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ORIGIN OF COSMIC ELECTRONS FROM ABOUT 102 TO 10 GEV

R. Ramaty, Goddard Space Flight Center, Greenbelt, Md.
R. E. Lingenfelter, University of California, Los Angeles, Cal.

The origin of high energy cosmic electrons is considered. It is found
that electrons of energles < 103 GeV could have been produced by local super-
novae associated with known radio remrants. At higher energies, observations

of muon-poor air showers indicate the existence of electrons at 106 GeV which

may have originated entirely from the supernova /2la X.

Meyer and Muller (1) have recently presented new measurements of cosmic
electrons, which together with earlier measurements by Anand et al.(z), extend
the observed spectrum of these particles up tc about 750 GeV with no obvious
change of spectral index. At these energies, because of synchrotron and Comp-
ton losses in interstellar space, the discrete-source nature(3) of tne 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 al-
ready exist for a discrete source of cosmic 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 ty a

continuous source distribution. The absence of any cutocff in the electron spec-

trum 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
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where the E2 dependence of synchrotron and Compton losses is valid, it satis-
fies the relation
cop (o + BL/6m) Bt = (me2)’ (1)

where O is the Thompson cross section, t is the age of the source, Wp, is the sum
of the photon energy densities in interstellar space and B. is the component
of the interstellar magnetic field perpendiculer to the velocity vector of the
¢lectrons.

For a typical interstellar magnetic field of a few microgau.s, the E2 de-
pendence of synchrotron losses is vaiid up to at least 1020 eV, since the quan-
tum nature of the electron and the effect of radiation reaction become impor-

tant at much higher energies only(a). For Compton scattering, the £

dependence
of the energy loss is valid for energies less than E; = (mcz)z/et, where ¢, is
the energy of the incident photon(s). At higher energies, the electrons tend
to lose a major fraction of their energy in a single Compton collision, so that the
ccattering process should be coicidered as a sudden loss, characterized by the
lifetime T, which is energy dependent and given by
To = (coWop/e,) (2)

where o0 is the Klein-Nishina cross section(6).

The principle components of the interstellar photon field are visible

-3(7)

photons with an energy density ~ 0.45 eV cm , 3°K black-body photons with

energy density 0.25°K, and, possibly far-infrared photons with energy density
< 3 eV cm-3(8). For the visible field e, > 3 eV and Ep > 80 GeV. For 3°K
photons, €, = 9 x 10~4 eV, and, if the far-infrared hackground peaks at 1 mm,
g, ™ 10~ eV, so that for both the black-body and far-infrared fields

Ep > 2.5 x 10° GeV.

We have evaluated the radiation loss time T, for both Compton and synchro-

tron losses in a variety of photon and magnetic fields. For synchrotron losses,
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T, = bn(mc2)2 (E co BL)-l For Compton 1lo T. = ( 2)?'(E W )'1 if

e ] T . pton losses, T, mc coWph

E<Epr and T, = (c 0 wph/er)'1 if E> Eq. The results are summarized in Table
1. As can be seen, above ~ 100 GeV the effects of visible photons are negligi-
ble and the main contribution to Compton loss at these energies comes from 3°K
and far-infrared photons. However, since the existence of the far-infrared
background is not conclusively established and the mean interstellar magnetic
field could be as low as 107° gauss(g), an upper limit of ~ 1.5 x 106 years on
the ages of the electron sources is adequate to account for the lack of cutoff
in the electron spectrum up to 103 CeV. This upper limit is not necevsarily in-
consistent with the mean age of cosmic rays as determined in their matter tra-
versal(lo), so that electron measurements at higher energies are required to
establish the possible discrete-source nature of ccvsmic electrons. However,

with & magnetic field of 2 x 1076 gauss(ll)

, and a combined energy density in
3°K and far-infrared photons of 1 eV cm'3, 103 GeV electrons would have to be pro-
duced by sources younger than ~ 3 x 10° vears, If these sources were supernova
explosions, evidence for their existence could be found among the known radio
remnants of supernovae or in the available sample of pulsars.

The ages and distances of pulsars can be estimated from their measured
periods, rate of change of period, and dispersion measures. Distances and ages
thus determined were used by Lingenfelter(lz) to construct a model for the local
source distribution of cosmic rays. Based on the most recent observa:rlional
data, however, the only known pulsars younger thar 3 x 10° years 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 c.

Therefore, among the pulsar sample, only Vela X could be a potential source

younger than 3 x 10° years.
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Lists of the observable radio remnants of supernovae have been compiled
by Milvc(lj) and Downes(la). According to Milne, the maximum observable life-
time of a radio remnant is ~ 7 x 104 years. Thus all known supernova remnants
could, in principle, contribute to the observed cousmic electron flux at ~ 103
GeV, but it is unlikely that the very distant objects could make a significant
contribution, The ten supernova remnants,which, according to Milne, are at
distances less than 1 kpc are listed in Table 2, together with the distance

(14) (15)

estimates of Downes and Ilovaisky and Ryter We also give the esti-

mated ages from the relation(IB) D(pc) = 3 (R‘.)Z/5 where D is the diameter of
the remnant and R 10-2 events/year 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 addition-
al couple dozen unobservable supernovae remnants with ages ranging ifrom 7 x 10%
to 3 x 1()rj years. Since all these supernovae could contribute to the
observed flux up to ~ 103 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 mcasurements are not avail-
ablc at the present time.

Muon~-poor air showers(16) are indicative of an initi.l electromagnetic
interaction at the top of the atmosphere. Such showers arc observed up to

(17)
primary energies of about 2 x 10° Gev with a possible cutoff at higher energies

and require a primary flux of (6?%) X 10-9 quanta m"2 sec”lgr~1

gies greater than 8 x 105 GeV(ls). The lack of anisotropy in the arrival dir-

(19)

At ener=
ections and the rather large flux of primaries required to account for rhe
observations seem to rule out a gamma ray origin of these showers. Thus, ex-
cept for the somewhat remote possibility that muon-poor showers are generated

by somc relatively passive particles which are produced through interactions
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between primary cosmic rays and atmospheric nuclei(lg), high energy electrons
are probably the best candidates for the primary quanta responsible for these
showers.

As can be seen from Table 1, at 106

GeV the dominant energy loss 1., synch-
rotron radiation in a field of 2 x 10"6 gauss., With such a field, a source
younger than 2000 years is required to produce electrons at this energy. The
measured magnetic field along the line of sight to PSR0833, however, is only
0.75 x 10"6 gauss. If in the containment region of the 10° Gev electrons B, is
equal to this value, the source of these electrons only has to be younger than
1.4 x 104 years, a requirement that is well met by the supernova Vela X. Synch-
rotron losses will in fact truncate the electron spectrum from the supernova at
about 1.5 x 106 GeV, in good agreement with the absence of muon-poor air showers
of sizes greater than ~ 2 x 106, corresponding to primary energies ~ 2 x 106 GeV.
Since Compton losses in the Klein-Nishina regime do not produce an absolute cut-

off, even if the photon density is 1 eV cm”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 deter-

(20), the ages of the other remnants given in Table

mined from pulsar observations
2 are quite uncertain. Since all of these objects are more distant than Vela X
and none are expected to be younger than 2 x 104 years, the most likely source of
10% GeV electrons at earth is Vela X. The younger, historically observed super-
novae such as the Crab are all too distant to effectively compete with Vela X if
their cosmic electron outputs are comparable. Moreover, the site of the Vela
supernova seems to be embedded in a large HII region, the Gum Nebula, which
according to Brandt et al.(21) extends some 400 pc from the supernova and was

produced by the supernova explosion. Ramaty et a1.(22) have suggested that

low energy heavy nuclei from the supernova,



propagacing in an essentially scatter-iree manner, could have deposited all
thelir energy as fonization and heat in the tilaments of the nebula It is cuzx.
posaible, theretore, that this supernova has also been copious source of high
cnerpy electrons,

We proceed now to investipate the consequences of a model in which Vela X
is the only source of electrons at High energies. ased on considerations of
chemical composition and anisotropy, it can be shown{19) that the bulk of the
nuc lear cosmic rays are produced by a distribution of sources and not by a

L]

single sorrce,  We can put an upper limit on tl

he contribution of Vela X to the
cosmic ray background by considering the upper limit on the sideral anisotropy.
(23)

; , \ ,
Ihe anisotropy from a point souice may be approximated by r/ct, where r is

the distance tothe source and t is its age. With a distance of 460 PC(21) and

2
4 : (24)
an age of 10 vyears, the anisotropy from Vela X is ~ 0,15. An upper limit
. 1™ : . : ;
of 10 on the anisotropy of all cosmic rays implices therefore that the ratio

r

of the cosmic ray flux from Vela X (o the total tlux cannot be greater than
. -4
% L0,
Let us assume thac the same upper limi is applicable to the electron com-
ponent at encrgies where Compton and synchrotron losses are negligible. By
s . 1 . . (:.).r)) c IS ?. . -l
using a demodulated clectron intensicy® of 15 electrons (m“sec sr GeV) *, we
find that the e¢lectron intensity from Vela ¥ at this eaergy should not c¢xceed
- 2 -1 : s
1071 electrons (m“sce sr GeV) . By extrapolating this intensity to higher
energies, we find that a differential spectral index I' = 2.4 +0.05 is required
: : +Hiy . 109 - 2. -l 5
to yield an integral flux of(6_3) x 10 electruns(m “sec s1 * above 8 x 10
GeV. 1f the cosmic ray anisotropy should turn ouvt to be less than L0°3, I' should
be less than 2.4 +0.05, whereas if we underestimated the electron modulation at

3 GeV or if the ratio of the electron to proton outputs at the same energy is

higher for Vela X then for the general cosmic ray background, I' is larger than
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2.4 40.05. By extrapolatingthe intensity of 10°! electrons (mzaec sr Gevi.to
750 GeV with a spectral index of 2.4, we get an intensity of 1.8 x 107 elec-
trons (mzaec sr GeV)-l. This is lower by about an order of magnitude than the
flux of (1.75t;:;:) X 10-6 electrons (m?sec sr GeV)~l obuerved(l) at this energy.
It is therefore plausible that more than one supernova contributes to the < 103
GeV electron flux. and, as discussed above, the remnants listed in Table 2 are
likely candidates. The spectrum from these objects will be cut off at various
energies, Jepending on the ages of the sources and the photon and magnetic
fields in interstellar space. As can be seen from Tables 1 and 2, these cutoffs
should in general lie in the 103 to 10° GeV range. In order that Vela X should
produce all the electrons at 750 GeV, and only 7 x 103 of the electrons at 3
GeV, the production spectrum of electrons from this supernova has to be flatter
than 2. In this case, the air-shower data requires thet the source spectrum of
the supernova should steepen at some higher energy or that the interstellar pho-
ton density be larger chan 1 eV cm'3. Both these possibilities cannot be ruled
out at the present time.

Let us finally consider the cosmic ray propagation modes which would allow
relat?vistic particles to reach earth from Vela X (r = 460 pc and t = 10% years).
We have recently discussed in detail “he various propagation modes of cosmic rays
in the interstellar medium(26). I1f cosmicz rays from Vela X propagate by ordin-
ary 3-dimensional diffusion, the mean frce path £ is of the order rz/ct ™53 pc.
If cosmic rays propagate by compound diffusion, £ can be as small as(;4/00cx)1/3
~ 100 pc. Both these values are not inconsistent with the anisotropy and the
matter traversal of cosmic rays(26).

In summary, while there seems to be some evidence for the discrete source

nature of the cosmic electron intensity at - 103 GeV, there are good indications

that muon-poor air showers are produced by electrons from Vela X alone. A model



in which the necessary flux of 106 GeV electrons reaches earth from Vela X is

consistent with electron mersurements at lower energies (~ 3 GeV), a differen-

tial spectral index at the source of ~ 2,4, and the upper limit on sideral

anisotropy of cosmic rays. Within this model, Vela X produce. abouc 107% of the

observed eiectrons at 750 GeV with the remaining flux being produced by local

supernovae with observable radio remnants.
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Table 1, Tc (Years)

— l_fr=3¢gv | fr = ]10-3 AT
E(GeV) [Wph(eV em )= 0.45 [0.25 Bi(g) = 2 x 106 7.5 x 1077
102 3 x 107 1.6 x 107 [ 4 x 106] 2 x 107 1.4 x 108
103 108 1.6 x 106 [ 4 x 105] 2 x 10° 1.4 = 107
104 5 x 108 1.6 x 105 |4 x 104} 2 x 105 1.4 x 100
10° 4 x 109 1.6 x 10* |4 x 10°] 2 x 10% 1.4 x 107
10° 3 x 104 |7 x 10°] 2 x 10° 1.4 x 10%
10’ 1.6 x 10° | 4 x 10%] 2 x 102 1.4 x 107
5 b . | § e
Table 2
Calactic Source Number Distance (kpc) Age (104 Yrs.) Name
Milne |Downes] IR o

G41.9 - 4.1 0.7 | 1.4 |o.6 3.2 CTB 72
G74.0 - 8.6 0.6 | 0.8 0.8 3.5 Cy some Loop
G89.1 + 4.7 0.8 | 1.2 {1.1 2.3 My 20
G117.3 + 0.1 0.9 | 3.8 |o.8 4.7 CTB 1
C156.4 - 1.2 0.6 | 1.1 |0.8 3.2 CTB 13
G160.5 + 2.8 0.8 | 1.4 |1.1 2.7 HB 9
c180.0 - 1.7 0.7 | 1.2 |1.0 4.3 S149
G205 5 + 0.2 0.6 1.1 (0.9 4,6 Monoceros
6263.4 - 3.0 0.4 | 0.5 0.5 1.1 Vela X
6330.0 + 15.0 0.4 | 0.8 0.6 3.8 Lupus “.00p
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