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The gas activity of Comet C/1999 S4 (LINEAR) was monitored at radio wave-
lengths during its disruption. A runaway fragmentation of the nucleus may have
begun around 18 July 2000 and proceeded until 23 July. The mass in small
icy debris (< 30 cm radius) was comparable to the mass in the large fragments
seen in optical images. The mass budget after breakup suggests a small nucleus
(~100-300 m radius), that had been losing debris for weeks. The HNC, H,CO,
H,S and CS abundances relative to H;O measured during breakup are consistent
with those obtained in other comets. However, a deficiency in CH;0H and CO

is observed.

Cometary nuclei are porous bodies containing ices and refractory material. It is not un-
common for cometary nuclei to split into several fragments [1, 2], which demonstrates their
fragile nature. In addition, a number of comets have been observed to disappear catastroph-
ically [3], which suggests their disintegration into small debris being stripped of their ices on
short time scales. Owing to the unpredictable nature of such events, data on the evolution
of the gaseous activity of a cometary nucleus undergoing disruption are sparse. So far, gas
monitoring observations of a fragmenting comet were only obtained for 73P /Schwassmann-

Wachmann 3 [4].

Comet C/LINEAR’s close approach to Earth at 0.374 astronomical units (AU; 1 AU =
1.496 x 10" m is the average Earth-Sun distance), just a few days before perihelion on
26 July 2000, when the comet was 0.765 AU from the sun, together with favorable bright-
ness predictions, made this comet a suitable target for spectroscopic observations at radio
wavelengths. This spectral range allows the study of many volatile molecular species released
by the nucleus as it approaches the sun [5, 6, 7, 8, 9]. Radio observations of C/LINEAR were
planned to expand our data sample used for comparative studies of cometary composition.
Serendipitously, they provided unprecedented data on the outgassing behavior of a nucleus

undergoing almost complete disruption.



The observations were made with five different radio telescopes. OH 18-cm observations
were scheduled from 6 July to 3 August 2000 at the Nancay radio telescope, upgraded with
a new focus system [10]. These observations were aimed at providing the production rate of
water, which is the source of the OH radical and the most abundant constituent of cometary
ices. Observations in the millimeter and submillimeter ranges were performed with the
NRAO 12-m Kitt Peak telescope, the Caltech Submillimeter Observatory (CSO 10.4-m), the
James Clerk Maxwell Telescope (JCMT 15-m), and the Institut de Radio Astronomie Mil-
limétrique (IRAM) 30-m telescope. Data were acquired in early January 2000, when comet
C/LINEAR was still at r, = 3.2 AU from the sun, on 17-20 June 2000 (r;, = 1.0 AU), 1 July
(rp, = 0.9 AU), and almost daily around perihelion from 18 July to 3 August (r, ~ 0.77 AU).
Seven molecular species were searched for (HCN, HNC, CO, H,CO, CH30H, H,S, CS), some
of them through several rotational transitions (Table 1). All species, except CO and CH30H,
were detected (Figs. 1, 2). In contrast to other species, which were observed only on selected

dates, HCN was continuously monitored during the scheduled observing periods (Table 1).

The observed line intensities have been converted into gas production rates using standard
techniques [7, 11, 12, 13]. In a normally behaved comet, one would expect the outgassing
rates to follow a rather smooth r; " law, with n ranging from 2 to 4. However, observations
of the HCN, H,O [14], OH [15, 16] (Fig.3) and H Lyman-a emissions [17] collected in June—
July 2000 show that the gaseous activity of C/LINEAR was different. HCN production
rates were converted into HyO production rates assuming Q[HCN]/Q[H20] = 0.001, the
value commonly derived from radio range data, and also measured in this comet in July
2000 [15, 14] (Fig. 3). Several possible outbursts of activity are noticeable in the water
production rate curve (e.g., 10-12 June, 6 July, [15, 16, 17]). A progressive tenfold increase
in activity was observed between 18.6 and 23.9 July, followed by a rapid decrease over the
next 3 days (24-26 July) down to a level ~8 times below the outgassing rate recorded on

18 July. The total visual magnitude, which is sensitive to the dust and gas production rates,



showed a similar trend, although of much weaker amplitude (Fig. 3). During the same period,
the dust coma displayed structural changes, suggesting that this peculiar outgassing behavior
was linked to the disruption of the nucleus. The coma displayed on 23.9 July the typical
teardrop shape with a strong central condensation, but shortly thereafter the coma became
more and more elongated while the central condensation decreased rapidly in brightness and
was no longer visible on 27.9 July [18]. Images taken with the Hubble Space Telescope (HST)
and the Very Large Telescope (VLT) on 5 and 6 August, respectively, revealed multiple (~16)

active fragments near the expected position of the nucleus of C/LINEAR [16].

When a cometary nucleus breaks up into debris, a larger surface area of icy material is
exposed to solar radiation, and this results in a higher production rate of volatiles in the
coma. The subsequent evolution of the comet’s activity depend on the size distribution of
the debris. Small pieces have a large cross section relative to their mass and contribute
predominantly to the outgassing surge. Small objects also disappear fast because their
volatile content is soon exhausted. If the size distribution of the comet debris is domi-
nated by small particles, the outgassing surge can be brief and will be followed by a rapid
decrease of gas production down to a level lower than the value before fragmentation. In
contrast, sustained activity, at a level greater than that before breakup, may be expected
when large fragments dominate. The lifetime of icy fragments of radius « [cm] exposed to
solar illumination can be estimated from 7, [day] = 0.14 x a at r, = 0.77 AU, assuming
a bulk density p = 0.5 g cm™ and an ice-to-dust mass ratio x = 1 [19]. Using dust termi-
nal velocities derived from the theory of dust acceleration by gas-dust momentum transfer
[20, 21], the distance travelled by icy grains before complete evaporation is estimated to be
Ly [km] = 250 x a® Q[H20]%® for a nucleus whose radius is 500 m, where Q[H,0] is the
water production rate in units of 10?? molecules s™!. Travel distances for grains with radii
smaller than a few tens of centimeters are small compared to the radius of the field of view

used during our radio observations, so that the nuclear source density distribution assumed



for the production rate determinations [13] should be valid if these grains are the dominant
source of gas [22]. Large fragments, possibly of 1 m size or larger, non-uniformly illuminated
by the sun, should be accelerated by non-gravitational forces and might escape the central
part of the coma we observed. Consequently, their contribution to the gas production would

be underestimated by our calculations.

The progressive increase in activity from 18 to 23 July suggests that the nucleus of comet
C/LINEAR underwent successive steps of fragmentation. The area of exposed icy material
increased by a factor of ~10 in 5 days [23]. If the gas-to-dust mass production ratio is 1,
the gaseous production during 18-23.9 July translates into a minimum mass loss of material
dmys_as = 1.1 x 10° kg (Table 2), which is the mass contained within a compact sphere

having a radius of 81 m, assuming p = 0.5 g cm™>.

The rapid decrease in gas production during 23.9-24.7 July suggests that the fragmentation
phase ended shortly after 23.9 July UT. It also indicates that icy fragments of small sizes
were then present in copious amounts. If one assumes that the fragmentation stopped
around 23.9 July, the decrease of the HCN production rate between 24.7 and 27.8 July
can be explained by sublimating grains of a single size ¢ ~ 20 cm radius and lifetime ~
2.8 days [19]. A size distribution =% on 23.9 July reproduces the observed decrease in HCN
production, providing a maximum size allowed of @, = 30 cm [24]. The gas production
measured after 23.9 July corresponds to a mass loss in dust and ices dmgs_yor = 4.4 x 10° kg
for k = 1, mainly released by decimeter-sized icy chunks. A large mass of material could
have been produced by icy grains of smaller sizes, if the size distribution after fragmentation

was steeper than a=%.

The absence of strong surges in brightness in the visual light curve
(Fig. 3), the mass in the dust tail on 2 August (~ 4 x 10® kg, [16]), and the low mass losses
measured from H Lyman-a observations [17], suggest that this was probably not the case.

The mass in the dust tail, when compared to the gas mass loss rate (Table 2), is consistent

with & ~ 1.



Large nuclear-like fragments, such as those observed during the HST and VLT observations
[16], apparently do not contribute significantly to the gas production measured after 24 July.
Adopting an upper limit Qu,o < 10*7 molecules s7! derived from the HCN observations of
28.7 July, we estimate that the total area of sublimating icy material is less than 0.15 km?
[23]. If this icy area is distributed among 16 identical fragments, each with a density of
0.5 g ecm™> and an icy area fraction of 50% corresponding to x = 1, the effective radius
of each fragment would be ~40 m and the total mass in the system would be ~2 x 10? kg
(Table 2 with thermal model (2), [23]). This limit for the total mass contained in large
fragments is only a factor of 4 larger than the mass comprised in the ~30 cm debris that
produced the observed gaseous production rate after 23.9 July, and is comparable to the
mass of gas and dust produced during 18-27 July. The other (p, ) values tested provide the
same qualitative result (Table 2). Therefore, we can conclude that the nucleus of C/LINEAR
broke up, in large part, in a cloud of particulate debris. However, it is still possible that
most of the mass of C/LINEAR was in inactive or low-activity fragments with ice-to-dust
mass ratios much lower than that of the icy debris. The large fragment masses derived from

their optical observations, if accurate, would favor this scenario [16].

The mass budget of volatiles, dust particles, and fragments released after 18 July , dmig_y, is
very small compared to the mass, mig, contained in a compact sphere with the icy area of 1.2
km? that is needed to support the gaseous production rate measured on 18 July (Table 2).
With our nominal parameters, p = 0.5 ¢ cm™ and £ = 1, and the thermal model (2), we find
dmis—/mis < 2% (Table 2). This ratio can be increased to almost unity, if one assumes much
lower p and & (e.g., p = 0.1 g cm™ and & = 0.1 in the extreme high thermal conductivity
approximation of thermal model (1), which is unrealistic for such low (p, ) values, Table 2),
an assumption that implies a high porosity of the nucleus. A more likely explanation is
that icy grains were already contributing to the gas production on 18 July. Because the

mass budget is equivalent to a compact sphere of at most 100-300 m radius (Table 2), this



suggests a small size for the nucleus of C/LINEAR and a comparatively large contribution of
icy grains to the gas activity on 18 July. Evidence that cm-size icy grains could be a major
secondary source of water vapor was already found when comet C/1996 B2 (Hyakutake) was
undergoing fragmentation [25]. The still higher production rates in C/LINEAR measured
before 18 July, the drop of activity after 13 July, and the many gas outbursts reported
(Fig. 3, [15, 16, 17]) suggest that the comet was continuously losing debris, at least several

weeks before its total disruption.

The measured chemical abundances (Table 3) provide information on the composition of
the ice in the nucleus at the time of fragmentation. This is in contrast to determinations
made in previous comets, for which it could be argued that chemical differentiation in the
upper layers of the nucleus might make the chemical abundances measured in the coma not
fully representative of the bulk composition of the nucleus. All species, except HNC, were
observed on at least 2 different days during the 18-25 July period (Table 1). Even though
the HCN production rate varied significantly during this time, the abundances relative to
HCN for the individual days are constant within the uncertainties. In other words, the
relative abundances did not change during the breakup phase, indicating that the nucleus

had a homogeneous composition.

HNC, H,CO, HyS and CS production rates relative to water are in the range of those mea-
sured in other comets [7, 9, 11, 26]. The upper limit obtained for the CO relative abundance
demonstrates that comet C/LINEAR is CO-depleted when compared to comets Hale-Bopp
and Hyakutake [7, 9]. Emissions from CO were detected at UV [16] and infrared (IR) [14]
wavelengths on 5 July, and the derived CO abundance is only ~1%. We did not securely
detect CH30H and obtained an upper limit of ~1% on its relative abundance (Table 3),
showing that C/LINEAR is also depleted in CH3OH. The upper limit set by IR observations
(0.2 %) is even lower [14]. Methanol abundances vary widely (1 to 8%, [26, 27]) from comet

to comet. Comet C/1996 Q1 (Tabur), which also underwent catastrophic disruption [28, 29],



also belongs to the class of CH3;OH-depleted comets (Q[CHsO0H]/Q[H,0] < 1.4%, [26]).

Cometary ices trace the molecular composition of the Solar Nebula in the giant planets’
region where they formed, as well as the temperature environment which led to their con-
densation. Ices found in comet Hale-Bopp had many similarities with the ices present in
star-forming regions, suggesting that the outer parts of the Solar Nebula inherited, to a
large extent, the composition of the protosolar cloud [9]. The CO depletion inferred in
C/LINEAR ices might reflect their formation at higher temperatures than for Hale-Bopp,
that is, closer to the sun [14]. However, given the small size of C/LINEAR nucleus and its
high level of activity at r, = 4 AU, which is better explained by CO sublimation [5, 6], a
depletion of the CO reservoir well before perihelion cannot be excluded. The CH3OH deple-
tion, compared to normal abundances in species with similar volatilities (HCN), is difficult

to explain by these two mechanisms.
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Table 3: Production rates () relative to water. They were deduced from @ /Q[HCN], assum-
ing Q[HCN]/Q[H,0] = 0.1%. For non-detections, 3-c upper limits are quoted, except for
CH;3OH for which we give the 4-0 upper limit. Indeed, a marginal signal at the 4-o level is
observed.

Species Date range Q/Q[H20]
HCN June 17.7-July 26.7 assumed 0.1%
CO June 20.1 <8.4%
July 23.8 <7.2%
CH3;0OH July 23.8 <0.96%
H,CO July 20.6-21.6 0.56 + 0.13%
CS July 20.6-21.7 0.12 £ 0.02%
H,S July 21.4-24.7 0.34 +0.1%
HNC July 24.7 0.017 + 0.006%
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FIGURES CAPTIONS

Figure 1 : A selection of radio spectra of comet C/1999 S4 (LINEAR). (A) Average of
the 1667 and 1665 MHz lines of the OH radical (scaled to 1667 MHz) observed from 6 to 9
July 2000 at the Nancay radio telescope. (B) HyCO 312244 line at 225.7 GHz observed at
the IRAM 30-m telescope on 20-21 July, 2000. (C) CS J(5-4) line at 244.9 GHz observed at
the IRAM 30-m telescope on 20-21 July, 2000. (D) HNC J(3-2) line at 272.0 GHz observed
at the IRAM 30-m telescope on 24 July, 2000. The horizontal axis is the radial velocity
with respect to the comet rest velocity, projected along the line of sight. The vertical axis
shows the main beam brightness temperature (7,,,5), except for the OH line, for which the

intensity is given in units of janskys beam™" (Jy; 1 Jy = 1072 W m~2 Hz™!).

Figure 2 : The HCN J(3-2) line at 265.9 GHz observed in comet C/1999 S4 (LINEAR)
from 18 to 26 July, 2000 at the IRAM 30-m telescope. The vertical and horizontal axes are
similar to those of Fig. 1. Spectra are scaled identically, but they have been shifted vertically

by observation dates. The dashed lines show their zero level.

Figure 3 : Evolution of the HyO production rate and heliocentric total visual magnitude of
C/1999 S4 (LINEAR) during June-August 2000. H,O production rates (filled triangles) or
upper limits (open triangles) derived from HCN observations adopting Q[HCN]/Q[H,0] =
1073, H20 production rates derived from OH observations: Nancay (filled squares); ground-
based UV [15] (open squares); HST UV [16] (open diamonds). HyO observations: IR [14]
(filled circles). Heliocentric visual magnitudes, taken from [30], that have been daily averaged
(open circles). The dashed curve is the r;* variation expected from simple sublimation
models of nuclear ices. The HCN data suggest that a huge outburst, not seen by [17],
occurred on 1 July. Note that, in contrast to gas observations, the visual magnitude samples
the whole coma made of dust particules of different ages. Consequently, the variations in

visual magnitude are much smaller than the variations in gas production rate.
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