
A Possible lntracluster Origin for the Excess 
Soft X-ray Component in Some Clusters 

clouds (which may be sheet- or filament- 
like) must have a t  least one dimension ex- 
ceeding 100 pc. Such clouds could be still 
he less than a n  arc second in size a t  the  
disrance ot the  Coma cluster. whereas a t  the  A. C. Fabian 
Virgo cluster, they u~o~uld subtend a few arc 
seconds. Irradiation of a cloud bv the  cool- The soft x-ray spectra of the Virgo and Coma clusters cannot be modeled by emission 

from the well-known hot intracluster medium attenuated by photoelectric absorption 
along the line of sight in our galaxy. If the excess soft emission is due to thermal emission 
in the clusters from gas at about 1 million kelvin, then the gas should be rapidly cooling. 
The high rate of cooling poses problems for the origin of the gas and its sink. A model 
in which the component is due to turbulent mixing layers around clouds scattered 
throughout the intracluster medium may explain the excess emission. The gas in the 
mixing layer is reheated after cooling, so that the total mass remains relatively small. 

ing mixed gas will produce line e1Aission (6 ,  
7). Assuming that half of the  power is ah- 
sorbed hv the  cloud and a n  efficiencv of 1% 
for the  production of Ha  line emission, the  
surface brightness of that line is about lo-'' 
ergs cm-' sp'  (arc set)-' for both clusters. 
This line strength is a t  least a n  order of 
magnitude less than that of the  emission- " 
line filaments seen (8) a t  the  centers of 
cooling flows (where the  gas pressure is 
perhaps 100 times greater) but may be de- 
tectable in dedicated observations. 

No emission lines due to hiehlv ionized 

L i e u  et al. (1 ) report excess soft x-ray emis- 
sion in the  Virgo and Coma clusters, greater 
than that exnected from the  kno\vn hot  

tures. (The  lnolnentuln flux dictates the  
relative masses of hot and cold gas that 
mix.) Gas a t  ahout lo6 K can thus he pro- 
duced by the  mixing of gases a t  10"nd 1Q4 
K. T h e  mixed gas is near the  ~ e a k  of the  

intracluster medium in  those clusters. T h e  
excess is apparent in data from the  Extreme 
Ultraviolet Explorer (EUVE), with which 
they discovered this effect, and in  archival 
data from the  Position Sensitive Propor- 
tional Counter (PSPC) o n  ROSAT.  Al- 
though a smaller galactic column densitv 
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oxygen, O VI, have been detected from 
these clusters bv the  H o ~ k i n s  Ultraviolet 

radiative cooling curve, so it cools back 
down to  join the  bulk of the  cold cloud. 
This process repeats continuo~usly. There is 
only a small accumulation of cooled gas 
from the  entrained hot  gas because most pas 

Telescope (9). This ohsirvation gives a n  
emission-profileilependent limit o n  the  
Inass of warm gas that,  if centrally peaked, 
may he i~ lco~ l s i s t e~ l t  with gas cooling a t  the  
inferred rate. However, the  lack of ioniza- - 

along the  line of sight to the  clusters (which 
absorbs the  soft x-ray emission) can elimi- 
nate the  excess, the  correction is greater 

is reused over and over again. T h e  overall 
energy source is the  thermal energy of the  
hot gas. Moreover, rapid mixing creates gas 
a t  lo6 K without needing gas a t  intermedi- 
ate higher temneratures. 

t ion ecluilibrium in mixing layers [the sur- 
face brightness in  O Vi should only be 
comparable to  that of Ha  ( 7 ) ]  and possible 
dust in the  cold clouds, particularly a t  the  
center of the  cluster, reduce the  0 v i  emis- 

than the uncertainty of the  meas~urements. 
Moreover. ~ossibili t ies that  the  effect is due 
to subtleties in the  absorption corrections 
(2 )  are considered unlikely (3). If the  excess 

" 

Quantitatively, the  surface emissivity of 
a mixing layer (5 )  is about Mpt' per unit 
area, where p is the  gas pressure ( in  kelvin 
per cubic centimeter) and 2: is a typical 
velocitv ( in  kilometers ner second) within 

sion that is detectable and so lower that 
limit. Note  that  the  low covering fraction of 
the  clouds means that no clear absorption 
signal need be found in searches for dust in 
clusters (1 0). Such clouds and mixing lavers 

component is due to soft x-ray emission 
from gas a t  -5 X lo5 to 1 X lo6 K, then 
the gas is cooling radiatively a t  a rate of 
hiundreds to thousands of solar masses (M,=) 
ner year for the  Virgo and  Coma clusters. 
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the  hot  gas [I assume that the  efficiency of 
mixing (5) is -11. Taking p = loi It dyne 
cm-' (k ,  Boltzmann constant), \vhich is the  
minimum value in  the  EUVE-observed re- 
gions of the  Virgo and Corna clusters, and a 
velocity v = 100 km s-', the  area of cold 
clouds required is less than -3 X 1O4%cm' 
for a luminosity of 1Q4' erg s-'. For the  
luminosities of the  excess comDonents in  

, , " ,  

do have implications, however, for the  in- 
tervening absorption lines seen in  quasars. 

T h e  scenario presented here consists of 
nmny thousands of cold clouds distributed 
t h r o u ~ h o u t  the  cluster. each with a size of a 

- 
respectively (1 ). Although the  acc~unula- 
tion of cooled gas a t  these rates might evade 
detection a t  other wavelengths (4), it would 
be more than 10" to 10'' kc after 10 
billion vears. T h e  coolinp rate exceeds anv 

few houndred parsecs. s u c h  clouds may he 
remnants of the  formation of the cluster, gas 

cooling' flow inferred from higher energ; 
x-ray data for the  clusters by one (Virgo) to 
two (Coma) orders of magnitude. There- 
fore, the source of the  cooling gas cannot he 
the  hotter intracluster medium. However, 
turbulent mixing layers of mass s lO1 'M,=  at  
the edges of cold clouds distributed 

, - 
that was never efficiently heated or from 
early cooling flows, or gas stripped from 
member galaxies. Conduction has to  be sup- 
pressed for the  clouds to be long-lived. This 
can occur if the  clouds have a magnetic 

the  Virgo and Coma clusters estimated from 
the  cooling rates ( I ) ,  the  areas correspond 
to 30 kpc by 30 kpc and 150 kpc by 150 kpc, 
respectively. These areas are less than 10% 
of the  total observed regions ( the  total frac- 

" 
structure separate from that of the  intraclus- 
ter medium. Provided that  the  clouds are 

u 

throughout a cluster can provide a viable 
explanation for a gas component a t  a tem- 
txrature of about lo6 K. 

t ion of the  hot gas covered h i  the  clouds is 
then also less than 10%). T h e  mass of cold 
gas in  the  underlying clouds depends o n  
thickness but is 10" to lC1 '&  for a col- 
umn densitv of 10" cm-'. This value is not  

only a few hundred parsecs across, the  ex- 
cess emission from their [nixing layers can 
give a smooth, soft x-ray profile a t  the  
resolution of the  R O S A T  PSPC. T h e  shape 
of the  ~ r o f i l e  d e ~ e n d s  o n  the  LTressure of the  

A mixing layer occurs a t  the  interface of 
cold gas and turbulent ho t  gas (5 ) .  Consider 
a cold gas cloud tulllbling throiugh the  hot  
intracluster medium. Turbulent motions in  
the  hotter gas tear up shreds of cold gas 
around the  cloud which then  mix with the  
hot gas to produce gas at a temperature near 

much more than the  mass of the  interstellar 
medium of a spiral galaxy and is several 
orders of ~napnitude less than that which 

hot  gas anil the  ilistribution of the  clouds 
themselves. A difference between the  soft 
excess nrofile and that  of the  harder x-rav - 

nould have acc~unulated over the  llfetlme 
of the  cluster \vlthout continuous I~IXIIIP.  

emission u~ould favor a mixing-layer origin 
over any e x ~ l a n a t i o n  based o n  galactic ah- " 

T h e  size of a cloud must exceed the  
depth of its mixing layer, which is 1 - z~t,,,,, 
where tCL,,>, is the cooling time of the mixed 
gas. A t  the  assumed pressure, 1 - 100 pc, so 
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sorption. Many of the  factors involved in 
the  mixing-laver model are uncertain, and 

the geometric mean of the  two tempera- 

- ,  

the  above estilnates may he equally uncer- 
rain. If mixing layers are the  source of the  

nsttute of Astroiomy, lv ladigey Road, Cambrdge CB3 
OHA. UK. 
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excess emission 111 clusters, then the intra- 
cluster inedi~um inust be m~ultiphase on a 
large scale, with a component of long-lived 
cold clouds. 
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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 wind 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 Vega spacecraft ( 2 ,  3 )  
from the encounter with conlet PiHallev 
suggests that this observation can be ex- 
plained by wave-partlcle 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 
range observed in the sunward mantle re- - 
gion separating the solar a-inii and the ill- 
terior cometary 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 Hz correspon~ling to frequencies be- 
tbveen the ion and electron gyro-freiluencies 
and is close to the lower hybrid freiluency 
which is the geolnetric 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. Dal,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 waves (4) are effective 
in energizing electrons, therefore ~t is not 
sulyrising that an 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 AU) is similar to Halley's (7  x 
lO'%nolecules per second at 1 AU) (6) so it 
is possible that the electron population at 
Hyakutake might have the appropriate ell- 
ergies to produce the observed x-ray emis- 
sion. A previous attelnpt to take an x-ray 
image of comet Bradfield l979X (7) yielded 
an upper limit -1014 erg sC1 for the total 
x-ray power emitted at the comet. It was 
assiuned that x-ravs \vould res~ult from the 
precipitation of auroral 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 demonstrate that the inter- 
action of the conletary plasma and the solar 
wind ~roduces waves in the lower hvbrid 
frequency range that are responsible for the 
production of suprathermal electrons with 
energies in the range of 100 eV up to several 
keV, which are necessary for bremsstrahlu~lg 
and cometarv eas K-shell raiiiation of x-ram. , L> 

foVi la at S a i  Diego. La Jolla, CA-92092, &A. Close to the sun (-1 AU) every colnetary 
D A, Meids ,  Deparment of Eect,cal and C o m p ~ t n g  
Science, U7l\jersty of Caifo~nia at Sari Dlego, ~ s ,  Jola, nucle~ls is surrounded by 2.11 expallding gas 
CA 92092, USA. cloud that consists mostly of water with some 

carbon dloxlde 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 
B,, 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. The energy source for this process is the 
relative motion between the solar wind and 
newly created cometary ions that results in 
the modified two stream instability (8) of an 
ion beam. The 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 from the solar wind 
flow into plasma electrons, and then acceler- 
ating them parallel to the magnetic field 
forming a supratherrnal electron component. 

We obtained simple approximate fonnula 
for the characteristic energy and density of the 
suprathenna1 electrons using the conservation 
equations betlveen the flux 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 disrance r from 
the surface of the comet'can be estimated by 
equating the photoionized part of the come- 
tary gas outflow to the flow of the cometary 
ions picked up by the solar wind such that 

where Q, is the initial flux of gas molecules 
at the cornet siurface (5) ( 2  x 10" molecules 
per second at 1 AU),  .rC' is the rate of 
photoionization (7 = lo6 s), btc is the initial 
gas velocity at 1 AU (v, = 10'ccm sC1), and 
n?, is the cometary ion density (9). From Ecl. 
1 we can estimate the density of the co- 
metary ions, n,,, to be -10 c ~ n - ~  for u = 
3 X 1Q6 ccm s-I corresponding to the down- 
stream shocked solar wind velocity (1 0) 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 bv the 
suprathermal electrons through ~ h e r e i k o v  
resonance with the waves. 

In steady state, the energy flux lost by 
the pick-up ions is equal to the energy flux 
carried away by the suprathermal elec- 
trons. This leads to the energy flux bal- 
ance equation 

where a is the transfer efficiency from the 
colnerary ions of mass mc, and nT, is the 
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