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Generation of X-rays from 
Comet C/Hyakutake 1996 B2 

R. Bingham, J. M. Dawson, V. D. Shapiro, D. A. Mendis, 
B. J. Kellett 

The instability resulting from the relative motion of newly picked-up cometary photoions 
and the solar w~nd generates lower hybrid waves that are capable of accelerating 
electrons to the keV range of energies. These electrons may be responsible for the x-rays 
from comet CIHyakutake 1996 B2 seen by the Rontgen X-ray Satellite. The inferred x-ray 
photon power depends on the electron energy, with keV electrons providing values of 
photon power two orders of magnitude greater than 100 eV electrons. These observa- 
tions and in particular, spectral resolution of the x-rays, should provide more insight into 
the composition of the comet. 

Observations by the  Rbntgen X-ray Satel- 
lite (ROSAT)  on 26 to 25 March 1996 of 
x-ray emission from comet CIHyakutake 
1996 B2 ( 1 )  appear to have been a surprise 
to most comet researchers. However, plas- 
ma data taken by the  l'ega spacecraft (2 ,  3 )  
frorn the encounter with comet PiHallev 
suggests that this observation can be ex- 
plained by wave-part~cle interactions pro- 
ducing keV electrons, which are necessary 
for x-ray emission. Observations of strong 
plasma wave turbulence (2 )  together with 
energetic electrons (3) in  the  keV energy 
ranee observed in the  sunward mantle re- - 
gion separating the  solar a in i i  and the in- 
terior colnetary ionosphere of Halley corre- 
sponds to the  same region where the  x-rays 
were observed from Hyakutake. Halley's 
plasma wave turbulence is in  the  range 4 to 
40 H z  correspon~ling to frequencies be- 
t~veen the ion and electron gyro-freiluencies 
and is close to the  lower hybrid frequency 
which is the geonletric mean of the  electron 
anii ion gyro-frequencies of the  order of tens 

R. Bnghaln, B. J. Kelett, Rutheriord Appeton Labora- 
top!, C h t o i ,  D~dcoi,  Oxon, 0 x 1  1 OQX, UK. 
J. M. Da~,vsoi, Depa~ment  o' Physics, U i ~ ~ e ~ s ~ t y  of C a -  
ifoVila, Lcs Aigees, CA 90024, &A, 
V D. ShapVo, D e p a ~ m e i t  of Physcs, UiveVsity of C a -  

of hertz. Lower hybrid naves (4) are effective 
in  energizing electrons, therefore ~t is not 
sulpris~ng that a n  energetic electron popula- 
tion up to several keV was also observed at 
Halley (3) in the same region as the  lower 
hybrid wave activity (2) .  Hyakutake's gas 
production rate (5) (2 x 1OZ9 molecules per 
second at 1 A U )  is similar to Halley's (7 x 
10'%nolecules per second at 1 A U )  (6)  so it 
is possible that the electron population at 
Hyakutake might have the appropriate en- 
ergies to produce the  obse r~~ed  x-ray emis- 
sion. A previous attempt to take an  x-ray 
image of comet Bradfield l979X (7) yielded 
an  upper limit -10'"rg s s l  for the total 
x-ray power emitted a t  the comet. It was 
assumed that x-rays would result from the  
precipitation of aL;roral type keV electrons 
following the  cometary analogy of a terres- 
trial substorm. This process implies that the 
emission, should it occur, is sporadic. 

Here are will delnonstrate that the inter- 
action of the cometary plasma and the solar 
w ~ n d  ~roduces  naves In the lower hvbrld 
frequellcy range that are responsible fo; the 
production of s~lprather~nal electrons with 
energies in the range of 100 eV up to several 
keV, which are necessary for bremsstrahlung 
and cometarv eas K-shell radiation of x-ravs. , L, 

foVi la at S a i  Diego, La Jolla, CA-92092, &A. Close to the sun (-1 AU) e17ery cometary 
D A. Meids ,  Deparment of Eect,cal and C o m p ~ t n g  
Sc~ence, Ui~versty of Caifo~nia at Sari Dlego, ~a Jola, nucleus is surrounded by an  expallding gas 
CA 92C92, USA. cloud that consists mostly of water with some 

carbon dioxide and other molecules that is 
ionized largely by photoionization. These 
ions, created in the solar wind, immediately 
see the v,, X B,, electric field which ac- 
celerates them to high energies. (v,, and 
BSvl are the solar wind velocity and magnetic 
field vectors, respectively). These ions, called 
pick-up ions, form in the solar wind frame an  
ion beam gyrating in the solar wind magnetic 
field. T h e  energy source for this process is the 
relative  notion between the solar wind and 
newly created cometary ions that results in 
the modified two stream instability (8) of an  
ion beam. T h e  excitation of waves in the 
lower hybrid frequency range by this instabil- 
ity and subsequent absorption of the wave 
energy by electrons is the main mechanism 
for converting energy frorn the solar wind 
flow into nlasrna electrons. and then acceler- 
ating them parallel to the magnetic field 
forming a suprathermal electron component. 

We  obtained simple approximate formula 
for the characteristic energy and density of the 

u ,  

suprathermal electrons using the conser~~ation 
equations between the flu of energy from the 
ions into wave turbulence and absorntion of 
the turbulent wave energy by the electrons. 
The  cometarv Ion flux F at a d~stance r from 
the surface of the cornet'can be estimated by 
equating the photoionized part of the come- 
tarv eas outflow to the flow of the cometarv , " 
ions picked up by the solar wind such that 

where Q, is the  in~t ia l  flux of gas molecules 
at the comet sulface (5) (2  x 10" molecules 
per second at 1 AU), .rsl is the rate of 
photoionization (7 = lo%), btc is the  initial 
gas velocity at 1 AU ( v ,  = 1 0 ' c m  ss l ) ,  and 
n?, is the  cometary ion aensity (9).  From Ecl. 
1 we can estimate the  density of the  co- 
metary ions, n,,, to be -10 for u = 
3 X 10"m ssl corresponding to the  down- 
stream shocked solar wind velocity (10) at 
the  distance r = 50,000 km which is close to 
the  position where x-ray emission is being 
generated. These cometary photoions picked 
up by the  solar wind excite the  lower hybrid 
waves which in turn are absorbed by the  
suprathermal electrons through ~ h e r e n k o v  
resonance with the  waves. 

I n  steady state, t he  energy flux lost by 
the  pick-up ions is equal to  the  energy flux 
carried away bv the  surrathermal elec- 
trons. Th i s  leads to theLenergy flux bal- 
ance equatlon 

where a is the  transfer efficiency from the  
cometary ions of mass mc, and nT, is the  
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density of suprathermal electrons with en- 
ergy E, and mass me. By balancing the  
growth rate y, of the  lower hybrid waves due 
to the  cometary pick-up ions with the  
Landau damping rate ye (1 1)  by energetic 
electrons n7e obtain 

where f .  is the  ~ i c k - U D  ion distribution 
d L, 

function and f, is the  electron distribution 
f ~ ~ n c t i o n .  From Ecl. 3 we get 

From Eqs. 2 and 4 we find that the  average 
energy of the  supratherlnal electrons is g i v  
e n  by 

For a = 10p ' ,  and water ions, m c , u L  1 
keV then the  average energy of the  supra- 
thermal electrons is E, - 100 eV and their 
density is given by 

This is a powerful source of supratherlnal 
electrons with an  energy flux of 10'"rg s-I 
through the  region of x-ray emission. T h e  
electron energy flux is about tuJo orders of 
magnitude less than  the  total power avail- 
able from the  solar wind indicating a rea- 
sonably high efficiency of energy transfor- 
mation. This region also corresponds closely 
to  the  region where intellse lower hybrid 
uJaves Jvere observed by the  Vega satellite 
during its encounter with Halley (2) .  

T h e  presence of intense lower hybrid 
waves can result in field aligned electrolls 
accelerated up to  energies in  the  keV range 
exceeding the  average ion energy. T h e  elec- 
tron energy spectrum can be obtained by 
s o l ~ ~ i n g  the  quasi-linear velocity diffusion 
equation 

where ull is the  electron velocity parallel t o  
the  solar wind magnetic field, S k  is the  
width of the  wave spectrum in parallel 
u~a~~enurnbers  Akliuii = o, ( S k  = kll) and 
(E2) is the  aT7erage of the  square of the  lower 
hybrid wave electric field. In  writing Ecl, 5 
we used the  standard expression for the  
parallel velocity diffusion coefficient [see 
for example (1 2)] and the  dispersion equa- 
tion w = (ocJk)k ,  for lower hybrid waves. 
Note  that for lower hybrid waves ic = (kL2 

+ kIl2)l1' = k,. From Eq, 5 we obtaln the  
following for the  lnaxlmuln electron energy 
Esma, given by 

where 1,  is the  interaction length - 10%cm. 
Using for the  wave energy spectral density 
values obtained from observations a t  Halley 
by the Vega spacecraft [(E,') - 1 (111V)~/ 
(m' Hz)] it is possible to estimate fro111 (6 )  
the  maximum energy of accelerated elec- 
trons as 

W e  now estimate the  lulninosity of the  
x-rays assuming that they are a combination 
of bremsstrahlung enlission and inner shell 
radiation from collisionally excited oxygen 
atoms. For brelnsstrahlung emission the  
power radiated by one electron in 1 cmp '  is 
given by 

where f i  is Planck's constant divided by 2 n ,  
o is the  radiation frequency, n,, = QJ2nr2vp 
is the  number density of water molecules a t  
distance 7, and d o ( o )  is the  differential 
cross-section for brernsstrahlung given by 

rL) = e2/mec2 is the  classical electron radius, 
Ze is the  nuclear charge of the water mole- 
cule, and b ,,,,, /b  = me2/60, note that 
In(mz~"fiw) is of order 1. 

T h e  power radiated in  1 cm3 is 
S:;:; dedt~,.  If t he  distribution function is 
constant in  velocity up to a maximum 
~ ~ a l u e  b1 t hen  fc  = n,</v and the  total 
luminosity ( in  ergs-') from a shell of 
thickness S r  surrounding the  comet nucle- 
LIS is given by 

7 Q, 
3 x 10 -' - Arn,,~' E,,,,(~v) (10) 

b',c 

For the  parameters encountered a t  the  c o n -  
e t  we estimate the  total luminosity of x-rays 
due to bremsstrahlung to be of the  order of 
2 x 10" erg sp l  corresponding to a n  x-ray 
brelnsstrahlung efficiency of -2 x lop6 in  
the  keV photon energy range. In  addition 
to  bremsstrahlung radiation there is also 
radiation from partially ionized oxygen and 
other heavy cometary ions whose bound 
electrons are excited by collisions with the  
suprathermal electrons. T h e  bound elec- 
trons cluickly de-excite and radiate any en- 
ergy they receive from this source. 

Line radiation produced by excitation of 
bound electrons in illelastic collisions with 
keV plasma electrons is found to  be more 
effective than bremsstrahlung. Detailed cal- 
culations of the  intensity of this radiation, 
known in fusion research as impurity radi- 
ation 11 3 ) .  have shown that this radiation is , , 

a powerful source of energy loss in fusion 
reactors. T h e  basic physics of this radiation 
can be explained using the  simple picture 
proposed in  (14) where it is assumed that 
the  cross section of the  process is deter- 
mined by inelastic Coulornb electron-elec- 
tron collisions with a small impact param- 
eter thereby leading to  relatively large an- 
gle scattering of plasma electrons. T h e  
Coulomb loparithm, which usuallv in- " 

creases the  cross section for electron-elec- 
t ron collisions in  a plasma by a factor of 10  
to  20 due to  the  input from distant colli- 
sions, for line radiation is a strong func- 
t ion of the  Z factor and is of the  order 5 1. 
T h e  total  lunlinosity due to  recombina- 
t ion or line radiation from t h e  colnetary 
shell, described earlier, is given by (1 3) 

T h e  numerical factor h for oxygen atoms 
has been estimated in 11 4 )  as 0.1 which is 
close to the  value obtained by detailed cal- 
culations ( I  3) .  

From Eq. 11 we estimate the luminosity 
of line radiation for the  parameters we have 
used above as L1 = 3 x 1014 erg sp' for 
photon energies in the  keV energy range; 
this corresponds to a n  x-ray efficiency of 
3 x lop5,  which is comparable with the 
~ ~ a l u e s  obtained in terrestrial aurora (15).  
T h e  kel' photons predicted by our theory 
corresponds to  the  energy interval where 
the  R O S A T  high resolution imager (HRI)  
is also most sensitive. For a n  observed count 
rate, a keV photon spectrum would require 
an  input sensitivity about 100 times or more 
less than would be needed for a 100 el' 
input photon spectrum. T h e  variability of 
the x-ray flux can also be explained by the  
comet experiencing varying solar wind 
fluxes, resulting in  a change to  the  supra- 
thermal electron spectra and hence x-rays. 
If this hypothesis is correct, observation of 
the  x-rays from comets could give remote 
inforlnation o n  solar wind conditions. 
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An Economies Approach to 
Hard Computational Problems 

Bernardo A. Huberman, Rajan M. Lukose, Tad Hogg 

A general method for combining existing algorithms into new programs that are un- 
equivocally preferable to any of the component algorithms is presented. This method, 
based on notions of risk in economics, offers a computational portfolio design procedure 
that can be used for a wide range of problems. Tested by solving a canonical NP- 
complete problem, the method can be used for problems ranging from the combinatorics 
of DNA sequencing to the completion of tasks in environments with resource contention, 
such as the World Wide Web. 

Extremely hard computational problems 
are pervasive in fields ranging from molec- 
ular biology to physics and operations re- 
search. Examples include determining the  
  no st probable arrangement of cloned frag- 
ments of a D X A  sequence ( I ) ,  the  global 
minima of complicated energy filnctions in  
physical and chemical systems ( 2 ) ,  and the  
shortest path visiting a given set of cities 
(3), to name a few. Because of the  combl- 
natorics involved, their solution times grom7 
exponentially with the  size of the  problem 
( a  basic trait of the so-called XP-complete 
problems), making it impossible to  solve 
very large Instances in reasonable titnes (4). 

In  response to  this difficulty, a nulnber 
of efficient heuristic algorithms have been 
developed. These algorithms, although not  
always guaranteed to produce a good solu- 
t ion or to f ~ n i s h  in  a reasonable titne, often 
provlde satisfactory answers fairly quickly. 
In  practice, their performance varies greatly 
frotn one problem instance to  another. In  
manv cases, the  heuristics involve random- 
ized algorlthlns (5 ) ,  givlng rise to perfor- 
mance variability even across repeated trlals 

- ~ 
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o n  a slngle problem instance. 
In  addition to  combinatorial search 

problems, there are Inany other computa- 
tional situations where performance vanes 
from one trial t o  another. For example, 
progralns operating in large distributed sys- 
tems or interacting with the physical \vorld 
can have unpredictable perfortnance be- 
cause of chanoes in  their environment. A - 
familiar example is the  action of retrieving 
a particular page o n  the World Wide Web. 
In  this case, the  usual network congestion 
leads to  a variablllty in  the  titne required to  
retriel-e the  page, raising the  dilemma of 
\vhether to  restart the  process or wait. 

In  all of these cases, the  unpredictable 
variation in  oerfor~nance can be character- 
lzed by a distribution describing the  proba- 
b i l~ ty  of obtaining each possible perfor- 
mance value. T h e  mean or expected values 
of these dlstributlons are usually used as a n  
overall lneasure of quality (6-9). W e  polnt 
out, however, that expected performance is 
not the  onlv relevant measure of the  i lual~tv 

L ,  

of a n  a1gor;thm. T h e  va r~ance  of a perfor- 
mance d i s t r ib~~t ion  also affects the  sualltv . , 

of an  algorithm because it determines how 
likely it is that a particular run's perfor- 
mance will deviate frotn the  expected one. 

inance in exchange for increased certainty 
in  obtaining a reasonable answer. This situ- 
ation is often encountered in economics 
\vhen trylng to maximi:e a utility that has an  
associated risk. It is usuallv dealt with bv 
constructing mixed strategies that have de- 
sired risk and perfor~nance (1 1) .  In analogy 
with this approach, we here present a widely 
applicable method for constructing "portfo- 
lios" that combine different nroorams in 

L L 

such a way that a whole range of perfor- 
mance and risk characteristics become avail- 
able. Significantly, some of these portfolios 
are u n e q u i ~ o c a l l ~  preferable to any of the 
individual component algorithms running 
alone. W e  verify these results experimental- 
ly o n  graph-coloring, a canonical NP-com- 
plete problem, and by constructing a restart 
strategy for access to pages o n  the Web. 

T o  illustrate this method, consider a sim- 
ple portfolio of tm70 Las Vegas algorithms, 
which, bv definition, always nroduce a cor- 
rect soluiion to a problem bu; with a distri- 
bution of solutlon times (5).  Let t, and t? 
denote the  random variables. which have 
distributions of solution times p,(t)  and 
p , ( t )  For simplicity, we focus o n  the case of 
discrete distributions, although our method 
applies to  c o n t i n u o ~ ~ s  distributions as \\,ell. 
T h e  portfolio is constr~rcted simply by let- 
ting both algorithms run concurrently but 
independently o n  a serial computer. Let f, 
denote the fraction of clock cycles allocat- 
ed to  algorithm 1 and f2 = 1 - f ,  be the  
f r a c t ~ o n  allocated to  the  other.  As  soon as 
one  of the  algorithms finds a solution, the  

u 

run terminates. Thus,  the  solution time t is 
a random variable related to  those of the  
individual algorithms by 

T h e  resulting portfolio algorith~n is charac- 
terized by the  probability distribution p(t)  
that it finishes in  a particular time t. T h ~ s  
probability is given by the  probability that 
both constituent algorithms finish In 
time 2 t minus the  probability that both 
algorith~ns finish in time > t 
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