
to be melted by transent shocks. 
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26. We used the Bursch-Stoer algorithm [R. Bursch 

and J. Stoer, Numer. Math. 8, 1 (1966)l. We as- 
sumed a gas denslty of 10-'"g ~ m - ~ ,  udith fractional 
deviat',on from Kepler1an rotation 5 x 1 0-3. Plane- 
tesmals were assumed to have density 2 g c m 3  
a ~ i d  drag coefficent of 0.4. 

27. S. Dermott and C. Murray, Nature 301. 201 (1983): 
M. J. Holman and N. W. Murray, Astron. J. 112, 
1278 (1 996). 

28. For small eccentricity, orbltal decay is prlmarlly due 
to the non-Keperlan rotatlon of the nebula, If the 
eccentl.icty IS large cornpaved udith the fractional de- 

vation from the Keper velocity, there IS an addtonal 
secular decay ofthe semimajor axls as~vel l  as damp- 
ing of inclination: see Adachl ei a/. (1 7 ) .  

29. F. Podosek and P. Cassen, ~Vleteoritics 2 9 . 6  (1 994). 
30. Our cases were computed in three dimensions, ud~th 

Initial Inclinations between 0' and 1 ". There was no 
significant increase In mean inclnation during evou- 
t~on  in resonance. 

31 F. Whppe,  in Physical Studies of ~W~nor Planets, T. 
Gehrels. Ed. (NASA SP-267, 1971), p 251 

32. The resonance angle for thep:q resonance ~ s p h  - 
qXp - G, where X, and Xp are the mean longitudes 
of Juplter and the planetesmal, and G IS the plane- 
teslmal's longitude of perihelion; see F. Marzar~, H. 
Schol, L. Tomasella, and V. Vanzan [Planet. Space 

Possible Production of High-Energy Gamma 
Rays from Proton Acceleration in the 

Extragalactic Radio Source Markarian 501 
K. Mannheim 

The active galaxy Markarian 501 was discovered with air-Cerenkov telescopes at photon 
energies of 10 tera-electron volts. Such high energies may indicate that the gamma rays 
from Markarian 501 are due to the acceleration of protons rather than electrons. Fur- 
thermore, the observed absence of gamma ray attenuation due to electron-positron pair 
production in collisions with cosmic infrared photons implies a limit of 2 to 4 nanowatts 
per square meter per steradian for the energy flux of an extragalactic infrared radiation 
background at a wavelength of 25 micrometers. This limit provides important clues about 
the epoch of galaxy formation. 

Gamlna rays (y  rays) from cosmic sources 
impinging on Earth's atmosphere initiate 
electromagnetic showers in which the en- 
ergy of the primary y ray is imparted among 
secondary electron-positron pairs. The blue 
Cerenkov light emitted by the pairs in the 
atmosphere can be detected {rom the 
ground with optical telescopes triggering on 
the short (-1 ns) optical pulses. The tech- 
niaue has advanced considerablv in recent 
years (1 ), and some surprising discoveries 
have been made. Among them is the detec- 
tion of the blazar Markarian 501 (Mrk 501) 
at energies above 10 TeV (1 TeV = 10" 
eV) (2) .  

Blazars are remote but verv oowerful , L 

sources characterized by their variable po- 
larized svnchrotron emission. Thev are as- 
sociated'with radio jets (bipolar oltflonrs) 
emerging from giant elliptical galaxies 
seen at small angles with the line of sight. 
Mrk 501 is -3 X 10Vight-vears from 

u ,  

Earth but nevertheless produces a tera- 
electron volt y ray flux during outbursts 
that is Inany times stronger than that of 
the Crab Nebula, a supernova relnnant 
inside our Milky Way at a distance of only 
6 x 103 light-vears. The radiation mech- 
anlsln respinsible for the y rays could be 

Universltats-Sternwarie. GelsmarIandstraBe 11 . Gottin- 
gen D-37083, Germany. E- ma^; kmannhe@uni-sud 

either inverse Co~npton scattering of low- 
enerev ohotons bv accelerated electrons 

u, 

(3) or pion produckon by accelerated pro- 
tons. In the latter case, the sources could 
be among the long-sought sources of cos- 
mic ravs: that is, the isotrooic flux of 
relativistic particles with differential num- 
ber density (N)  spectrum dN/dE E P L 7  
(for energies E < lo3 TeV), mainly con- 
sisting of protons and ions (4).  

Particle acceleration in astrophysics is 
tvoicallv observed to be associated with , 
(collisidnless) shock waves when a super- 
sonic flow of ~nagnetized material hits a 

u 

surrou~lding medium. Examples of shock 
waves are shell-tvoe sunernova remnants , L 

(explosion of a massive star), plerions (pul- 
sar wind), y ray bursts (relativistic ejecta 
from the collapse of a compact stellar ob- 
ject), or the jets ejected from active galactic 
nuclei (collimated relativistic wind from 
the accretion disk around a super~nassive 
black hole). 

In the theoretical picture of shock accel- 
eration, relativistic particles (protons, ions, 
and electrons) scatter elasticallv off turbu- 
lent fluctuations in the magneiic field on 
both sides of the shock and therebv gain , u 

energy because of the convergence of the 
scattering centers (approaching walls). The 
acceleration time scale for the process can 
be written as t,,, = (r,c/v2, where v denotes 
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the velocity of the shock wave (c is the 
speed of light) and r ,  E/B denotes the 
radius of gyration of a particle with energy E 
in a magnetic field of strength B. The ef- " " 

fects of shock obliquity, turbulence spec- 
trum, and other u~lknorv~~s are conveniently 
hidden in an empirical factor 5 r 1. The 
most rapid (gyro-time scale) particle accel- 
eration for relativistic shocks corresponds to 
5 = 1 (5). Balancing the acceleration time 
scale with the energy loss time scale due to 
synchrotron radiation ta,, B - E - ' ,  one 
obtains the ~ n a x i ~ n u ~ n  energy of the elec- 
trons E,,,, = 10 (t/lO)-' '(B/3 p,G)-'.'(v/ 
lo8 cin s-') TeV (6) .  The observed 10-TeV 
y rays from the Crab Nebula (7) and the 
observed synchrotron x-ravs in shell-tvne , 
supernova ~emnants (8) (corresponding to 
10-TeV electrons) reauire E - 1 to 10. 
Because protons lose less energy, they can 
reach larger En,ay's than electrons and glve 
rlse to y ray emisslon even above -10 TeV 
bv means of olon nroduction and subse- 
quent pion decay. Although shock acceler- 
ation theory predicts that most of the cos- 
mic rays are accelerated in supernova rein- 

nants (4), no definitive y ray signature has 
yet been discovered. 

It has been argued that the assumotion " 

of electron acceleration also suffices to ex- 
plain the y rays from blazar jets such as Mrk 
501 (9) .  Estimates of the magnetic field 
strength in the y ray-emitting part of the 
jet in Mrk 501 then yleld values in the 
range B - 0.04 to 0.7 G. This,magnetic 
field is much stronger than the one in su- 
pernova remnants, and the associated stron- 
ger cooling of the relativistic electrons due 
to synchrotron energy losses reduces Enlax 
accordingly. The effect is almost compen- 
sated for by the high shock wave velocities 
in extragalactic radio sources, which speed 
up the acceleration rate. Using radio inter- 
ferometry, shock wave velocities close to 
the speed of light have been inferred, cor- 
responding to typical bulk Lorentz factors in 
the range TI,, = (1 - - 2 to 10 (p 
= v/c), with a few cases of still higher values 
(10). Because of the alignment of the jet 
axis and the line of sight in Mrk 501, su- 
perluln~nal motion has not been observed. 
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With v = c, 5 = 10, and taking into ac- 
count equal synchrotron and inverse 
Compton losses, one obtains Ern,, - 4 
Tj,t(B/G)p"5 TeV from the balance be- 
tween acceleration gains and energy losses. 
The additional factor T,,, takes into ac- 
count the boost in energy due to the rela- 
tivistic bulk motion. Therefore, electron 
maximum energies of -10 TeV as required 
for Mrk 501 [at least 5 to 8 TeV are required 
for the similar blazar Mrk 421 (1 I ) ]  are 
formally allowed, but one certainly has to 
push the theory to its limits and this raises 
a number of concerns. (i) The multi-TeV 
spectrum sbu ld  show considerable curva- 
ture because of the (so-called Klein- 
Nishina) decrease of the scattering cross 
sectlon when the enerev of the scattered -, 
photon approaches E,,,, and because of the 
onset of electron-positron pair production 
(the observed multi-TeV spectrum is con- 
sistent with a smooth power law). (ii) The 
ratio between the y ray and synchrotron 
(si~nultaneous) luminosities deoends sensi- 
tively on the jet Lorentz factor rjer and 
therefore requires fine tuning (both nearest 
bright blazars, Mrk 421 and Mrk 501, show 
a similar v-to-x-ray lu~ninosity ratio). (iil) . . .  
The magnetic field'pressure ruins out to be 
much lower than the relativistic electron 
pressure in the electron acceleration mod- 
els, which seems inconsistent with the 
shock acceleration mechanism (the turbu- 
lent magnetic field is responsible for push- 
ing the electrons back and forth across the 
shock); larger values of B are also ex~ected 
from the adiabatic expansion of a magnet- 
ically colli~nated jet [the observed B field at 
the tips of the jet in Cygnus A is coilsistent 
with adiabatic expansion (12)l. (iv) Larger 
values of Ti,, could aineliorate the problem 
that EIn,, - 10 TeV; however, one would 
run into a problem with unification models 
of active galaxies if rlrt > 10 were the rule 
rather than the exceptlon (13) (the number 
of required host galaxies would exceed the 
number of known radio galaxies). 

c 3  

A natural solution to the problem is to 
assume that the 10-TeV ?I ravs are due to , 1 

pion production from accelerated protons. 
The balance equation between energy gains 
and losses for protons yields maximum en- 
ergies of -lo6 TeV and short variability 
time scales t,,, r 105(</I?,,t)(B/G)p1 sec- 
onds in Mrk 501 (14). The relativistic pro- 
ton energy loss is dominated by photopro- 
duction of oions in collisions with low- 
energy synchrotron photons (originating 
from accelerated electrons). Collisions of 
the accelerated protons with matter are 
negligible because of the low density of 
matter in relativistic jets [unless a high- 
density target moves across the jet ( l j ) ] .  
The y rays from the decay of the neutral 
pion (far above the observed range of ener- 

gies) are subject to pair creation in further 
collisions with the low-energy synchrotron 
photons (y  + y + e- + ep). This initiates 
an electromagnetic cascade, shifting the av- 
erage photon energy to the tera-electron 
volt range and below. A model based on the 
combined acceleration of protons (y  rays) 
and electrons (radio-to-x-rays)-called 
the proton blazar model (1 6)-was fitted to 
p~~blished data of Mrk 501 in order to ob- 
tain a prediction of its multi-TeV spectruin 
(1 7). Data from 1995 and earlier were avail- 
able for the analysis and covered the radio- 
to-x-ray wavelength range, including a flux 
limit above 100 MeV and an integral flux 
above 300 GeV [for detaiis see references in 
(17)]. The published flux values showed 
considerable variability in the optical-to- 
x-ray range, and the model spectrum was 
therefore fitted to match the time-averaged 
spectrum (from the fit, one obtains B = 37 
G and I?,,, = 10). The predicted multi-TeV 
spectruin is shown in Fig. 1 and compared 
with the data obtained from recent (1996 
and 1997) air-Cerenkov observations. The 
fairly robust spectral slope of the model 
spectrum fits the observations, whereas the 
absolute flux nor~nalization is somenrhat too 
low. Considering that the sub-TeV (350 
GeV) flux has been reported to increase 
from 1995 to 1997 (9),  the agreement is 
actually rather impressive if one scales up 
the model spectrum accordingly. Contein- 
poraneous multi-wavelength observations 
of blazars such as Mrk 501 will be important 
to discriminate between electron-based and 
proton-based models for the y ray emission 
from them. Generally, electron-based [nod- 
els require larger values of rlef and lower 
values of B to obtain h~gh-energy y rays 
than do proton-based models. 

There is a further hint that proton accel- 
eration might be important. Unresolved 
blazars are the most probable source popula- 
tion to produce the observed extragalactic y 
ray background between 10 MeV and 10 
GeV (18). The energy density of this y ray 
background is =4 X lop6 eV A sim- 
ilar value is found for an extragalactic flux of 
protons (with dN/dE Ep' differential spec- 
trum between lo9 and 10'"V) providing all 
of the observed cosmic rays with energies 
above 1018.5 eV (the so-called "ankle" above 
which the very-high-energy differential cos- 
inic ray spectrum Ep3 flattens) (19). On 
the assumption that the y rays are from 
proton (p) acceleration, the comparable en- 
ergy densities result from simple decay kine- 
matics: Photoproduction of neutral pions 
(IT" (p + y + nTTO + p) and their subsequent 
decay give rise to y rays (subject to electro- 
magnetic cascading), which carry -115 of 
the proton energy. Charged pions (p + y + 

T- + n) are produced at approximately the 
same rate and give rise to neutrons (n), 

0.0 0 .5  1 . O  1 .5  
log,,E(TeV) 

Fig. 1. Dfferental TeV spectrum of Mrk 501. Thin 
solid line: proton blazar model predction based 
on archival data from 1995 and earlier ( 1  7) taking 
into account intergalactic attenuation adopting a 
DRB spectrum based on a cold + hot dark matter 
model of galaxy formation from (23) with vl,, (25 
pm) = 1.0 nW m-' sr-' and a Hubble constant 
H, = 75 km s-' Mpc-' (throughout the paper). 
Thin dashed n e :  same as thn s o d  line, w~thout 
intergalactic attenuation. Thick solid lines: model 
spectrum scaled up by factors of 2.5 and 20, 
corresponding to the Increase in the mean sub- 
TeV flux from 1995 to 1996 and the spring of 
1997. respectively (9). Open circles: HEGRA 
(High-Energy Gamma-Ray Astronomy) CTI ob- 
servatlon March to August 1996 (220 hours) (27). 
S o d  circles: HEGRA ACT observaton March to 
April 1997 (26.7 hours) (2). 

which carry -415 of the accelerated proton 
energy. Because the neutrons do not scatter 
off the magnetic field fluctuations responsi- 
ble for the acceleration and storage of the 
charged particles in the blazar jet, they must 
escape the accelerator (energy losses are 
small and modif\: the neutron spectrum only 
at the very highest energies). Time dilation 
allows the most energetic neutrons to leave 
the host galaxy freely before P decay occurs 
(for protons there would be adiabatic losses 
due to the magnetic field in the host galaxy). 
Hence the neutron (and after p decay the 
proton) lumiilosity is equal to the y ray 
lu~ninosity within factors of order unity. An 
extragalactic origin of the highest energy 
cosmic rays is indeed suggested by the ab- 
sence of an enhancement of the cosmic ray 
flux toward the galactic disk (20) and by the 
change in chemical composition from heavy 
(protons and ions) to light (protons) above 
1018.; eV (21). The ultimate challenge to 

the hypothesis is the measurement of the 
high-energy neutrino (v) flux associated 
with the charged pion decay (T' + e' + 
3v). The energy density in these multi-TeV 
neutrinos would be of the same order of 
magnitude as that in extragalactic cosmic 
rays and y rays. Their measurement therefore 
constitutes an experimentum crucis that is 
within reach for the planned cubic kilometer 
underwater (ice) detectors (22). 

Although y rays are known from labo- 
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ratory experiments for t h e ~ r  penetrating 

power, propagation over intergalactic dis- 
tances is not without hurdles. A diffuse 
isotropic infrared background (DIRB) was 
produced when the first galaxies formed. 
Massive stars in early galaxies produced 
large amounts of dust in their winds, re- 
processing the visual and ultraviolet light 
from the stars into infrared (IR) light. By 
colliding with these ample IR photons, y 
ray photons can disappear and turn into 
electron-positron pairs (23-25). T h e  most 
llulnerous 1R photons above the threshold 
for pair production with 10-TeV y rays 
haye wavelengths -25 pm. The  mean free 
path ( I y v )  for pair creation at  multi-TeV 
energies 1s of the order of the distance d of 
;\/Irk 501. The  exact value depends on the 
DIRB, which is difficult to measure direct- 
ly because of the presence of zodiacal light 
and galact~c cirrus clouds. 

O n e  can use the ohserved power law 
spectrum (2)  to put a limit on the maxi- 
mum allowed pair attenuation, assuming 
that the ohserved power law is the unat- 
tenuated swectrum emitted by the source 
(consiste!l; with the proton-based model). 
In eeneral, only contri\.ed intrinsic swectra 
woy~ld look l ~ k k  a smooth power la$ after 
the iluasi-exwonential attenuation. T h e  
maximum allowed deviation from the 
power law [l - exp(-d/hv,)] is take11 to 
be the size of the statistical error bar at 1C 
TeV, yielding an optical depth T,, = d/X,, 
< ' C.7. This 11tnit can be relaxed hy a 
factor not  larger than -2,  adrnittl~le for ., 

weakly absorbed spectra that still approx- 
imate a nower law (dashed line in Fie. 1 ). ., . 
There is some dependence of the attenu- 
ation on  the share of the DIRB snectrum. 
Usefill models for the spectral shape can 
be found in (23-25) and yield a similar 
limit for the 25-pm DIRB normalization 
vl, (25 p m )  < (2  to 4) n W  mp%rp'.  The  
ahsence of y ray attenuation in Mrk 501 is 
consistent with n o  c o n t r l b u t i o ~ ~  to the 
DIRB other than from the opticall\? select- 
ed galaxies, for which one expects -10% 
of their optlcal emission to be reprocessed 
by warm dust, yielding v1, (25 pm) -1 
n W  mp' srp' (26) ,  hut would also allow a 
DIRB that is stronger hl a factor of 2 to 4. 
A DIRB of at  least -3 n W  mp%rr-' 1s 
suggested hy faint 1R galaxy counts and 
indicates contributions from dust-en- 
shrouded galaxies at  red shifts of : - 3 to 
4 (24) .  Electron-hased models for the y ray 
emission from Mrk 501 (9)  predict de\.ia- 
tions from a power law in the multi-TeV 
range e17en without external attenuation 
and therefore impose an upper limit on 
the DIRB that is helow the lower limit 
from faint IR galaxy counts. If both meth- 
ods of estimating the DIRB (de\.iations 
from a power law spectrum in the multi- 

TeV range and faint IR galaxy counts) use 
correct assumptions, a cutoff in the y ray 
spectrum of Mrk 501 nlust be present in 
the energy range 10 to 30 TeV. 
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Bragg Diffraction from Crystallized Ion Plasmas 
W. M. Itano," J. J. Bollinger, J. N. Tan,-; B. Jelenkovic,$ 

X.-P. Huang, D. J. Wineland 

S~ngle crystals of a one-component plasma were observed by opt~cal Bragg dlffractlon. 
The plasmas contamed 1 O5 to 1 O6 single-poslt~ve beryll~um-9 Ions (9Be ) at partlcle 
dens~t~es of l o8  to 1 O9 per cub~c cent~meter. In approximately spher~cal plasmas, angle 
body-centered cub~c (bcc) crystals or, In some cases, two or more bcc crystals havlng 
f~xed or~entatlons w~th  respect to each other were observed. In some oblate plasmas, a 
mlxture of bcc and face-centered cub~c orderlng was seen. Knowledge of the propert~es 
of one-component plasma crystals IS requ~red for models of wh~te dwarfs and neutron 
stars, which are belleved to contain matter In that form. 

Plasmas. the ionized states of matter. are 
usually hot and gaseous. Howe\~er, a suffi- 
ciently cold or dense plasma can be liquid 
or solid. A one-component plasma (OCP) 
consists of a single charged species embed- 
ded in a uniform, neutralizing background 
charge ( 1  ). Aside from its intrinsic interest 
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as a simple model of matter, the O C P  may 
be a good model for some dense astrophy- 
ical plasmas (2) ,  such as the crusts of neu- 
tron stars or the interiors of white dwarfs, 
where the nuclei are embedded in a degen- 
erate electron gas. According to calcula- 
tions, a classical, inflnlte O C P  freezes into a 
bcc lattice when the Coulomb coupling 
parameter 

1 e' 

~ ' T T E ~  awskBT 
i 1 )  

is approximately equal to 170 (3) .  Here, eo 
is the permittivity of the vacuum, e is the 
charge of a n  ion, k g  is B01tzma1111's con- 
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