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The excess extreme-ultraviolet (EUV) emission detected in the Virgo and Coma clusters 
is explained by inverse Compton scattering of cosmic microwave background photons, 
which are scattered by the relativistic electrons that account for the extended radio 
synchrotron emission of these clusters. The lower limits of the average magnetic fields 
of these clusters estimated from the EUV excess are close to the equipartition magnetic 
fields derived from radio observations, indicating that the electron energies and magnetic 
field energies might be close to equipartition. The excess emission suggests energy 
reservoirs of -lo6' and -1060 ergs for the Coma and Virgo clusters, respectively. 

T h e  Virgo and Coma galaxy clusters have 
been found to emit excess EUV and soft 
x-ray etnission compared with a hot thermal 
plasma model (1 ,  2).  It has been established 
that the  x-rav etnission of clusters of galax- " 
ies is thermal plasma emission from a hot 
intracluster gas (3) ;  o n  the  other hand, the  
origin of the  excess EUV emission is still 
unknown 14-6). Excess emission due to . , 

some unknown instrulnental effects has 
been ruled out because the  excess emission 
was observed by the  deep survey telescope 
(DS) of the Extreme Ultraviolet Explorer 
satellite (EUVE) and by the  position-sensi- 
tive proportional counter of the  Roentgen 
x-ray satellite. T h e  interstellar medium 
(ISM) of our galaxy is also considered to  be 
an  unlikely explanation for the  observed 
EUV and soft x-ray excess because the  re- 
quired ionization state of the  ISM is very 
different from the  actual values observed for 
the  local and global ISM (2, 5 ) .  

Lieu et al. (1 ,  2 )  have suggested that  
the  excess component is due to -  thermal 
emission from gases a t  about 5 X lo5 to  
1 x 106 K. A n  imtnediate conseauence of 
such a n  exp lana t~on  15 t ha t  the  gab a t  
these temneratures would have cooled ran- 
idly and might have accu~nulated cold 
matter with a mass of up to  1014 solar 
masses (LM,) after 10 billion years. T h e  
a c c ~ ~ m u l a t e d  mass was far more t h a n  that  
expected from a cooling flow. model, 
which found only 10  M, per year for the  
Virgo cluster and  n o  evidence of mass 
cooling flow for the  Coma cluster (7). 
Furthertnore, t h e  Hopkins Ultraviolet 
Telescope did no t  detect any significant 
etnission of the  resonance linesoof 0 \'I a t  
wavelengths of 1032 and  1038 A an: C I\' 
a t  wavelengths of 1548 and 1551 A ( the  
roman numerals indicate the  ionization 
numbers) from the  clusters tha t  show ex- 
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cess emission (8);  this finding is inconsis- 
tent  with a gas a t  the  inferred tempera- 
tures. Fabian ( 6 )  has proposed turbulent 
mixing layers as a viable scenario to  ex- 
plain the  existence of a 106 K gas compo- 
nen t  in  these clusters; however, it is hard 
to  validate the  applicability of this model 
because of several uncertain parameters 
involved in  it. 

Cosmic microwave background (CMB) 
3-K ~ h o t o n s  scattered by relativistic elec- 
tron'can also produce EUV and soft x-ray 
emission (9 ) .  Diffuse radio emission from 
the  Conla and Virgo clusters has been de- 
tected (1 0, 1 1 ); the  emission is synchrotron 
radiation emitted bv the  relativistic elec- 
trons in  the  halo regions of these clusters. 
T h e  sizes of the  emission halos are compa- 
rable with those of the  excess EUV regions 
(1 2).  Given the  existence of the  relativistic 
electrons, it seems likely that an  inverse 
Compton ( IC)  process is operating in  these 
clusters and scattering C M B  photons to 
higher energy. It is possible that the  excess 
EUV and soft x-ray radiation has a n  origin 
from the  IC-scattered C M B  3-K (IC-3K) 
photons. 

T h e  IC-3K model can  be tested bv 
comparing the  observed diff~rse synchro- 
t ron radiation with the  excess EUV emis- 
sion. If t he  relativistic electrons in the  
Virgo and Coma clusters have a power-law 
energy distribution 

h',(E,) = h'E,-" E, < E, < E,, ( 1 )  

where N ,  is the  electron number density, N 
is a constant, Ee is the  electron energy, El 
and ELL are the  lower and upper cutoffs in 
the  energy distribution, respectively, and p 
is the  electron spectral index of a power-law 
distribution, the  synchrotron radiation 
Ss(v) emitted by these electrons is propor- 
tional to vp("-')I2, where v is the  frecluency 
of the  radiation. T h e  IC-3K photon flux 
density S,,., a t  energy E, scattered by the  
same relativistic electrons, is then given by 

where e is the  electron charge, c is the speed 
of light, h is the Planck's constant, m, is the 
mass of an  electron, k is the Boltzmann's 
constant, T is the temperature, Bo is the 
average magnetic field in  the halo regions, 
and F(p) and n(p) are the parameter func- 
tions defined by Blu~nenthal and Goulds (9,  
13) .  

For the  Coma cluster, the  relativistic 
electron distribution has p = 3.68 (1 0 ) ,  and 
the  I C  photon flux density is (14) 

Sic(&) = (3 .41 2 0.61 X 10-IS) 
B,-'.j4E-'.?4 ctn-? s- i  keV-l 

( 3  

If B, = 0.4 p G ,  the  I C  flux within 0.1 and 
0.27 keV would be about 9.87 x lop" ergs 
cmp2  s p l .  Given the ISM absorption of the  
Milky Way, which has a neutral hydrogen 
column density of hTH, = 8.7 2 1.0 X lo1' 

_ 1 
cm - (2) ,  the absorbed flux would be about 
2.9 x lo-'' ergs cm-I sp l ,  which could 
produce a total count rate of about 50 i- 10 
count/ks in  the DS. This count rate is large 
enough to explain the total excess count 
rates (45 countiks) detected for the  Coma 
cluster (2) .  This magnetic field is stronger by 
a factor of 4 than that derived from the  hard 
x-ray observation with the Compton Gam- 
ma-Ray Observatory, which obtained a low- 
er limit of B, = 0.1 FG for the Coma cluster 
when the I C  flux density of Ecl. 3 was applied 
to the hard x-ray data (14).  Bo = 0.4 FG 
derived from the observed excess EUV emis- 
sion is close to the equipartition magnetic 
fields and the large-scale magnetic fields for 
the  Coma cluster obtained independently 
from several different observations (1 5-19), 
which indicates that the  IC-3K model is 
consistent with these observations and that 
the electron energy anit magnetic energy 
might be close to equipartition. 

T h e  ther~nal  flux of the Cotna cluster was 
determined fro111 the emission of a hot gas 
estimated from the  Mewe-Kaastra (MEKA) 
thermal plasma code (20) with the model 
parameters of (2) ,  and the IC-3K flux was 
derived from the radio halo emission with B, 
= 0.4 FG. T h e  estimated thermal flux dom- 
inates at energy around 1 keV (Fig. 1);  the 
contribution of the IC-3K flux become sig- 
nificant only at lower energy, around 0.1 to 
0.2 keV (Fig. 1) .  T h e  excess etnission is 
prominent in the DS because the  DS detec- 
tor has the  highest response around 0.15 
keV. The  IC-3K flux was ignored in earlier 
x-ray observations because it did not contrib- 
ute significantly to  the total flux in the 
energy ranges of these observations. 
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The IC-3K EUV emission is produced by 
the relativistic electrons with enereies that - 
are unobservable from ground-based radio 
telescones. The radio freauencies observed 
for the halo of the Coma cluster range from 
10 to 1400 MHz, wh~ch corresnond to 
Lorents energy factors, y, from 2500 to 
30,000 (21) ,  if B, = 0.4 pG. On the other 
hand, the IC-3K EUV photons detected by 
the DS are primarily scattered by the elec- 
trons of y - 410. It might be questioned 
whether the electron spectrum can he ex- 
trapolated to low energy. It has been suggest- 
ed that the electron distribution between y 
= 100 and 1000 might be flatter than the 
extrapolated power law observed at higher 
energies (22). Particularly, if the steepness of 
the electron suectrum is caused by do~ninatlt 
energy losses &of synchrotron raiiation and 
IC scattering, which have energy loss time 
scales inversely proportional to electron en- 
ergies, the low-energy electrons might be 
flatter because the time scales of energy loss 
are longer for the low-energy electrons. 
However, the half-life of electrons with y = 
410 is about 2.7 X 10"vers (21). This result 
implies that the electrons at this lowenergy 
region are also affected by the same energy 
loss tnechanis~n and aging cannot cause sig- 
nificant flattening at this low. energy. Other 
situations that might lead to spectrum flat- 
tening at low. energies, for example, a strong 
magnetic field or a high electron densitv 

u u 

(22),  are not applicable to the Coma cluster 
because of its weak nlagnetic field and low 
electron density. 

Nonetheless, it is imuortant to examine 
whether any potential flattening of the un- 
observable electron distribution might limit 
the applicability of the IC-3K model for the 
EUV excess. If the electron distribution he- 

gins to flatten at y = 1000, then the IC-3K 
model can still account for half of the oh- 
served EUV excess even if the electron spec- 
tral index is flattened to p = 3.0, and it can 
account for one-third of the observed excess 
if p = 2.7 (Fig. 2) .  If B, - 0.2 pG, as has 
been suggested by some observations (15, 17, 
19), the IC3K process can explain the oh- 
served EUV excess even if p = 2.2. Because 
the flattening of the electron spectral index 
Ap is unlikely to be Inore than 1 (23), I find 
that the IC-3K process always contributes 
some excess EUV photons given p = 2.6 
to 3.6 and Bo = 0.2 to 0.4 pG (Fig. 2). 
The reservoirs of the energy and the rela- 
tivistic electrons are about -106' and 
- lo6' ergs, respectively, for p = 3.68 and 
are smaller if the electron spectrum flat- 
tens at low energy. The predicted gatnma- 
ray radiation due to the IC scattering of 
the thermal x-ray and optical radiation of 
the Coma cluster from these low-energy 
electrons is below the detection litnits of 
current gamma-ray observations. 

For the Virgo cluster, the halo emission 
is dominated by an asymmetric structure 
within a 12 arc min by 16 arc min region 
( 1  1 ). This dominant halo is roughly within 
the 7-arc min radius of the cluster; the 
radio emission outside the 7-arc lnin radius 
is less clear ( 1  1 ). Here, I compare the IC-3K 
EUV and radio synchrotron emission only 
within the central 7-arc lnin radius of the 
Virgo cluster. The IC-3K photon flux den- 
sity within the radio halo is 

IC-3K flux could explain the excess emission 
( I  ) if B, = 1.25 p,G; the reservoirs of the 
energy and the relativistic electrons are 
ahout -10" and -10" ergs, respectively. 
The B, derived for the Virgo cluster is much 
higher than that for the Coma cluster: how- 
ever, the equipartition magnetic fielhs de- 
rived from radio observations ( 1  1. 24. 25) of 
the Virgo cl~rster are also higher and are 
close to the B, derived from the EUV excess. 
which again indicates the consistency he- 
tween the magnetic field derived from the 
IC-3K EUV model and those derived from 
other observations. 

Therefore, IC scattering of the CMB 3K 
photons is a feasible model to produce the 
excess EUV photons of clusters of galaxies 
detected by EUVE, such as the Coma and 
Virgo clusters. This process is the most 
natural and physically grounded mecha- 
nism to account for the excess EUV emis- 
sion for the Coma and Virgo clusters he- 
cause of the existence of relativistic elec- 
trons in these clusters. The lower limits of 
the B, values derived from the EUV excess " 
are htgher than prevlous values obta~ned 
from hard x-la\ obselvattons and close to 
the eyuipartitidn magnetic fields. Further- 
more, the svnchrotron radiation emitted 
from ;he relativistic electrons and the ob- 
served excess EUV emission are iluantita- 
tively consistent with each other in the 
IC-scattering scheme. Altho~reh the exis- 

u 

tence of a 10% gas component in these 
clusters cannot be excluded, there is no 
need for the existence of such a warm gas 
to exulain the excess EUV emlsston for 
these two clusters; at least, the amount of 
the warm gas required should he reduced. 

The count rate In the DS caused by this 
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Fig. 1. The IC-scattered CMB photon flux and the 
thermal emisson from the hot gas component of 
the Coma cluster. The thermal emiss~on of the hot 
component (histogram) was estimated from the 
MEKA plasma code with parameters withn the 
inner 15-arc mln radius of the cluster (2). The 
C-3K photon flux (sod ne) was calculated from 
Eq. 3 with 5, = 0.4 KG. The hot component has a 
temperature kT = 8.21 keV and a metal abun- 
dance A = 0.21. The ISM absorption of N, = 

8.7 x 1 O i g  was taken into account for both fluxes. 
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Fig. 2. The expected count rates in the DS for the 
Coma cluster at different electron spectral indices. 
The break point of the electron spectrum was 
assumed to be at y = 1000. The expected count 
rates with 5, = 0.4 pG (solid he) and 5, = 0.2 
pG (dashed line) were calculated from Eq. 3 fold- 
ed w~th the ISM absorpton (N, = 8.7 x 1 O:g) and 
the effective area of the DSTThe observed excess 
EUVE DS count rate and ts  uncertainty are ndi- 
cated by the gray area. The vert~cal dotted line 
indicates the observed spectral ndex p = 3.68. 
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A Pulsar, the Heliosphere, and Pioneer 10: 
Probable Mimicking of a Planet of PSR 

B1257-t 12 by Solar Rotation 
Klaus Scherer,*-i- Horst Fichtner, John D. Anderson, 

Eunice L. Lau 

Doppler data generated with the Pioneer 10 spacecraft's radio carrier wave between 
1987 and 1995 show a 25.3-day periodicity which is related to the solar rotation. The 
timing data of the pulsar PSR B1257+12 also show a periodicity of 25.34 days, which 
has been explained as a signature of the pulsar's barycentric motion in response to the 
existence of a small moon-like object. However, because PSR B1257+12 is located 
close to the ecliptic and because the timing variations are in the range of microseconds, 
it is likely that the pulsar signal is affected by the same mechanism acting on the Pioneer 
10 Doppler data. Hence, the hypothesized inner planet around PSR B1257+12 is prob- 
ably an artifact of the heliosphere. 

Variations in the timing data of the pulsar 
PSR 61257- 12 n . ~ h  perioclicitlec of 25.14, 
66.54, 98.22 clayc l i a~-e  been esClailleJ 
1iy its motion arounil the harycenter, Lie- 
tined hy the plllsar a n ~ l  three 111-pothesireil 
planets ( I  ) .  111 fitting these data, mulr~hocl\- 
siiuulations \yere used to ~iescril3e the plan- 
etary e ~ - o l l ~ t i o n  oT.er tens of years (?), and, 
~vltl i  a vectorial integration ilietlioii (j), it 
has been sho~vn  that the three-pla~iet sl-s- 
t e n  would be stable over seine hunilre~ls of 
tliousan~is of years. 

Despite this plaucihle explaiiaticin of 
the  tiininq data,  the  three-planet liypoth- 
csic ha \  to  be cliecked against otlier inter- 
pretatio~is.  In particular, ac has been i!em- 
o i~s t r~ l t ed  (4) in connec t io~ i  ~vi t l i  t he  sus- 
pected estracolar planet arounil 51 Peqasi, 
serious col~siderat io~i  has to  he olven to  
the  question of whetlier the  planets are 
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real. In  lieht of this. \ve  lemons st rate that 
the  innermozt moo~i-like planet arounil 
PSR R1257+12 probalil\- iloez not  exist. 

\%ye hahe this liypotliesls o n  the   lom mi- 
lialit perioil i ~ i  the  Pioneer l C  (Pl i?)  r,iiiio 
Doppler data (5) of 25.3 ~la\-s,  1~11ic11 lz  

indisting~lishal?le from the  >uspecte~l re\ - 
olution pericid of the  llllier planet , i ro~l i i~i  
PSR 61257-12. T h e  PIC Doppler ~i,it,i 
,ire obtaineii by a "t\vi)-\~.ay r;iiiio linlc" 
experiment,  11-here a signal \v~t l i  a frequen- 
cy J = 2.1 G H r  1s tranzmitteil from Earth 
(uplink),  traiicpoliiieil by the  spacecratt, 
a n ~ l  hourz later is receil-eil l~acl i  at Earth 
(ilon.nlink). Wltll  a local oscillator ( a  
highly stable hyiirogen mazer), it is pocsi- 
hle to  ileterlliiiie the  tloppler shit't to an  
accuracy o t  better than 1 mH: (6). After 
remo\.ing systematic changes in the  poci- 
t ion a n ~ l  velocity of PlL? caused I y  t he  
motion ot' t he  planets anil the  moon, Lie- 
rioils of 13.3 days ( / ) ,  25.3 c1,iys (Fig. l ) ,  
anii ahout 1 year (FiS. 2 )  (8) remaineil. 
T h e  periods cannot  1.e proJucecl as ;r result 
of an  acceleratloii of the  spacecraft 1.y the  
r;illl pressure of the  solar \vinii ( ( I , , , , ,  ;= 5 X 
lL?-" km s-') or liv the  solar ra j ia t lon 
preccure (a,-,&, - 5 x lCP" l<nl s be- 
cause their con t r ihu t~on  is orders of mag- 

n i tn ie  sllialler than  the  standaril error in 
tlle reiluceil Doppler data.  

T o  test the  Idea tha t  the  solar wind 
patterns arc resp,,oi~sible for thece PIC pe- 
riiiiiicities, we calculated tlle autocorrela- 
tin11 of the  rcilucc~l Ilapk>ler data (Figs. 2 
and 3 )  anil ci~il~p;ireil lt ~ v i t h  the  cross- 
correlation of the  Doppler Ja ta  with the  
solar n- nil proton iiensity recoriled 1iy 
P l ? ,  131- Val-ager 2 ( I 7 ? )  (Fig. 2 ) ,  and hy 
the  Interplanetar\- Llonitoring Platform 
(IMP) (9)  spacecraft (Fig. 3 ) .  Tlie cross- 
correlation fllnctiolis have a shape silnilar 
to that  of the  , i ~ ~ t o c o r r e l ~ ~ t i o n  fllnction 
(Fig. 2 ) .  T h e  relati-ve shift l i e t \ ~ e e n  the  
tn-o cross-correlation fllnctions can he ex- 
pl,ilne~l by tlie i l i t terc~it  heliocentric die- 
tailces (?) anil ecllptic latitllcles (p )  a n ~ l  
longitlldcs ( X )  ot P1C and 1'2. Although 
the  cro>s-correlation 1s pertormeii ~ ~ s i i i g  
the  obcer~eci proton iieiislty iiata, the  re- 
sult i> vc~liil for tllc unohserve~l electroll 
ilensity too, because of the  iluaci-neutral- 
ity of tlie solar \vinii. 111 a~ ld i t ion  to  the  
PlL? anil V2 plasma ilnta, \ve correlated the  
reiluceil Doppler data nit11 the  plasil~a data 
ohtained hy the  IMP spacecraft a t  1 astrci- 
nomica1 unit (AU) (Fig. 3) .  In  thic case, 
the  auto- and cross-correlation tunctions 
11a~.e ~l i t terent  shapes for larger time lag<, 
but arc verl- similar to  each otller for sllort 
time lags. 

T o   lete ermine an\- perioLliclties shorter 
than  1 year, \ye applieii t he  iliasinullli 
entropy methoil to a 9-month ( 1 Q) coher- 
en t  ra-n7 L3oppler data set (Fig. 1 )  in 1993. 
T h e  clat;i shon. twci perioils of 25.3 and 
13.3 d a y  a t  ,i ccinfiiience level >9jo% and 
perio~is of 52.9, 18.5, and 11.2 Jays a t  a 
contii ie~ice level >5C"io. Here,  \ve are in- 
terested only In the  25.3-day period, 
n h i c h  can he explained as fcollo~vs: In  tlie 
ecliptic plane, tlie raclici rvave p ropap tes  
tlirougli the  interplanetar\- meili~lm, 
which is n i ~ r  ~llliforili hut resembles the  
rcitation o t  the  sun,  especially the  struc- 
tured pattern, iniluce~i hy the  sector s t r ~ ~ c -  

0 
0 Frequency ( l ldays) 0.1 

Fig. 1. Peroaograni calct~latea by the maxlmclm 
entropy ( a  poles) method for reduced PIC Dop- 
pler data over an liiterval of about 9 months cen- 
tered or  solar oppos~ton 




