X-RAY EMISSION FROM COMET HALE-BOPP
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Abstract. The discovery of X-ray emission from comets has created a number of questions about
the physical mechanism producing the radiation. There are now a variety of explanations for the
emission, from thermal bremsstrahlung of electrons off neutrals or dust, to charge exchange induced
emission from solar wind ions, to scattering of solar X-rays from attogram dust, to reconnection of
solar magnetic field lines. In an effort to understand this new phenomenon, we observed but failed to
detect in the X-ray the very dusty and active comet C/Hale—Bopp 1995 O1 over a two year period,
September 1996 to December 1997, using the ROSAT HRI imaging photometer at 0.1-2.0 keV and
the ASCA SIS imaging spectrometer at 0.5-10.0 keV. The results of our Hale—Bopp non-detections,
when combined with spectroscopic imaging 0.08-1.0 keV observations of the comet by EUVE and
BeppoSAX, show that the emission has the same spectral shape and strong variability seen in other
comets. Comparison of the ROSAT photometry of the comet to our ROSAT database of 8 comets
strongly suggests that the overall X-ray faintness of the comet was due to an emission mechanism
coupled to gas, and not dust, in the comet’s coma.
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1. Introduction

Since the discovery of X-ray emission from comet C/Hyakutake (1996B2; Lisse
et al., 1996), a total of 10 comets have been detected in X-rays. Dennerl et al.
(1997) and Lisse et al. (1999) have reported the detection of C/Levy (1990K1),
C/Tsuchiya-Kiuchi (1990N1), 45P/Honda—Mrkos—Padjusakova 1990 (P/HMP)
and C/Arai (1991A2) using slews from the ROSAT PSPC 0.1-2.0 keV All Sky
Survey and C/Tabur (1996Q1), C/Hale-Bopp (199501), and P/Encke 1997 using
HRI/WFC pointings at 0.09-2 keV. A second light curve similar to Hyakutake’s
was found for P/Encke with a steady state emission~00.15 counts/st and

an impulsive jump to~ 0.6 cps which decayed with a time constant of 3 hours,
and a strong correlation with the solar wind magnetic field and flux, but not with
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the solar X-ray light curve. Mumma et al. (1997) have reported the detection of
soft X-ray continuum emission from comets Hyakutake, Hale—Bopp, and d’Arrest
using measurements of the continuum in the EUVE DS spectrometers from 0.10—
0.17 keV; the measurements are in good agreement with the ROSAT results.
Non-detections by our group of comets C/Hyakutake, C/Tabur, C/Hale—Bopp, and
P/Temple—Tuttle 1998 using the XTE PCA (2—-30 keV) and ASCA SIS (0.6—4 keV)
imaging spectrometers hint at the extreme softness of the emitted spectrum.
Except for the puzzling non-detection of comet C/Bradfield 1979Y1 by the
Einstein Observatory (in 2.5 ksec of integration time at1.1 AU, A = 0.44 AU;
Hudson et al., 1981), all comets observed within 2 AU of the Sun and brighter
thanV ~ 12 have been detected, suggesting that X-ray emission is a property of
all comets. Comparison of all these detections is beginning to reveal a consistent
picture : the X-ray emission is confined to the cometary coma between the nucleus
and the Sun in a region 461C° km in extent, is not correlated with extended dust
or plasma tails, and is symmetrically distributed around the Sun-nucleus line; the
spectrum is very soft (K 0.3 keV) with at most a few % C (0.28 keV) or O
(0.53 keV) K -shell line emission, not due to scattering or resonance fluorescence
or dust-dust impacts; the emission is composed of both steady state and impulsive
components (maximum flux3—4 times that of the steady state emission, with rise
and fall times on the order of a few hours, occurrin@5% of the time), and is not
correlated in time with the solar X-ray flux.

2. Observations of Comet Hale-Bopp

Given that we were beginning to put together a coherent picture of cometary X-ray
emission via charge exchange between solar wind minor heavy ions and cometary
neutrals, the observational results from comet Hale—Bopp were quite surprising.
Our ROSAT and ASCA monitoring observations of the comet over the course
of two years (twice in September 1996, once each in September, October, and
December 1997) have consistently shown no detection for this bright comet; e.g.,
in 11 ksec of integration on September 19, 1996, with the comet &0 AU, A =

2.9 AU, we derive a ROSAT signal of 0.22 0.15 cps, corresponding to a 3 sigma
upper limit luminosity ofL, = 2 x 10*® erg s in the HRI passband. No detection
was found using 20 ksec of ASCA time on September 25, 1996, but useful upper
limits in the 0.5to0 1.0, 1.0 to 2.0, and 2.0 to 10.0 keV bands were obtained. While
the 0.5-1.0 limit of 4x 10~2 cps seems tantalizingly close to a detection, there is
no obvious source in our images, and the comet’s signal is confused with the faint
sky background.

Krasnopolsky et al. (1997) reported the detection of soft X-ray continuum emis-
sion from comet Hale—Bopp on September 14-16, 1996 using measurements of the
continuum in the EUVE DS spectrometers at 0.10-0.17 keV. The morphology of
the emission was found to be very asymmetric with respect to the Sun-nucleus line,
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Figure 1.Folded spectra of the x-ray emission from Comet Hale—BépBeppoSAX LECS meas-
urements on September 10-11, 1996 (Owens et al., 199&8UVE DS spectrometer measurements

on September 14-20, 1996 (Krasnopolsky et al., 1997); ROSAT HRI measurements on Sept. 19,
1996; and ASCA 0.5-1.0, 1.0-2.0, and 2.0-10.0 keV upper limits on September 25,1 BEBSAT

and XTE March 1996 C/Hyakutake results (Lisse et al., 1996)ROSAT and EUVE July 1997
P/Encke results, multiplied by a factor of 3.5 for clarity (Lisse et al., 1999). Curves, 0.29 keV thermal
bremsstrahlung emission models scaled to the data.
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concentrated in the NW sector of the image with a maximurm at< 10° km from

the nucleus, and anti-correlated with dust jets observed in the optical, with a total
X-ray luminosity L, = 2 x 10" erg s (using an average in-band photon energy
=0.14 keV). Owens et al. (1998) have recently reported a BeppoSAX detection at
0.1-2.0 keV of the comet using the LECS spectrometer on September 10-11, 1996.
While the imaging quality of the instrument is very poor, the observed morphology
seems in rough agreement with the EUVE result, although a total X-ray luminosity
of L, =2 x 10'% erg s'1, 10 times larger than the EUVE result, was found, with a
decaying intensity falling exponentially with a 9.3 hour time constant.

The September 1996 spectral results for Hale—Bopp are summarized in Fig-
ure 1. The BeppoSAX spectral shape is consistent with the EUVE/ROSAT/ASCA
Hale—Bopp results, and our previously measured spectra of Comet Hyakutake; both
are well fit by an 0.29 keV thermal bremsstrahlung model, and are poorly fit by
an E° power law, as expected for scattering from attogram dust (Krasnopolsky,
1998). The lack of detection of the comet by ROSAT and ASCA is expected,
given the faintness of the EUVE steady-state emission and the ROSAT and ASCA
instrument sensitivities. The difference in intensity of the EUVE and BeppoSAX
observations is most likely due to an impulsive x-ray emission event on September
10-12, 1996; this is consistent with the BeppoSAX 9.3 hour decay time light curve
observed by Owens et al. (1998).

3. Discussion

Since a direct correlation was found between the impulsive X-ray emission and
elevated solar wind density/magnetic fields for comet 2P/Encke 1997 (Lisse et al.,
1999), we searched the data archives of the solar wind monitoring spacecraft for a
large change in the solar wind. Using the SOHO data of R. Lepping (1998; found at
URL http://cdaweb.gsfc.nasa.gov/cdaweb/igtpblic/), we found increased levels

of solar wind flux, velocity, and a rotation of the solar wind velocity vector, all
characteristic of a solar wind sector boundary crossing at the Earth on September
8.9-11.2, 1996 (Figure 2). But could such a crossing at the Earth explain a near-
simultaneous X-ray outburst at the comet, almost 3 AU away? A simple model of
the solar wind sector boundary assumes a current sheet symmetric in heliographic
latitude with propagation of the boundary due to solar rotation and solar wind radial
outflow such that

Atrotal = Afcr + Aty

where Atcr is the time difference due to rotation of the Carrington Spiral,
(longitud@omet — longitudea.)/14.7 dayt; At is the time difference due
to propagation of the boundary radially outward from the SURomet —
reart)/0.35 AU dayt; At is the total time difference expected between the



X-RAY EMISSION FROM COMET HALE-BOPP 287

=l

L

]
1

Vaw (km/s)
[ns]
o
&
1

Diernsity
(1 /omes3)

{deq) Vth (km/s)

Angle

Aug T3 Aug 27 Aug 31 Sep 4 Gep B Sep 12 Sep 16
deiy 236 day240 cleiy24 4 day248 day2B2 dey 226 day 280
Date (199G

Figure 2.Solar wind velocity, density, thermal velocity, and angle versus time (in days) as measured
by the SOHO spacecraft, 23 August September 1996 00:00 UT to 19 September 1996 00:00 UT.
There is a clear signature of a sector boundary crossing in all 4 quantities, starting on 9 September
1996.

sector boundary crossing at the comet vs at the Earth, the longitudes and radial
distances are heliographic, and we have assumed an average solar wind radial speed
of 600+ 100 km/sec with respect to the comet (Figure 2).

The Aga calculated using this model for Hale-Bopp is +H#41.0 days;

i.e., the sector boundary crossing should occur at the comet approximately 36
hours after it reaches Earth, on September 10.5-12.5, in reasonable agreement
with the lightcurve results of Owens et al. (1998), the faint EUVE detection of
September 14-20, 1996, and our ROSAT non-detection of September 19, 1996.
The uncertainty ity iS dominated by the poorly known solar wind velocity

at the comet’s moderately high +2Beliographic latitude; it is known, however,
from recent Ulysses measurements that this velocity increases monotonically with
heliographic latitude from the minimum value measured at the heliographic equator
(i.e., at the Earth and SOHO; Neugebauer et al., 1998). We also have confidence
in this model since it gave excellent results for our extensive X-ray light curve
measurements of comet P/Encke 1997 (Lisse et al., 1999).

For such an active and bright comet, we also found the faintness of the steady-
state X-ray emission from Hale—Bopp in our ROSAT observations puzzling. A
possible solution to this problem was found by Dennerl et al. (1997) in their
intercomparison of the steady-state X-ray and optical luminosities for 6 ROSAT



288 C. M. LISSE ET AL.

138

10

1017 —log(Afp/QH20)

WOW6

L, (erg/sec)

Lopﬂco\ (erg/sec)
Figure 3.Steady-state X-ray vs. optical luminosity for the 8 comets detected by ROSAT, following
Dennerl et al. (1997). If we assunig o« QgasandLopt o (Qdust X odust+ Qgas X Ogas), Where

o is the cross section for scattering sunlight, then we expeg¢Lopt « (odustx (D/G) + agag)*l,
and an anti-correlation df,. vs. D/G ratio, as is found.

comets:L, ~ Lopicar @S long as the comet’s dust-to-gas ratio was constant; for
higher values of dust-to-gas, the x-ray emission is attenuated versus the optical. A
major advantage of this comparison is that each comet was observed by the same
instrument with the same sensitivity and field of view. In Figure 3, we have updated
the plot of L, vS. Lopiical With our more extensive results for the very dusty comet
Hale—Bopp and the very dust-poor comet P/Encke (logp(BfH) = —26.4). One

of the key findings for comet Hale—Bopp was that despite its normal composition
(Schleicher et al., private communication), it was an incredibly dusty comet (Jewitt
and Matthew, 1999; Lisse et al., 1997-1999), with log{Jon) = —24.3. Encke
clearly lies near the trend line for dust-poor comets, while Hale—Bopp is clearly
seen to be an outlier compared to the other comets; the anti-correlatiorL with
and Afp/Qon is quite clear. On the other hand, Hale—-Bopp’s measured X-ray
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TABLE |

Testable theoretical predictions. References: e-Neutral, Bingham et al.; Northrop et al.; Uchida
et al.; Charge Transfer, Cravens et al.; Haeberli et al.; Wegmann et al.; Magnetic Reconnection,
Brandt et al.; Hudson et al.; Mendis et al.; Attogram Dust, Wickramasinghe and Hoyle; Krasno-
polsky. [N.B. : brem = bremsstrahlung model; hyb = hybrid wave magget= comet velocity;

B = magnetic field;L = length of plasma tail; SW = solar wind ion flu@, = solar xray flux;

Qgas= comet gas production rat@q,st= comet dust production rate.]

Observable Theory

Charge Magnetic Attogram

e-Neutral transfer reconnection dust

Variation wrt:
r, helioc. distance r—2 r2 r0 r2
Qdust Qdust Q3as* Bsw(?) Qgas' SW(r) L3 BS,(1) Qdust
Bsw(?)
Spectrum
Soft/hard Soft, kT~ 0.3 keV Soft brems.? Power law? Bluened solar
Line/continuum Continuum Lines Continuum? Solar
Spatial structure
Total extent ~10° km ~108 km ~10° km Dust coma
X-ray/EUV increases decreases maximum increases
Hardness towards towards at maximum towards
(Color) map comet comet mag field comet
Size of emitting
regions >103 km >10° km >10* km? >10° km
Temporal signature
Stochastic SW) - Qgas- Bsw(t) SW(t) - Qgas f(Bsw(t), vcomed Qx - Qdust

Stochastic/steady

luminosity and gas production rate ¢Q = 2 x 10?° molecules st) were quite
close to C/Hyakutake’s at perigee in March 1996, strongly suggesting the emission
depends on the gas production rate.

4. Conclusions

A number of theories have been created to explain the emission: from thermal
bremsstrahlung of electrons off neutrals or dust, to charge exchange induced emis-
sion from solar wind ions, to scattering of solar X-rays from attogram dust in the
comet’'s coma, to reconnection of solar magnetic field lines (Table ). While all of
the proposed mechanisms have in common an interaction between the Sun and the
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comet as the source of the observed X-rays/EUV, they vary in their prediction for
the details of the emission spectrum, spatial hardness distribution, and temporal be-
havior. For example, the charge exchange models of Cravens (1996) and Wegmann
et al. (1998) predict multiple emission lines and an X-ray hardness maximum at
the sunward edge of the emission; while the bremsstrahlung models of Bingham
et al. (1996) and Northrop et al. (1997) predict a smooth continuum, with hardness
maximum near the middle of the spatial distribution.

Assuming all the observational data to be valid, the results on Comet Hale—
Bopp can help us narrow down the possible dominant emission mechanisms.
Since the spectral shape of the emission appears similar between Hale—Bopp and
other comets (Figure 1), we conclude that the same mechanism(s) are active for
all comets. Since the ROSAT emission luminosity anti-correlates with cometary
dust-to-gas ratio (Figure 3), we conclude that the emission is not produced by
interactions with cometary dust, and may even be attenuated by the presence of
dust (hence the unusual asymmetric X-ray emission morphology and spatial anti-
correlation between the optical continuum and EUVE X-ray images presented in
Krasnopolsky et al. (1997)); thus scattering by attogram dust or the more exotic
plasma-dust interaction mechanism proposed by Ip and Chow (1997) cannot be the
cause of the emission. A scattering mechanism is further ruled out by the lack of
correlation between the C/Hyakutake and P/Encke X-ray light curves and the solar
X-ray light curve (Lisse et al., 1999), and explanation of the temporal variations of
Hale—Bopp’s emission as due to a solar wind sector boundary crossing the comet
(Figure 2). We are thus left with either electron bremsstrahlung, charge exchange
between highly ionized solar wind species and cometary neutrals, or magnetic
reconnection as the three most plausible emission mechanisms.
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