VOLUME 27, NUMBER 19

PHYSICAL REVIEW LETTERS

8 NOVEMBER 1971

Origin of Cosmic Electrons from About 10° to 10° GeV
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The origin of high-energy cosmic electrons is considered. It is found that electrons of
energies <103 GeV could have been produced by local supernovae associated with known
radio remnants. At higher energies, observations of muon-poor air showers indicate
the existence of electrons at 10 GeV which may have originated entirely from the super-

nova Vela X.

Meyer and Muller® have recently presented new
measurements of cosmic electrons which, togeth-
er with earlier measurements by Anand, Daniel,
and Stephens,? extend the observed spectrum of
these particles up to about 750 GeV with no obvi-
ous change of spectral index. At these energies,
because of synchrotron and Compton losses in in-
terstellar space, the discrete-source nature® of
the cosmic rays may have observable effects. In
the present Letter we wish to investigate these
effects in the light of the new data, and to suggest
that in the energy region where muon-poor air
showers are produced, unambiguous evidence
may already exist for a discrete source of cos-
mic electrons.

Because of the synchrotron and Compton losses,
the electron spectrum from a point source has a
sharp high-energy cutoff at an energy where the
radiation loss time equals the age of the source.
Such a sharp cutoff is typical of an instantaneous
and localized emitting region, and differs from
the smooth and gradual steepening of the spectrum
which occurs if electrons are produced by a con-
tinuous source distribution. The absence of any
cutoff in the electron spectrum up to at least 750
GeV then implies the existence of an upper limit
on the ages of all sources which could contribute
to the observed electron flux at this energy. The
cutoff energy E . for a point source is independent
of the propagation mode of the particles or their
production spectrum, and at energies where the
E? dependence of synchrotron and Compton losses
is valid, it satisfies the relation

cop(Wo+B 2/4T)E .t = (mc?), 1)

where ot is the Thompson cross section, ¢ is the
age of the source, W, is the sum of the photon
energy densities in interstellar space, and B, is
the component of the interstellar magnetic field

perpendicular to the velocity vector of the elec-
trons.

For a typical interstellar magnetic field of a
few microgauss, the E* dependence of synchro-
tron losses is valid up to at least 10%° eV, since
the quantum nature of the electron and the effect
of radiation reaction become important at much
higher energies only.* For Compton scattering,
the E? dependence of the energy loss is valid for
energies less than E = (mc?)?/€,, where €, is the
energy of the incident photon.® At higher ener-
gies, the electrons tend to lose a major fraction
of their energy in a single Compton collision, so
that the scattering process should be considered
as a sudden loss, characterized by a lifetime T,
which is energy dependent and given by

T =(coWy/€,)?, (2)

where o is the Klein-Nishina cross section.®

The principal components of the interstellar
photon field are visible photons with an energy
density ~0.45 eV cm™3, 3°K blackbody photons
with energy density 0.25 eV em ™3, and possibly
far-infrared photons with energy density <3 eV
cm ™% For the visible field €,~3 eV and E =80
GeV. For 3°K photons, €,~9x10"* eV, and, if
the far-infrared background peaks at 1 mm, e,
~1073 eV, so that for both the blackbody and far-
infrared fields E;~2.5X10° GeV.

We have evaluated the radiation loss time T,
for both Compton and synchrotron losses in a va-
riety of photon and magnetic fields. For synchro-
tron losses, T .=4n(mc®)?*(EcorB,)"'. For Comp-
ton losses, T,=(mc?)*(EcotW )™ if E<E1 and
T,=(coWy/€,)"" if E>Er. The results are sum-
marized in Table I. As can be seen, above ~100
GeV the effects of visible photons are negligible
and the main contribution to Compton loss at
these energies comes from 3°K and far-infrared
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TABLE I. Cosmic electron lifetimes in years against energy loss by synchrotron radiation and Compton colli~

gions.
E €,=3 eV €,=107% eV
(GeV) Wph=0.45 eV em™ W p=025eVem™  W=leVem™  B,=2x10"°G  B,=7.5x10""G

102 3x107 1.6x107 4x10° 2x107 1.4x10°
103 108 1.6x10°8 4x10° 2x108 1.4x107
104 5x10° 1.6x10° 4x104 2x10° 1.4x108
10° 4x10° 1.6x10% 4x10% 2x104 1.4%x105
106 3 x104 7%x103 2x10% 1.4x104
107 1.6x10° 4x10% 2 %102 1.4%x103

photons. However, since the existence of the far-
infrared background is not conclusively estab-
lished and the mean interstellar magnetic field
could be as low as 10°® G,” an upper limit of ~1.5
x10° yr on the ages of the electron sources is ad-
equate to account for the lack of cutoff in the elec-
tron spectrum up to 10® GeV. This upper limit is
not necessarily inconsistent with the mean age of
cosmic rays as determined in their matter tra-
versal,® so that electron measurements at higher
energies are required to establish the possible
discrete-source nature of cosmic electrons,
However, with a magnetic field of 2x107¢ G,°

and a combined energy density in 3°K and far-in-
frared photons of 1 eV cm ™3, 10%-GeV electrons
would have to be produced by sources younger
than ~3 X10® yr. If these sources were superno-
va explosions, evidence for their existence could
be found among the known radio remnants of su-
pernovae or in the available sample of pulsars.

Based on the most recent observational data,
the only known pulsars younger than 3 X10° yr
are NP0531 and PSR0833, the fast pulsars in the
Crab Nebula and the Vela X supernova remnant.
It is very unlikely that cosmic rays from the
Crab Nebula have reached Earth, since if they
did, they would have had to stream at velocities
close to ¢. Therefore, among the pulsar sample,
only Vela X could be a potential source younger
than 3 X10° yr.

A list of the observable radio remnants of su-
pernovae has been compuled by Milne.!® The
maximum observable lifetime of a radio remnant
is ~7 X 10* yr. Thus all known supernova rem-
nants could, in principle, contribute to the ob-
served cosmic electron flux at ~10° GeV, but it
is unlikely that the very distant objects could
make a significant contribution. The ten super-
nova remnants, which, according to Milne, are
at distances less than 1 kpc are listed in Table II.
We also give the estimated ages from the rela-
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tion'® D(pc) =~ 3(Rt)?’®, where D is the diameter of
the remnant and R~ 1072 events/yr is the rate of
supernova explosions in the region sampled by
Milne’s survey (about half the galaxy). At the
same rate, the cylindrical volume of radius 1 kpc
centered at Earth should contain an additional
couple of dozen unobservable supernova rem-
nants with ages ranging from 7 X10* to 3 X10° yr.
Since all these supernovae could contribute to the
observed flux up to ~10% GeV, the existence of a
single dominant source of cosmic electrons can
only be established by measurements at higher
energies. With the exception of muon-poor air
showers, such measurements are not available
at the present time.

Muon-poor air showers!! are indicative of an
initial electromagnetic interaction at the top of
the atmosphere. Such showers are observed up
to primary energies of about 2 X10° GeV with a
possible cutoff at higher energies’? and require a
primary flux of (6X3) X107° quanta m™2 sec™ sr™?
at energies greater than 8 X10° GeV.® As can be
seen from Table I, at 10° GeV the dominant ener-
gy loss is synchrotron radiation in a field of 2

TABLE II. Distances and ages of supernova rem-
nants.

Galactic source Distance Age
number (kpce) (10t yr) Name

G41.9~4.1 0.7 3.2 CTB 72
G74.0—-8.6 0.6 3.5 Cygnus loop
G89.1+4.7 0.8 2.3 HB 21
G117.3+0.1 0.9 4.7 CTB1
G156.4—1.2 0.6 3.2 CTB 13
G160.5+2.8 0.8 2.7 HB 9
G180.0-1.7 0.7 4.3 S149
G205.5+0.2 0.6 4.6 Monoceros
G263.4~3.0 0.4 1.1 Vela X
G330.0+15.0 0.4 3.8 Lupus loop
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X107% G, With such a field, a source younger
than 2000 yr is required to produce electrons at
this energy. The measured magnetic field along
the line of sight to PSR0833, however, is only
0.75x107° G. If B, in the containment region of
the 10°-GeV electrons is equal to this value, the
source of these electrons only has to be younger
than 1.4 X10* yr, a requirement that is well met
by the supernova Vela X. Synchrotron losses
will in fact truncate the electron spectrum from
the supernova at about 1.5 X10° GeV, in good
agreement with the absence of muon-poor air
showers of sizes greater than ~2 X10°%, corre-
sponding to primary energies ~2 X10° GeV.
Since Compton losses in the Klein-Nishina re-
gime do not produce an absolute cutoff, even if
the photon density is 1 eV ¢m ™3 these losses will
not significantly affect the intensity of the very
high-energy electrons.

Except for the Vela supernova remnant, the age
of which is better determined from pulsar obser-
vations, the ages of the other remnants given in
Table II are quite uncertain. Since all of these
objects are more distant than Vela X and none is
expected to be younger than 2 X10* yr, the most
likely source of 10°-GeV electrons at Earth is
Vela X. The younger, historically observed su-
pernovae such as the Crab are all too distant to
compete effectively with Vela X if their cosmic
electron outputs are comparable.

We proceed now to investigate the consequences
of a model in which Vela X is the only source of
electrons at high energies. Based on considera-
tions of chemical composition and anisotropy, it
can be shown?® that the bulk of the nuclear cosmic
rays are produced by a distribution of sources
and not by a single source, We can put an upper
limit on the contribution of Vela X to the cosmic-
ray background by considering the upper limit on
the sideral anisotropy. The anisotropy from a
point source may be approximated by 7/ct, where
7 is the distance to the source and ¢ is its age.
With a distance of 400 pc and an age of 10* yr. the
anisotropy from Vela X is ~0.15. An upper limit'®
of 1072 on the anisotropy of all cosmic rays im-
plies therefore that the ratio of the cosmic-ray
flux from Vela X to the total flux cannot be great-
er than ~7 xX1073,

Let us assume that the same upper limit is ap-
plicable to the electron component at energies
where Compton and synchrotron losses are negli-
gible. By using a demodulated electron intensity'®
of 15 electrons (m? sec sr GeV)™?, we find that
the electron intensity from Vela X at this energy

should not exceed 107! electrons (m? sec sr GeV)"!,
By extrapolating this intensity to higher energies,
we find that a differential spectral index I'=2,4
+0.05 is required to yield an integral flux of (63
X107° electrons (m? sec sr) ! above 8 X10° GeV.
If the cosmic-ray anisotropy should turn out to be
less than 107%, T" should be less than 2.4+ 0,05,
whereas if we underestimated the electron modu-
lation at 3 GeV or if the ratio of the electron to
proton outputs at the same energy is higher for
Vela X than for the general cosmic-ray back-
ground, I' is larger than 2.4+0.05. By extrapo-
lating the intensity of 107! electrons (m? sec sr
GeV)™! to 750 GeV with a spectral index of 2.4,
we get an intensity of 1.8 X1077 electrons (m? sec
sr GeV)™!, This is lower by about an order of
magnitude than the flux of (1.757%7%) X107 elec-
trons (m® sec sr GeV)™! observed! at this energy.
It is therefore plausible that more than one super-
nova contributes to the < 10*-GeV electron flux,
and, as discussed above, the remnants listed in
Table II are likely candidates. The spectra from
these objects will be cut off at various energies,
depending on the ages of the sources and the pho-
ton and magnetic fields in interstellar space. As
can be seen from Tables I and II, these cutoffs
should in general lie in the 10%- to 10°-GeV range.
In order that Vela X should produce all the elec~
trons at 750 GeV, and only 7 X 1072 of the elec-
trons at 3 GeV, the production spectrum of elec-
trons from this supernova has to be flatter than
2. In this case, the air-shower data require that
the source spectrum of the supernova should
steepen at some higher energy or that the inter-
stellar photon density be larger than 1 eV c¢m "3,
Both these possibilities cannot be ruled out at the
present time.

We have recently discussed in detail the vari-
ous propagation modes of cosmic rays in the in-
terstellar medium.' If cosmic rays from Vela X
propagate by ordinary three-dimensional diffu-
sion, the mean free path ! is of the order 7 2/ct
=50 pc, If cosmic rays propagate by compound
diffusion, / can be as small as (»*/10ct)*2~100
pc. Both these values are not inconsistent with
the anisotropy and the matter traversal of cosmic
rays.'”

In summary, while there seems to be some evi-
dence for the discrete-source nature of the cos-
mic electron intensity at < 10® GeV, there are
good indications that muon-poor air showers are
produced by electrons from Vela X alone. A mod-
el in which the necessary flux of 10°-GeV elec-
trons reaches Earth from Vela X is consistent
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with electron measurements at lower energies
(~3 GeV), a differential spectral index at the
source of ~2.4, and the upper limit on sidereal
anisotropy of cosmic rays. Within this model,
Vela X produces about 10% of the observed elec-
trons at 750 GeV with the remaining flux being
produced by local supernovae with observable ra-
dio remnants.
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Single-Particle Distributions of 7 Mesons Produced in K p Interactions at 9 GeV/c*
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We present distributions of transverse momentum squared and of longitudinal momen-
tum in the laboratory, center-of-mass, and projectile frames for pions produced in K7p
interactions at 9 GeV/c. Comparisons made with the corresponding distributions pub-
lished by other laboratories for pion production in K*p, m*p, pp, and 7™ p interactions in-
dicate that in the proton fragmentation region the distributions for pions produced from
K™p interactions at 9 GeV/c have not yet reached a limiting behavior.

A number of physicists have suggested that the
cross section (do/dPdP,?) for producing a given
type of particle at a given point in momentum
space approaches a limit as the energy of the in-
teraction increases.! Here P, indicates the mo-
mentum of the particle parallel to the beam and
P,, the momentum perpendicular to the beam.
There has been much speculation on the rate at
which this limit should be approached for various
types of interactions. With apologies to the theo-
rists who would like to see the invariant distribu-
tions, we present some single-particle distribu-
tions for pions produced in K “p interactions at 9
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GeV/c in a form that facilitates comparison with
corresponding distributions published by other
laboratories for pion production in K*p, 7¥p, pp,
and 7 "p interactions.?™

The data for the K ™p interactions at 9 GeV/c
are from an exposure of 100000 pictures taken
in the Brookhaven National Laboratory (BNL) 80-
in. bubble chamber. The film has been scanned
twice and events of all topologies have been mea-
sured. The plots we present represent about
half of our available data. The statistical errors
in the regions of high statistics are typically less
than 5%. The uncertainties indicated for our



