 1971. Interpretation of interplanetary scintillations. Astro-
phys. J.168, 543-562.

24



	Introduction
	Data and method
	Data
	Event identification and analysis

	Results
	Discussion and conclusions

