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off inversely with distance from an axis below the solar surface. Each
of the loops is heated uniformly and viewed face-on with no
assumed variation in the line of sight, so that the temperature at a
given altitude on the axis of the arcade is the value at the summit of
the particular loop that reaches that altitude. First, we assumed the
energy is deposited uniformly per unit length, so that the heating
flux is proportional to loop length, and found a very poor fit with
a x2/n of 4.95 and a significance level below 0.1% (dotted curve in
Fig. 3a). Next, we assumed instead the same heating flux on each
loop and found a better (but still poor) fit with a x2/n of 1.83 and
a significance level of 2.5% (solid curve in Fig. 3a). Finally, we
considered a heating that is proportional to the square of the
magnetic field strength and so decreases with altitude. This gave
an excellent fit with a x2/n of 0.49 and a significance level of 94%
(Fig. 3b).

Several different mechanisms for heating the solar corona have
previously been proposed and they produce different forms of
heating, so that the above result about the heating probably being
distributed uniformly along large-scale diffuse loops has important
implications about which mechanism is likely. In particular, we may
deduce that the diffuse corona is heated locally in situ and rule out
the previously reasonable suggestion that it is just a response to low-
lying heating near the loop feet, either by the interaction of small
loops that takes place in bright points or by waves of very small
wavelength dumping their energy low down in the atmosphere.

Long-wavelength magnetic waves were another prime candidate
for heating large coronal loops15,16, driven resonantly by the
observed solar surface motions. It has been suggested that they
may dissipate and dump their energy rather non-uniformly in the
coronal plasma by two mechanisms, known as phase mixing17,18 and
resonant absorption19–21. The fundamental standing waves (which
carry the most energy) have nodes near the loop feet and their
greatest amplitude near the loop summits, where the heating is
therefore concentrated non-uniformly, and so such waves are
unlikely to explain our observations. However, although waves
seem unlikely, they cannot definitely be ruled in or out using the
present technique until the spatial distribution of heating by wave
mechanisms has been carefully calculated.

At present, the evidence is more in favour of another mechanism
that does tend to heat the plasma uniformly, namely stochastic or
turbulent dissipation in many small current sheets22–24. These may
form in response to either the slow braiding of the magnetic
footpoints in the solar surface25,26 or local small-scale instabilities
that are driven by such surface motions. In either case a state of
magnetic turbulence is set up27, which has recently been modelled in
three-dimensional numerical experiments28–30.

We have here proposed a new two-part approach to trying to
solve the coronal heating problem, namely first of all to use observed
temperature profiles to deduce the form of the heating in coronal
loops and arcades and secondly to use that heating form to deduce
the likely heating mechanism. The application of this approach here
suggests that large-scale diffuse coronal loops are much more likely
to be heated rather uniformly by turbulent magnetic reconnection
than by preferential heating at the loop feet or loop summit. In
future, it will be interesting to see whether or not the same is true for
other coronal structures. In addition, it is hoped that this will act as
an incentive to proponents of particular mechanisms to deduce in
detail the resulting form of heating produced by their models and to
observers to refine their diagnostics so as to deduce the temperature
profiles with as low an error as possible. M
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The discovery of hydrogen isocyanide (HNC) in comet Hyakutake
with an abundance (relative to hydrogen cyanide, HCN) similar to
that seen in dense interstellar clouds raised the possibility that
these molecules might be surviving interstellar material1. The
preservation of material from the Sun’s parent molecular cloud
would provide important constraints on the processes that took
place in the protostellar nebula. But another possibility is that
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HNC is produced by photochemical processes in the coma, which
means that its abundance could not be used as a direct constraint
on conditions in the early Solar System. Here we show that the
HNC/HCN ratio determined for comet Hale–Bopp varied with
heliocentric distance in a way that matches the predictions of
models of gas-phase chemical production of HNC in the coma, but
cannot be explained if the HNC molecules were coming from the
comet’s nucleus. We conclude that HNC forms mainly by chemical
reactions in the coma, and that such reactions need to be
considered when attempting to deduce the composition of the
nucleus from observations of the coma.

The J ¼ 4–3 pure rotational transitions2,3 of both HCN and HNC
were observed in comet Hale–Bopp (C/1995 O1) at the James Clerk
Maxwell Telescope (Fig. 1). The lines of both species were either
observed simultaneously or within, at most, one hour of each other
at approximately equal zenith angles. Such timing is very important,
as intra-day variations in at least the HCN emission arise as the
comet rotates and undergoes outbursts4,5.

Table 1 gives the observed intensities integrated over the line
frequencies, I(HCN) and I(HNC). The ratio, Rthin ¼ IðHNCÞ=
IðHCNÞ, will closely approximate the ratio of column densities
(average number of molecules per cm2 in the telescope beam), apart
from effects of optical depth (Table 1). In fact, Rthin will be an upper
limit to the true ratio of column densities, as the HCN lines are
sufficiently strong to ensure that we need to consider their opacity. It
is clear that Rthin increases strongly as the comet approaches the Sun.
Such an increase is also apparent in the results published by Biver et
al.6,7, who, however, do not discuss opacity effects.

A critical question is whether the heliocentric variation in Rthin

might be solely an effect of the increasing opacity of the HCN line, as
the comet approaches the Sun and outgassing increases. Determin-
ing the optical depth of the HCN emission is difficult, as it involves
assumptions about the distribution and kinematics of the coma gas,
and the excitation of HCN. There are, in principle, two mitigating
factors in such determinations: the J ¼ 4–3 transition of HCN has
two weak hyperfine components (each ,2% of the total line
strength) that are partially resolved from the three strongest, over-
lapping hyperfine components; also, we have some observations of
the rarer isotopomer, H13CN.

An estimate of the possible saturation was obtained by assuming
that the observed HCN emission originated in a homogeneous slab
of gas, so that the excitation temperature (Tx) was constant in the
observed region and the line width was the result of random mass
motions on a scale smaller than the beam of our telescope. In the
present case, this approach should generally overestimate possible
opacity effects, because in a more realistic expanding coma the
systematic velocity gradients will make it easier for photons emitted
in the interior of the coma to escape. The results show that the HCN
line has at most a moderate opacity, with maximum values
1 , t , 2, consistent with the clearly optically thin profiles for
the J ¼ 1–0 transition8 and with the relative intensities of the HCN
and H13CN lines when both were observed. A sample fit is shown in
Fig. 2.

Correcting the optically thin abundance ratio for partial satura-
tion of the HCN lines, and assuming that the HNC lines are
optically thin, produces an approximate lower bound on the
column density ratio: Rthick ¼ aðtÞRthin, where aðtÞ ¼ ð1 2 e2 tÞ=t,
t is the optical depth for the HCN line, and we have adopted those
fit parameters that produce the largest values of t for observations
on a given date.

The fundamental question we wish to resolve is whether HCN
and HNC are present primarily as ices in the cometary nucleus,
rather than being produced in the coma. Laboratory experiments
show that, once water ice begins to sublime rapidly (heliocentric
distance r < 4 AU), the sublimation of trace nuclear constituents is
controlled by that of H2O (ref. 9); this is consistent with the constant
relative production rates of HCN and H2O as a function of r

Figure 1 The J(4–3) lines of HNC (dashed lines) and HCN (solid lines, spectra

multiplied by 0.25) for comet Hale–Bopp. Observationswere made with the James

Clerk Maxwell Telescope on the indicated dates. The velocity scale is with

respect to the nucleus, and the intensity scale is main beam brightness

temperature. The double-peaked profiles that are often observed are indicative

of an expanding and resolved shell of gas, such as those seen around many

evolved stars24.

Figure 2 Comparison of an observed J ¼ 4–3 HCN line (solid line; for indicated

date) with a radiative transfer model (dashed line). Here we used the J ¼ 1–0,

F ¼ 2–1, line profile to estimate the optical depth of the J ¼ 4–3 line. We note

hyperfine components of J ¼ 4–3 line at positions indicated by vertical markers;

height of markers shows relative line strength. We solved iteratively for the values

of linewidth DV and line centre optical depth (t) which best matched the total

observed HCN line shape, including the weak hyperfine components. In our

solutions the deduced values of t were not very dependent on the normalized line

profile or on whether or not the line excitation temperaturewas fixed or was a free

parameter (a more complete analysis will be given elsewhere)13.
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observed for comet Hale–Bopp6. Thus, if HNC and HCN were
primarily parent molecules present in the nucleus, their production
into the gas phase would vary together, so that the abundance ratio
R would not depend on r.

The limits that we have obtained for the variation of R with r are
shown in Fig. 3 and listed in Table 1. Even when the varying optical
depth of the HCN line is taken into account, the HNC/HCN ratio
clearly increases with decreasing heliocentric distance. We conclude
that HNC is primarily produced by processes dependent on the
strength of the solar radiation field, including the gas production
rate. Moreover, the data for r . 2 AU, when both the HCN and HNC
lines should be optically thin, indicate that any intrinsic HNC/HCN
ratio in the nuclear ices of comet Hale–Bopp is less than ,0.02 (3j).

Among the processes which might produce HNC as the comet
approaches the Sun, the most plausible are photodissociation of a
heavier (‘parent’) molecule, evaporation or sputtering from organic
(‘CHON’) grains in the coma, and gas-phase chemistry in the
coma1.

We have investigated the possibility that HNC is the ‘daughter’ of
an unknown parent by calculating the distribution in the coma of
HNC for various assumed parent lifetimes against photodissocia-
tion, using a Monte Carlo model to track the location of the HNC
molecules10. For comet Hale–Bopp, maps of the coma distribution
of HCN emission are consistent with a nuclear origin4,5,8. If the HCN
is subliming directly from the nucleus while the HNC is produced in
the coma, their distributions as a function of coma position will
differ; the abundance ratio must be obtained by convolving the
calculated distribution with the antenna beam for the appropriate
date. The calculated results (Fig. 3) show a dependence of the HNC/
HCN ratio on heliocentric distance which does not match the
observations well, irrespective of the parent lifetime.

In contrast, gas-phase chemistry must be important for a comet
as active as Hale–Bopp. Certainly HCO+, emission from which was
mapped for the first time in comet Hale–Bopp4,11, must be pro-
duced in this way. We have investigated this situation with a time-

Table 1 Observations and abundance ratios for HCN and HNC

Date
(dd/mm/yy)

r
(AU)

∆
(AU)

I(HCN)
(K kms−1)

I(HNC)
(Kkms−1)

tmax Rthin

(%)
Rthick

(%)
...................................................................................................................................................................................................................................................................................................................................................................

14/07/96 3.779 2.798 0.79 (0.02) ,0.09 — ,11.4 —
06/09/96 3.177 2.850 1.65 (0.02) ,0.02 — ,1.2 —
30/11/96 2.157 2.933 3.23 (0.03) 0.22 (0.02) 0.19 (0.09) 6.8 6.2
18/01/97 1.539 2.273 10.78 (0.03) 1.48 (0.05) 0.30 (0.12) 13.7 11.9
19/01/97 1.527 2.255 10.96 (0.06) 1.44 (0.09) 0.31 (0.11) 13.1 11.3
08/02/97 1.286 1.866 21.93 (0.05) 3.82 (0.06) 0.52 (0.13) 17.4 13.6
09/02/97 1.274 1.846 21.12 (0.02) 3.55 (0.02) 0.50 (0.11) 16.8 13.2
09/02/97* 1.274 1.846 7.62 (0.02) 1.45 (0.03) 0.16 (0.05) 19.0 17.6
16/02/97 1.196 1.711 28.52 (0.03) 4.72 (0.02) 1.22 (0.13) 16.6 9.6
09/03/97 1.003 1.387 31.91 (0.02) 6.46 (0.03) — 20.2 —
15/03/97 0.964 1.338 49.75 (0.12) 11.01 (0.16) 0.95 (0.21) 22.1 14.3
22/03/97 0.932 1.315 79.20 (0.11) 20.96 (0.18) 1.81 (0.31) 26.5 12.2
18/04/97 0.962 1.555 37.30 (0.07) 8.30 (0.08) 0.72 (0.10) 22.3 15.9
26/04/97 1.015 1.685 43.77 (0.03) 7.52 (0.02) 0.91 (0.13) 17.2 11.3
08/06/97 1.473 2.369 22.17 (0.05) 3.06 (0.05) — 13.8 —
20/06/97 1.623 2.517 9.64 (0.02) 0.78 (0.02) 0.53 (0.11) 8.1 6.3
14/07/97 1.927 2.747 6.85 (0.03) 0.59 (0.02) 0.13 (0.03) 8.6 8.0
29/08/97 2.500 2.996 2.88 (0.03) ,0.05 — ,1.7 —
30/08/97 2.512 2.999 2.52 (0.02) ,0.05 — ,2.0 —
...................................................................................................................................................................................................................................................................................................................................................................

Date
(dd/mm/yy)

r
(AU)

∆
(AU)

I(H13CN)
(K kms−1)

...................................................................................................................................................................................................................................................................................................................................................................

09/02/97 1.274 1.846 0.29 (0.02)
16/02/97 1.196 1.711 0.55 (0.01)
22/03/97 0.932 1.315 1.21 (0.03)
26/04/97 1.015 1.685 0.69 (0.02)
...................................................................................................................................................................................................................................................................................................................................................................
Shown are the integrated intensities (I) for the J ¼ 4–3 transitions of HCN and HNC in comet Hale–Bopp, uncorrected for beam efficiency, as a function of heliocentric distance r and
geocentric distance ∆; tmax is the maximumvalueof line-centre optical depth for the HCN line found from fitting the hyperfinestructure; Rthin and Rthick are upper and lower limits, respectively,
to the HNC/HCN column density ratios (see text). Detailed observingand calculationprocedures will be described elsewhere13. In derivingabundances from the observed spectra, we must
consider the relative excitation of the J ¼ 4 levels of HCN and HNC and the possibility that the stronger HCN linemaybe partially saturated. With our 14-arcsec (FWHP, or full width half power)
beam (corresponding to 10,000 ∆ km at the comet) we are observing the inner coma, where the excitation of both HCN and HNC should be dominated by collisions rather than by radiative
excitation20, since the collision-dominated region of the coma is probably a few times 10,000 km in radius21 even at r < 2 AU for such an active comet (the gas production rate at that distance6

was ,1030 s−1). Then, because the relevant molecular parameters (rotational constant, and hence transition frequency, and electric dipole moment) of HNC and HCN are very nearly equal,
their excitation and hence their population distribution over accessible energy levels will be nearly equal, as in dense interstellar clouds22,23. In consequence, the ratio of integrated line
intensities I(HNC)/I(HCN) will closely approximate the ratio of column densities, apart from effects of optical depth.
* Offset from the nucleus by right ascension 100, declination 100.

Figure 3Dependence of the HNC/HCN ratio onheliocentric distance r. Rthin is the

observed column density ratio assuming that both lines are optically thin, and

Rthick is the corresponding ratio with the maximum estimate of the HCN opacity

correction (error bars show 61j about this value). Open squares are 3j upper

limits. Dashed lines give the calculated10 HNC/HCN ratio for the case that HCN is

subliming from the nucleus while HNC is formed by photodissociation of an

unknown nuclear parent which is sufficiently abundant to produce the same

value of the ratio as our chemical model at 1 AU. Upper, middle and lower dashed

curves are for parent lifetimes in the solar radiation field equal to 0.1, 1.0 and 10

times that of HCN (ref. 25), respectively. The results of our chemical model are

shown as a solid line. The model water production rate (molecules s−1) was set

equal to 1031 r−1.6 (here r is in AU; this value is the approximate rate given in

ref. 26); the abundances in the nuclear ices were set to the reported relative

production rates at 1.5 AU (that is, when the water ice is subliming rapidly6,11),

except that the nuclear abundance of HNC was set equal to zero; and the

outflow velocity was taken to be 1 kms−1.
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dependent interstellar chemical model12, adapted to the cometary
conditions (details will be published elsewhere13; see also Fig. 3
legend). We find that HCN undergoes proton transfer from H3O

+ to
produce HCNH+, which can in turn react by proton transfer with
H2CO and NH3, or by dissociative recombination with electrons to
give HNC (and HCN). Dissociative recombination is the most
important pathway according to our calculations. Although there
are a number of somewhat uncertain parameters in the model, the
similar production and destruction pathways for HNC and HCN
make the calculated HNC/HCN ratio rather insensitive to most of
these parameters. For example, we find that varying the initial
(nuclear) abundances of various nitrogen-containing species over a
wide range (0 , N2 , 0:3; 0:002 , NH3 , 0:05, relative to H2O)
has little effect on the HNC/HCN ratio.

The parameters crucial to the calculated HNC/HCN ratio are the
branching ratios for the principal HNC production route,
HCNHþ þ e. There are no laboratory measurements of these
ratios, and the standard values used for interstellar chemistry
assume that this dissociative recombination yields HCN:HNC:CN
in the ratios 0.25:0.25:0.5 (ref. 14). However, very recent quantum-
chemical calculations suggest that the production of HNC
should exceed that of HCN and that little CN will be produced15.
This is consistent with the conclusions from extensive observations
of HCN and HNC isotopomers in the interstellar medium, from
which the branching ratios are deduced to be16 HCN:HNC:CN ¼
0:4:0:6:0. We adopt here the slightly more conservative ratios
HCN:HNC:CN ¼ 0:45:0:55 :0.

The results of this chemical model are plotted in Fig. 3. The model
matches the observations very well, both in terms of the maximum
value of the HNC/HCN ratio and in terms of the dependence of this
ratio on heliocentric distance r. The nonlinear character of the
dependence on r seems to be a result of the multi-stage chemical
process which produces HNC and the density-squared dependence
of the bimolecular reactions involved.

A source for HNC from the CHON grains17,18 in the coma might
involve multiple processes which could conceivably mimic the
observed heliocentric dependence, and can perhaps not be com-
pletely ruled out. However, we feel that HNC in Hale–Bopp must be
produced in significant measure by gas-phase, ion–molecule chem-
istry initiated by the photoionization of H2O. A similar conclusion
has been reached with an independent chemical model by Rodgers
and Charnley19, and our chemical model also predicts an abundance
and coma distribution of HCO+ in agreement with the
observations11. We conclude that HNC is, to our knowledge, the
first neutral cometary molecule whose existence in active comets
can be ascribed in large part to chemical processes in the coma. As a
corollary, it follows that in such comets the effects of chemistry in
the coma must be included in deducing the original composition of
the nucleus. M
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The character of the ground state of an antiferromagnetic insu-
lator is fundamentally altered following addition of even a small
amount of charge1. The added charge is concentrated into domain
walls across which a p phase shift in the spin correlations of the
host material is induced. In two dimensions, these domain walls
are ‘stripes’ which can be insulating2,3 or conducting4–6—that is,
metallic ‘rivers’ with their own low-energy degrees of freedom.
However, in arrays of one-dimensional metals, which occur in
materials such as organic conductors7, interactions between
stripes typically drive a transition to an insulating ordered
charge-density-wave (CDW) state at low temperatures. Here it is
shown that such a transition is eliminated if the zero-point energy
of transverse stripe fluctuations is sufficiently large compared
to the CDW coupling between stripes. As a consequence, there
should exist electronic quantum liquid-crystal phases, which
constitute new states of matter, and which can be either high-
temperature superconductors or two-dimensional anisotropic
‘metallic’ non-Fermi liquids. Neutron scattering and other experi-
ments in the copper oxide superconductor La1.6−xNd0.4SrxCuO4

already provide evidence for the existence of these phases in at
least one class of materials.

Classical liquid crystals8 are phases that are intermediate between
a liquid and a solid, and spontaneously break the rotation and/or
translation symmetries of free space. The proposed electronic liquid
crystals are quantum analogues of these phases in which the ground
state is intermediate between a liquid, where quantum fluctuations


