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Afterthe unexpected discovery of x-rays emitted from comet Cl1996 B2 (Hyakutake) with 
the Rontgen X-ray Satellite (ROSAT) in March 1996, x-ray emissions from comets Cl1990 
K1 (Levy), Cl1990 N l  (Tsuchiya-Kiuchi), 45P (Honda-Mrkos-PajduSakova), and Cl1991 
A2 (Arai), optically 300 to 30,000 times fainter than Hyakutake, were discovered in 
archival ROSAT data. These findings establish comets as a class of x-ray sources and 
allow their properties to be studied over a wide optical brightness range. The results 
indicate that charge exchange between highly charged heavy ions in the solar wind and 
cometary neutrals is the dominant process for the x-ray emission. Comets may thus be 
used as probes for monitoring the heavy-ion content of the solar wind. 

Comets have attracted attention since his- 
torical times. In this century, they have 
become subject to increasingly advanced 
astrophysical studies, which so far culminat- 
ed in detailed observations of comet 1P/ 
Halley, including in situ measurements, 
during its apparition in 1986. Nevertheless, 
one aspect of cometary activity seems to 
have escaped attention until recently, when 
unexpectedly strong x-ray emisslon was ob- 
served from comet (211996 B2 (Hyakutake) 
with ROSAT (1 ). Although this discovery 
has demonstrated that a comet is c a~ab l e  of 
emitting x-rays, the mechanism and the 
conditions required to produce cometary 
x-rays were still uncertain. T o  get more 
information about cometary x-rays, we sys- 
tematically searched archival x-ray data, 
which were obtained during the ROSAT 
all-sky survey in 1990 and 1991, for x-ray 
emissions from other comets. We investi- 

gated four comets, seen on seven occasions 
at different states. 

Between July 1990 and February 1991, 
and in August 1991, ROSAT (2)  performed 
the first survey of the whole sky with an 
imaging x-ray telescope. This ROSAT all- 
sky survey (RASS) (3) detected about 
80,000 discrete sources (4) and obtained 
images of the diffuse x-ray emission at a 
resolution of 1 to 10 arc min (5). The 
survey was performed with a position-sensi- 
tive proportional counter (PSPC) (6) in the 
focal plane of a fourfold nested Wolter type 
I grazing incidence x-ray telescope ( 7 ) ,  pro- 
viding spatial, temporal, and spectral infor- 
mation on the detected x-ray photons in 
the energy range of 0.1 to 2.4 keV within a 
2" field of view (FOV). 

We  searched the RASS database for x- 
ray signatures of comets that were within 
the PSPC FOV during the survey scans. For 

this search, we selected 214 comets (not 
counting multiple fragments) from the Cat- 
alogue of Cometary Orbits ( 8 )  with perihe- 
lion dates between 1985 and 1997. Eight 
comets were in the FOV when their helio- 
centric distances (rh) were less than 2 as- 
tronomical units (AU) ,  17 comets were 
observed at rh between 2 and 3 AU,  164 
comets were observed at rh > 3 AU,  and 25 
comets were never observed. To  obtain the 
maximum detection efficiency, we searched 
for x-ray emission in the rest frame of each 
comet. This was possible because the arrival 
time and the detector coordinates of each 
detected x-ray photon are recorded. Thus, 
we can track the apparent proper motion of 
the comet as seen from the satellite, given 
the satellite position and orientation to- 
gether with the comet ephemeris (Fig. 1). 
By applying this method to all 25 comets 
observed at rh I 3 AU, we discovered x-ray 
emission from four comets on seven occa- 
sions (9). We  detected x-ray emission from 
all of the comets that were observed at rh I 
2 A U  with total visual magnitude m, I 
12.0 mag (Table 1) .  No  emission was de- 
tected from comets at rh > 2 A U  or ml > 
12.0 mag (10). Because comets at m, - 
12.0 mag were close to the sensitivity limit, 
this is most likely a flux-limit effect. 

A n  advantage of RASS compared with 
~ o i n t e d  ROSAT observations is that it Dro- 
vides an unlimited field of view and thus 

Table 1. Comets in which x-rays were detected are listed. For comparison, 
we have added the corresponding parameters for x-ray detections of comets 
in recent pointed observations (1, 13, 32) obtained with the ROSAT High 
Resolution Imager (HRI) (2). obs. no. 1-7, ROSAT PSPC; obs. no. 8-10, 
ROSAT HRI. NO. indicates observation number. t,,, is total exposure time (in 
seconds). The proper motion of the comets and the progression of the ROSAT 
survey scans resulted in different exposure times for different comets, to,, is 
time interval of observation (UT). This is the time interval during which the 
PSPC was scanning across a region within r = 10' around the cometary 
nucleus (including partial scans); the outer regions of more extended comets 
were (partially) covered for somewhat larger time intervals. A is distance from 

Earth (in AU). rh is distance from the sun (in AU). Because of observing 
constraints, r, and A are not completely independent (21). ze, is distance from 
the ecliptic plane (in AU), cp is phase (angle sun-comet-Earth) in degrees. 6 is 
elongation (angle sun-Earth-comet) in degrees, m, is total optical brightness 
(in mag). rc is rad~us of the optical coma (in arc min); m, and r,, with estimated 
l a  errors, were derived from data published in the IAU Circulars and the 
International Comet Quarterly (39). log QH20 is water production rate at rh 
(molecules s-I). Values in brackets are estimates based on m,, assuming that 
the dust-to-gas ratio of these comets was similar to the average value com- 
puted for the other comets (40). Abbreviations for comets are: T-K, Tsuchiya- 
Kluchi: HMP, Honda-Mrkos-PajduSakov8; Hyak., Hyakutake. 

No. Comet texp tabs A rh zec v 6 mi rc log Q ~ , o  

1 C/1990KI(~evy) 77 1990 Sep 06.50-07.17 0.57 1.25 -0.05 52 101 4.8 i 0.4 6.0 2 1.5 
2 C/1990 K1 (Levy) 269 1991 Jan 10.82 -11.96 1.39 1.62 -0.72 37 84 7.5 ? 0.3 2.3 i 1.0 
3 C/1990 K1 (Levy) 149 1991 Jan 17.49 -17.96 1.31 1.69 -0.70 35 94 7.6 ? 0.4 2.6 i 1.0 
4 C/1990 N 1 r-K)  460 1990 NOV 18.90-20.36 1.08 1.37 -0.66 46 83 7.8 2 0.4 2.4 2 0.8 
5 C/1990 N1 r-K) 451 1991 Jan 12.07-13.67 1.61 1.96 -1.15 30 95 10.4 i 0.7 1.1 i 0.5 
6 45P (HMP) 191 1990 Jui 31.20-31.86 0.29 , 1.00 -0.06 86 78 11.8 i 0.5 1.5 2 0.5 
7 C/1991 A2 (Arai) 769 1990 Nov 18.09 -21.43 1.20 1.47 -0.88 42 84 12.0 i 0.5* - 
8 C/1996 82 (Hyak.) 20,500 1996 Mar 26.52-28.43 0.12 0.99 +0.10 91 82 0.8 i 0.4 30. 2 12. 
9 C/1996 82 (Hyak.) 8900 1996 Jun 22.10-23.77 1 . I6 1.35 -1.09 46 77 6.4 i 0.5 3.3 2 1.0 

10 C/1996 Q1 (Tabur) 11,500 1996 Sep 26.74-29.01 0.49 1.08 +0.01 67 86 5.9 i 0.5 6.0 ? 1.4 

*Projected value with estimated error, interpolated backward in time, because the comet was observed w~th ROSAT 6 weeks before t was discovered (41). 
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Fig. 1. X-ray images of the 
comets detected in the 
RASS in the energy range 
0.1 to 0.4 keV, which con- 
tains more than 90% of the 
detected cometary pho- 
tons. The images were ac- 
cumulated in the rest frame 
of each comet (the position 
of the nucleus Dredicted bv - a the ephemeris' is marked) 
and aligned with respect to 

the direction of the sun which is to the right. They were corrected for 
exposure variations across the field by transforming the survey scans 
into the reference frame of the comet and simulating the exposure 

I 
which resulted from the tracks of the detector across the image, in a 
similar way as this is done in the MSAS package (38) for standard 
applications. The images were smoothed wlth a gaussian filter with u 
= 2'. Intensities are color-coded, with an individual contrast adjust- 
ment. Numbers at upper right refer to the ROSAT observations iden- 

J tied in Table 1. No data exist for the left part of obs, no. 3. The 
directions toward North and East are marked in the upper left comer; 
linear and angular scales are given at lower left. The sphere at lower 
right illustrates the observing geometry: its illumination shows the 
phase angle, and the grid the orientation of the ecliptic coordinate 
system. The northern and southern ecliptic hemispheres are indicated 
by red and blue grid lines, respectively; the intersection of the black 
grid lines marks the direction toward the vemal equinox. The green 
arrow shows how the comet is moving with respect to the solar 
system barycenter. A yellow vector (touching the sphere) indicates the 
direction of the solar wind as seen from the moving comet (for parti- 
cles streaming radially away from the sun with an assumed velocity of 
400 km/s). The length of the arrows is arbitrary. 

allows the full extent of the x-ray emitting and there are indications for a slight tilt of 
region to be traced. Furthermore. the low the axis of svmmetrv toward the direction 

velocity vector of the comet (Fig. 1). 
For Hyakutake, only broadband photom- 

etry was available (1 ), but the comets in the 
RASS were observed with a ~ro~or t ional  

instrumental background of the PSPC and of the solar kind as'seen from the moving 
its high sensitivity to low-energy (or "soft") comet. This suggests that the x-rays were 
x-rays makes it well suited for studying faint emitted from the sunward side of the 
extended obiects with soft sDectra, thus bal- coma. The observation took  lace when. 

. . 
counter that provides an ener resolution of 
AE/E = 0.43 - -over a band- 
pass of 0.1 to 2.4 keV. Thus, spectroscopic 
studies of cometary x-ray emission are pos- 
sible with unprecedented quality. In the 
seven observations, the emission is soft: 
about 95% of the detected photons are at 
E < 0.4 keV. This corresponds to 83% of 
the energy flux in the total PSPC bandpass. 

ancing the low exposure times in the 
RASS. By following the surface brightness 
accumulated along radial rings around the 
brightest region, excluding the trails of 
background sources, we were able to trace 
the x-ray emission out to a radial distance of 
at least 2 x lo6 km during the first obser- 
vation of comet C/1990 K1 (Levy) (1 1 , 12). 

Durine the second Levv observation 

at the position of the comet, its orbital 
plane was tilted by only 14.7" to our line 
of sight. Combined with the small cp, the 
viewing geometry was favorable for detect- 
ing any emission from the cometary plas- 
ma and dust tails, because of the amplifi- 
cation of the surface brightness along the 
line of sight. In fact, an antitail is evident 
on the optical image together with the 
regular tail. Nevertheless, none of the tails 
shows up in x-rays. Thus, there is no evi- 

Although we can rule out certain spectral 
models-for exam~le. a line sDectrum con- 

L. 

(Fig. 2), the phase angle cp (sun-comet- 
Earth angle) was only 37" and provided an 

L ,  

sisting only of oxygen and carbon K, fluo- 
rescence lines-the softness of the x-rav 
emission reduces the usable spectral band- 
width and does not allow determination of 

almost complementary viewing geometry 
to the ROSAT observation of Hyakutake, 
which was observed at cp - 90" [figure 2 of 
(1 )]. At cp = 37", the inner x-ray contour 
lines are less elongated than at cp - 90°, as 
expected for an x-ray luminous hemi- 
sphere around the comet nucleus which is 

dence that the x-ray emission is associated 
with either the ~ lasma  or dust tail. 

A similar morphology is present in all 
the other observations, and there is no 
evidence for x-ray emission from the tail. 
Most of the x-ray images show emissions 
that are roughly spherically symmetric or 
elongated perpendicular to the sun-comet 
line, with the brightest peak usually offset 
sunward by some lo4 km, reminiscent of a 
bow-shock structure. Two exce~tions to 

the incident spectrum in a unique way. For 
Levy, which had the largest number of re- 
corded photons [I86 within rx (1 2), includ- 
ing =11 background photons; obs. no. 11 we 
find acceptable fits for thermal bremsstrahl- 
ung (kT = 0.23 + 0.06 keV; Fig. 3) and 
emission from a hot (kT = 0.12 2 0.02 
keV) optically thin plasma in thermal equi- 
librium [Raymond and Smith (14)] with 
solar abundance. Formally, a power law 
 hoton on index a = -3.0 ? 0.3) also fits the 

about symmetric with respect to the sun- 
comet line. The outermost contour (Fig. 
2) is elongated perpendicular to this line, 

The authors are at the Max-Planck-lnstitut fiir extrater- 
this morphology are (211990 N l  'in obser- 

restrische Physik, Giessenbachstrape, D.85748 Gar&. vation II~I-nber (obs. no-) 5 and ~0lIlet 
ina. Germanv. (211996 Q1 (Tabur) (1 3), which showed 

.. 
data, but the residuals indicate systematic 
deviations. S~ectral  analvsis with a thermal 

- 
70 whom correspondence should be addressed. E-mail: jet-like structures. There is de- 
kod@mpe-garching.mpg.de pendence of the x-ray morphology on the bremsstrahlung model, which we have se- 
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Fig. 2. Overlay of the x-ray contours of comet 
C/1990 K1 (Levy) on an optical image, taken near- 
ly simultaneously with the ROSAT observations 
during 10.8 to 12.0 UT January 1991. The x-ray 
contours are drawn for 30%, 50%, 70%, and 90% 
of the peak surface flux; they were derived by 
smoothing the 0.1 to 0.4 keV ROSAT image with a 
gaussian filter with a = 2'. The optical image is a 
1 5-min exposure on hypered TP 241 5 film, taken 
with a 200-mm F/4 lens on 12.7 UT January 1991 
bv P. Camilleri (Australia). The imaaes have been 
signed with respect to the direct& of the sun, 
which is to the right. North and East are marked in 
the upper left corner; linear and angular scales are 
supplied at lower left. The sphere is described in 
Fig. 1. Note the presence of a secondary tail in the 
optical image toward the upper right. 

lected because it provides a simple, straight- 
forward method for estimating the charac- 
teristic temperature, shows that the temper- 
atures of all comets are consistent with a 
mean value of kT = 0.2 keV (Table 2), 
independent of heliocentric distance, eclip- 
tic latitude, or relative velocity between the 
comet and the solar wind (1 5). 

Recently, Haberli et al. (16) made a 
detailed prediction of the energy spectrum 
that they expect to arise from the charge- 
exchange process suggested by Cravens 
(17). This spectrum is not compatible 
with the PSPC spectrum of comet Levy 
(18). The discrepancy, however, does not 
appear to be a general problem of the 
charge-exchange model, but mainly a con- 
sequence of an oversimplified treatment. 
In a more detailed analysis, Wegmann et 
al. (1 9) computed the x-ray spectrum that 
results from charge exchange of solar wind 
heavy ions with H 2 0  molecules. This 
spectrum contains so many lines that, 
when observed with an instrument with 
moderate energy resolution, it resembles a 
kT = 0.2 keV thermal bremsstrahlung 
spectrum, in agreement with the observa- 
tions. The seven comet detections in the 
RASS, together with the additional three 
detections in pointed observations (1, 13, 
20), provide a database for studying co- 

Fig. 3. X-ray spectrum of comet C/1990 K1 (Levy) 
during obs. no. 1. (A) Spectral model: photon 
spectrum of thermal bremsstrahlung emission 
with kT = 0.23 keV. (B) Crosses (with l a  error 
bars): observed PSPC pulse height distribution in 
the energy range 0.08 to 1.4 keV. Solid line: pulse 
height diktribuGon resulting from the model spec- 
trum (A), after convolution with the ROSAT PSPC 
detector response matrix. (C) Residual deviations 
of the observed data (crosses with 1 a error bars) 
from the model, yielding x2 = 7.2 for 13 degrees 
of freedom. The observed pulse height distribu- 
tion is consistent with that expected from the 
model (A), with a probability of 89%. 

metary x-ray activity among different 
comets as well as among the same comets 
observed at different positions (21 ) in the 
inner solar system (Fig. 4). 

To determine how the x-ray luminosity 
is related to the optical luminosity of the 
comets, we converted ml into an optical 
flux fo ,, by assuming a solar-like spectrum 
(22). t h i s  is a rough approximation that 
ignores the contribution of line emission - 
in the gas coma. Nevertheless, because a 
considerable fraction of the o~ t i ca l  flux 
comes from sunlight scattered in the dust 
coma, and in view of the uncertainties of 
ml and the fact that in our comparison fop, 
extends over more than four orders of 
magnitude, this approximation appears to 
be justified. We derived the x-ray flux fx in 
the energy range 0.1 to 2.4 keV within the 
HWHM radius rx (1 2), which, for similar 
x-rav surface flux distributions. encloses a 
constant fraction of the total fx. To re- 
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Fig. 4. Positions of the comets detected in x-rays 
with respect to (A) the sun  and Earth and (8) the 
ecliptic plane [plane is indicated by dashed line in 
(B)]. The dashed lines in (A) enclose the ROSAT 
observing window. Different symbols indicate dif- 
ferent comets, identified in (A). Numbers refer to 
the ROSAT observations listed in Tables 1 and 2. 

move the effect of geocentric distance A, 
,we converted the fluxes f into luminosities 
L = f . 4rA2. We find that Lx is about 
proportional to Lop,, although there are 
differences in the Lx/Lop, ratio between 
different comets (Fig. 5). For Hyakutake, 
this ratio is only (0.5 ? 0.2) x lo-', 
whereas for the other comets, the average 
ratio is (4.4 + 0.9) x lop5. There is no 
dependence of Lx/Lop, on the phase in the 
solar activity cycle, on the heliocentric 
distance, on the distance from the ecliptic 
plane, or the relative velocity of the solar 
wind with respect to the comet. The dif- 
ferences may, however, be related to the 
ratio between the dust and gas in the 
coma. A measure for the dust production 
rate Qdust is the quantity Afp (23); an 
empirical correlation was found (24, 25) 
that Afp = 1 cm roughly corresponds to a 
dust production rate Qdust = 1 kg s-'. A 
measure for the gas production rate Q,, is 
the production rate QH20 of water mole- 
cules per second. The quantity log (Afpl 
R H O )  is -26.3 for 45P and C/1990 N1, 
-2f.5 for C/1990 K1 (25), and -25.1 for 
C/1996 B2 (26). A comparison of the 
Lx/Lop, and A ~ P / Q ~ , ~  values (Fig. 5) sug- 
gests that Lx is related to the gas content 
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Table 2. All x-ray fluxes and luminosities refer to an energy range 0.1 to 2.4 
keV; uncertainties are estimated l a  errors. Values for obs. no. 8 through 10 
are preliminary. The data analysis was based on DCSAS (38) algorithms 
adopted for moving targets. The x-ray luminosities may exhibit temporal 
variability: Hyakutake (1) and Tabur (13) were observed to be variable in 
x-rays on a time scale of hours. The RASS comet observations are averages 
of 5 to 18 individual scans of less than 32 seconds duration each, spread over 
0.5 to 3.3 days (Table 1) and thus should provide representative samples of 

the average x-ray intensity. No., observation number. Comet, see Table 1 for 
full identification. S;, observed peak surface flux (10-l2 erg ~ m - ~  s-' arc 
minP2), determined by smoothing with a gaussian filter wlh u = 2'. S,, cor- 
rected peak surface flu (10-l2 erg ~ m - ~  s-I arc minP2). rx, angular HWHM 
radius (arc min), determined in the energy range 0.1 to 0.4 keV (12). fx, flux 
wlhin rx (10-l2 erg ~ m - ~  s-l), determined for kT = 0.2 keV. L,, luminosty 
wlhin rx (1 016 erg s-l). kT, bremsstrahlung temperature (keV). Lx/L,, ratio of 
x-ray to optical luminosity in units of for a solar-like comet spectrum. 

- -- 

NO. Comet dx Sx rx fx Lx k~ L,ILop, 

1 Levy 0.104 ? 0.035 0.066 2 0.022 7.8 2 0.4 12.7 2 1.4 1.16 k 0.12 0.23 k 0.06 4.2 2 1.6 
2 Levy 0.022 k 0.008 0.029 k 0.011 4.3 k 0.5 1.06 2 0.23 0.58 2 0.13 0.20 k 0.10 4.2 k 1.5 
3 Levy 0.025 2 0.011 0.035 2 0.016 3.0 k 0.9 0.71 k 0.34 0.34 k 0.17 0.60 2 0.27 3.1 2 1.9 
4 T-K 0.022 k 0.006 0.039 2 0.011 3.6 2 0.6 0.91 2 0.24 0.30 2 0.08 0.24 k 0.12 4.8 k 2.2 
5 T-K 0.008?0.003 0.04720.023 3.0k0.9 0.24k0.08 0.18 k 0.06 0.28 2 0.20 14. 2 11. 
6 HMP 0.006 k 0.004 0.102 ? 0.073 1.9 2 0.4 0.15 2 0.06 0.004 2 0.002 0.16 k 0.15 31. k 20. 
7 Arai 0.00420.002 O.lOOk0.063 2.8k0.3 0.08k0.03 0.03 k 0.01 0.34 2 0.31 20. 2 12. 
8 Hyak. 0.300k0.080 0.180k0.048 7.2k1.3 60.0220.0 0.24 2 0.08 [0.20] 0.50 k 0.24 
9 Hyak. 0.05320.018 0.10420.040 1.720.3 0.3020.12 0.1 1 2 0.05 [0.20] 0.43 2 0.27 

10 Tabur 0.250k0.090 0.27920.119 2.320.2 7.0022.50 0.38 2 0.14 [0.20] 7.0 2 4.2 

rather than the dust content in the coma, 
whereas Lop, is known to be controlled 
mainly by cometary dust. 

Another im~ortant ~hotometric auan- 
tity is the peak surface flux ŝ ,, which is 
inde~endent of A. In the likelv case that 
self-absorption of x-rays within the coma 
is negligible, it measures directly the max- 
imum emission integrated along the line 
of sight. 5,, however, is not necessarily 
identical to the observed peak surface flux 
S,, derived from the ROSAT images (27). 
A correction from 5, to 5, requires suffi- 
cient knowledge of the morphology and is 
not possible in a model-independent way. 
A promising model (see below) was sug- 
gested by Cravens (17) in which the x-ray 
emission results from charge transfer be- 

Fig. 5. Comparison between the optical and x-ray 
luminosty. Different symbols indicate different 
comets (identified in Fig. 4A). Numbers refer to the 
ROSAT observations listed in Table 1 and 2; cir- 
cles and diamonds specify PSPC and HRI obser- 
vations, respectively. Shaded regions illustrate the 
slope for constant ratios, for different dust- 
to-gas ratios. The relat~ve gas content increases 
from lower right to upper left. 

tween highly charged heavy ions in the 
solar wind and cometarv neutrals. With a 
simplified version of this model, we treat- 
ed a set of artificial images and treated 
them in the same way as the ROSAT 
images, to determine the S,/ŝ , correction 
factors (Fig. 6A). In our model, we irradi- 
ated the neutral eas in the coma with a 
homogeneous beam of highly charged 
heavy ions, ignoring any hydrodynamic 
effects (28, 29). The use of such a simpli- 
fied model for calibrating the rX/fx correc- 
tion appears to be justified, because the 
resulting images reproduce the results of 
more detailed simulations (16. 19) and . ,  7 

the observed morphology. 
The 3,/ŝ , calibration (Fig. 6A) shows 

that only for comets with log (Q/A) k 
29.5 is fx/tx independent of QIA: only 
these comets are "resolved" in the sense 
that ŝ , can be directly observed (30). If our 
simplified model is basically correct, then 
the calculated 5, should measure the high- 
ly charged heavy ion flux, for which we 
expect a general rh-' dependence, corre- 
sponding to a temporally constant, isotro- 
pic solar wind (31). We do indeed find 
such a behavior (Fig. 6B). Furthermore, 
the 5, values are consistent with those 
predicted (28). Thus, the charge-transfer 
model (1 7) provides an adequate descrip- 
tion of the observed peak surface fluxes. 

Other models besides (1 7) have been 
proposed to explain the x-ray emission of 
comets. Wickramasinghe and Hoyle (32) 
suggested that the observed x-ray radiation 
may be due tq scattering of solar x-rays by 
small (-30 A size) dust particles, which 
have a high scattering efficiency for soft 
x-rays. In view of the ROSAT observations, 
there are several problems. There is no sig- 
nificant difference in fX or Lx/Lo , between 
the comets observed in 1990 an81991 dur- 
ing the solar maximum and the recent ob- 

servations (1 , 13, 20) at solar minimum. 
There is no evidence for x-rav emission 
from the dust tail, despite favorable observ- 
ing geometries, and the presence of such 
dust at sufficient density in cometocentric 
distances >lo6 km has to be ~ostulated in 
order to explain the large extent of the 
x-ray emission region. 

Ip and Chow (33) suggested that small 
(diameter 100 A) charged cometary 
dust grains may be accelerated by the elec- 
tric field induced by solar wind interac- 
tions and collide with micrometer-sized 
grains in the dust coma, producing soft 
thermal x-ravs. Estimates of the ex~ected 
x-ray luminosity, however, show that this 
is unlikelv to be the dominant Drocess for 
generating the x-rays. Furthermore, the 
ROSAT observations (Fig. 5) indicate a 
correlation between Lx/Lop, and Q,J 
Qdust, which suggests that the x-ray emis- 
sion is primarily related to the gas and not 
the dust content in the coma. 

Several models have been suggested 
which invoke the acceleration of electrons 
in the solar wind or cometary cloud shocks 
(34, 35). The predicted x-ray luminosities, 
however, are highly uncertain [for exam- 
ple (19, 35)], and we were able to trace 
the x-ray emission to a cometocentric dis- 
tance of at least 2 x lo6 km. It is unlikely 
that the conditions ~revailine at these w 

distances are favorable for accelerating so- 
lar wind electrons to the required high 
velocities. This problem is also present if 
the x-ray emission is due to mini-flares in 
the cometary atmosphere, caused by the 
capture and squeezing of current sheets in 
the solar wind by the comet with subse- 
quent magnetic reconnection and heating 
by magnetic-field annihilation (36). The 
fact that x-ray emission is observed as a 
persistent property of comets, related to 
their optical activity, is an argument 

1 628 SCIENCE VOL. 277 12 SEPTEMBER 1997 www.sciencemag.org 



against any transient phenomena as the 
dominant processes, such as disconnection 
events or cometarv substorms. 

The suggestion that the x-ray emission 
is caused by charge exchange between 
highly charged heavy ions in the solar 
wind and cometary neutrals (17) avoids 
many of the difficulties of the other mod- 
els. The existence of such ions is well 
established, and the gas coma provides the 
necessary amount of neutral atoms for 
charge exchange in a straightforward way. 
Even at r,  > lo6 km, there should be 
sufficient matter for recombination, due to 
the huge extent of the hydrogen coma 
(Lyman-a cloud). The observation that 
only the sunward side of the coma is emit- 
ting x-rays, results from the fact that the 
inner coma is thick with respect to charge 
transfer, and the observed peak surface 
fluxes are in agreement with those expect- 
ed. The nondetection of any cometary tail 

, 1 = 3  

Zesolved 

log (Q[s-l]/A[AU]) 

Heliocentric distance q, (AU) 

Fig. 6. (A) Ratio between the observed peak sur- 
face flux Sx and the true peak surface flux S, (nor- 
malized to S, = 1.0 for Q = 0°), resulting from 
smoothing a 30" by 30" pixel image with a gaus- 
sian filter with u = 2', for the model described in 
the text. In the "resolved" region, S, is independent 
of Q and monitors the solar wind, whereas in the 
"unresolved" region, Sx depends also on Q. The 
circles/diamonds (PSPC/HRI) and numbers mark 
the log (Q/A) (with 1 o errors) and Q values for the 
comet observations; the vertical error bars indi- 
cate the resulting 1 o errors in the S JSX correction. 
(B) Corrected peak surface flux S, . (r, [AU])2 (in erg 
c m 2  s-I arc mW2) for all comet detections as a 
function of r,. The data are consistent with a mean 
value 1.0 ? 0.1 x 10-l3 erg cm-2 s-I  arc 
(shaded region) with a confidence of 31 %. The 
dashed line, at 8.6 x 10- l4 erg cmP s-I  arc 
mir2,  is the value resulting from the parameters 
given in (7 7). It is only 1 standard deviation below 
the mean value. 

in x-rays is consistent with the fact that 
whenever a comet is sufficiently active to 
develop a plasma tail, its coma is so thick 
that the heavy ions have lost the highly 
charged state required to trigger x-ray 
emission by charge exchange processes be- 
fore reaching the antisolar plasma tail. 
Heavy ions may reach part of the curved 
dust tail, which is not shielded by the 
coma, in a sufficiently charged state, but 
interactions with the cometary dust do not 
seem to release a significant amount of 
x-rays. This model predicts that x-ray lu- 
minosity should scale with the gas rather 
than the dust content in the coma; in 
agreement with the observations. There 
are several details which still have to be 
checked for this model: in particular, 
whether the predicted line spectra are in 
quantitative agreement with the observed 
pulse height distributions, whether the Ly- 
man-a cloud can account for the x-ray 
brightness profile observed at large come- 
tocentric distances, and whether fluctua- 
tions in the heavy-ion content of the solar 
wind can cause the time variability of the 
x-ray emission. 

The charge-exchange process would 
lead to interesting applications. As was 
demonstrated, the (corrected and normal- 
ized) fx should scale directly with the 
highly charged heavy ion content in the 
solar wind. Thus, comets with a sufficient- 
ly dense coma could be used as "standard 
candles" for probing this specific property 
of the solar wind. With x-ray observations 
of high spatial resolution and sufficient 
signal-to-noise ratio, it might be possible 
to use comets for monitoring the temporal 
and spatial fluctuations of these solar wind 
ions in the inner solar system. 
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STATs and Gene Regulation 
James E. Darnell Jr. 

STATs (signal transducers and activators of transcription) are a family of latent cyto- 
plasmic proteins that are activated to participate in gene control when cells encounter 
various extracellular polypeptides. Biochemical and molecular genetic explorations have 
defined a single tyrosine phosphorylation site and, in a dimeric partner molecule, an Src 
homology 2 (SH2) phosphotyrosine-binding domain, a DNA interaction domain, and a 
number of protein-protein interaction domains (with receptors, other transcription fac- 
tors, the transcription machinery, and perhaps a tyrosine phosphatase). Mouse genetics 
experiments have defined crucial roles for each known mammalian STAT. The discovery 
of a STAT in Drosophila, and most recently in Dictyostelium discoideum, implies an 
ancient evolutionary origin for this dual-function set of proteins. 

A large number of extracellular signaling 
polypeptides (>35) interact with specific 
cell surface receptors that trigger the acti- 
vation of latent cytoplasmic transcription 
factors termed STATs. The  STATs be- 
come phosphorylated on tyrosine, then 
dimerize by reciprocal SH2 phosphoty- 
rosine interaction and enter the nucleus to 
regulate transcription of many different 
genes. The  STATs were recognized as li- 
gand-induced transcription factors in in- 
terferon (1FN)-treated cells and then in 
cells and tissues exposed to many other 
signaling polypeptides (1-3). A great deal 
of new information has accumulated about 
svecificitv in the activation of the STATs. 
about the functional domains of the pro- 
teins, and about the varietv of their bio- 
logic functions both in development and 
in adults. Also, knowledge is beginning to 
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accumulate about how STATs effect tran- 
scriptional changes. 

Mechanism of Activation 

Seven mammalian STAT genes have been 
identified in three chromosomal clusters 
(4). The genes encoding Stats 1 and 4 map 
to a region of mouse chromosome 1 (equiv- 
alent to human chromosome 2, bands q12 
to q33); Stats 3, 5A, and 5B map to a region 
of mouse chromosome 11 (human chromo- 
some 12, bands q13 to q14-1); and Stats 2 
and 6 map to a region of mouse chromo- 
some 10 (human chromosome 17, bands 
q l l - 1  to q22). Stats 1, 3, 4, 5A, and 5B are 
between 750 and 795 amino acids long, 
whereas Stats 2 and 6 are -850 amino acids 
long (2, 5 ) (Fig. 1) .  Differential splicing 
leads to the production of a number of 
additional proteins, but the extent of vari- 
able splicing has not been widely explored. 
An  important unresolved issue is whether 
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