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|sthe cosmic-ray residencetime £~%¢ (spallation) or £~1/3
(anisotropy, turbulence)?

A.M. Hillas
Department of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, UK

Abstract

Spallation of cosmic-ray nuclei appearsto imply that cosmic rays of energy £ are trapped for atime < £—0-¢
near thegalactic plane, but the spectrum of interstellar turbulence would lead usto expect atrapping timevary-
ing as E73. The reported anisotropy of cosmic rays is shown to agree more nearly with the latter than the
former trapping time. This would require a spectrum of cosmic rays produced in their accelerator more like
E~24 than the usua spectrum £~2-! obtained from simple models of diffusive acceleration at strong shocks.
(The accelerator also has to work up to much higher energies than expected from most investigationsof these
models.) AsGeV gammarray observations suggest that much spallation occursin denser (spiral-arm) regions,
the spallation data may relate to trapping in specia regions (inhomogeneous diffusion).

1 Problemswith common assumptions about cosmic ray residencetime:

Much progress has been made in modelling particle accel eration by supernovaremnants (SNR) expanding
supersonically into asurrounding medium, especially with the work done on expansioninto auniform medium
by Ellisonet a. (1997) and Berezhko et al. (1996, 1997), though different aspects of acomplex problem arethe
focus of attentionin different papers. A feature of thework by Ellisonet a ., and some of theresultsof Berezhko
et a., isa spectrum emerging from the SNR of aform approximatingto 22! up to a maximum energy near
10'* x Z eV (Z being the nuclear charge), though the maximum energy can be somewhat greater in certain
circumstances (and Berezhko findsthe spectrum considerably harder —the magnitude of the exponent lessthan
2 —at the highest energiesinthe 1997 model). At the maximum energy, the spectral intensity ispredicted tofall
off extremely rapidly, but bel ow this expected cut-off energy, if the effect of the diffusion throughthe galaxy on
the aobserved spectrum is allowed for by the authors, the predicted spectrum that we should observe looksvery
closeto what isseen. It isthe main purpose of thispaper to suggest that the model still requires more changes
than might be apparent from this comparison, in part because the spectral modification dueto trapping must be
different from what has been assumed in the quoted works.

Theinterplay of therate of production of cosmic rays and their trapping time can be demonstrated by
simplifying a complex process as follows: considering the dependence of numbers on energy:

if rate of injection of cosmic ray particlesinto galaxy, Q(F) < E=2! to~ 107 eV, (1
and residencetimein gal axy, Lresidence (E) X E_0'6, (2
the resulting number of cosmic raysinthegalaxy is N (E) = Q(F) X tyesidence (F) o< E727, 3

whichisin close agreement with observation.

Theassumption (2), that theresidencetimein thegalactic gasdisc variesas £ %, istaken from the propor-
tion of secondary nuclei in the cosmic ray flux arriving at Earth, which indicates that the amount of spallation
variesin thisway. Ptuskin et a. (1997) have developed a transport model in which cosmic rays are trapped
by self-generated waves, excited by cosmic-ray streaming, and predict from this a trapping time dependence
of £=955, However, the spectrum of turbulence in the local interstellar medium follows a power law (e.g.
Armstrong 1981) over avery wide scale range, that correspondsto a Kolmogorov spectrum, and leads to the
expectation that trapping time E~% if these irregularities map magnetic field irregularities which scatter
cosmic rays. Biermann has argued for thisform of turbulence-determined cosmic-ray diffusion, and has pro-
posed a different model of acceleration of relativistic particles (1993) in which postulated details of diffusion



of particleswithinthe SNR during acceleration ater the spectrum @ ( £) generated, which becomes £~242 for
protons rather than =21, It isthe purpose of this paper to make some quantitative (though approximate) use
of cosmic-ray isotropy to give estimates of the residence time, supporting Biermann’s figures.

In general, the total energy injected into cosmic rays seems not unreasonable for shock accel eration mod-
els, and the proportion of different nuclei can be accounted for well (Ellison, 1997), and although the spectrum
(equations 1 to 3, above) seems satisfactory up to a point using the more well-investigated model s which these
summarise, there are problems which become apparent at the higher energies.

The observed spectrum extends smoothly (though with a modest steepening at the “knee”) to not less than
1077 eV, rather than ending suddenly at ~ 10'* eV. And, as argued in Section 2, the residence lifetime is
surely wrong, falling much lesswithincreasing energy, or it would become unphysically short at energieswhere
thereisno observational sign of rapid escape. Thisimpliesthat the injection spectrum of cosmic rays must fall
more steeply than 221, Thismay soon be supported by TeV gamma-ray observationsof supernovaremnants,
which have not yet found theinitially expected evidence of cosmic ray hadronswith the flux and energy spec-
trum corresponding to the models like that of Berezhko and others. Whilst thisis still preliminary, as it may
turn out that in all casesthereisless gasin the remnants to form atarget for gammarray production than had
been believed, the observations would be consistent with the steeper spectrum just suggested.

Whereas it is hard to find a substitute for supernovae to inject the cosmic rays into the galaxy, the current
models of supernovaremnants and their acceleration of relativistic particles thus still require changes.

2 Trapping timeand anisotropy:

Not only are cosmic ray density and amount of spallation proportional to the cosmic ray residence time, but
the anisotropy variesinversaly withthistime, and if ¢, igence < £E796  the anisotropy would be huge at
energies at which it has proved too small to measure easily. This can be shown quantitatively for simplified
models. Thus, consider the average time that any cosmic ray particle spendsin aslab of area A and thickness
h, conveniently (but not necessarily) taken to contain much of the galactic gas. (The area may refer to some
large part of the Galaxy.) It is assumed here that almost al cosmic rays are produced within the thickness of
thisslab. Then the particle density in the gas disc may be written

particledensity = production rate X tyesigence | A X h .
The outflow at each surface of thedlabis % x production rate, from which the anisotropy of the cosmic rays
there can be calculated under certain assumptions. If the cosmic rays are generated in a thin layer near the
galactic plane, and diffuse within a thicker slab, being lost at a distance around 1500-2000 pc from the plane
(to judge from the spread of particles from source regions — Section 3), the outflow results in an anisotropy
particularly immediately outsidethe main productionslab. If thecosmic rayscan follow helical motionsaround
local field lines in the galaxy, with frequent scattering, the density of particles per unit solid angle moving at
an angle @ to thislocal field lineis proportional to (1 + « cos #), where a measures the all-sky anisotropy. To
estimate a, one may takeasimplemodel of diffusivemotion. Inthis, the degree of restraint on thedirectionsin
which particlesmay travel, imposed by the direction of the magnetic field, playsa part. If, to takeareasonable
example, the field lines prefer the tangential direction (towards galactic longitude 90°) in the galactic plane,
but have random directions in a cone extending to 45° from this preferred direction, the average anisotropy
found in placeswith different local field directions, just away from the galactic plane, near the edge of the slab
contai ning the main sources (probably massive supernovae) was found to be be a = kterossing [tresidence s
where k = 3.4, and tcr055ing = h/c. (h, taken as 200 pc to obtain illustrative figures, is not well defined,
but the ratio of times depends only weakly on £.) For free random diffusion, the factor & = 1.5. Thisis not
the observed “anisotropy”, however, for three reasons:. (@) The anisotropy reported by air shower experiments
refers to changesin flux as the viewing direction sweeps round a small circle (declination near to latitude) in
thesky: inthevariation (14 A cos ¢), ¢ being theright ascension, A will be lessthan thetrue anisotropy a by a
factor which depends on the latitude and on the true axis of the cosmic ray flow (local galactic field direction).



Typicaly, A ~ 0.2a, and though the factor dependson the actual local field direction, this estimateis probably
within afactor 1.6. (b) In fact our observing position is not at the surface of the slab, but close to its centre,
and « will be reduced by some factor f. Although in principle one might by symmetry have ¢« = 0 on the
galactic plane, in such asituation there woul d be a considerable two-way flow, and the second harmonic would
not vanish, but in the models, thisis about 1/4 of the first harmonic, a, quoted above. Also, the actual location
of sourcesis not expected to form a smooth layer, so one does not in reality expect a reduction to zero. Thus
if we use the second harmonic coefficient in place of the first harmonic if the latter is appreciably smaller, it
seems a reasonabl e estimate (based on simplified simulations) to take f = i

Hence A~ 0.2kfleesing  where 0.2k f &~ 0.2 x 3.4 x 0.25 = 0.17. (4

tresidence

At 4 GeV rigidity, the residence time in the gas disc is about 5 million years, so if one is taking the res-
idence time to vary as £, asis often
assumed on the basis of the fragmentation
data, figure 1 showsthe valuesthat follow
at higher energies. At 10! eV the resi-
dence time has fallen to the direct cross-
ing time of 650 years, and at higher en-
ergies it would be unphysical. (Two con-
tinuations are shown above the knee, de-
pending on whether the observed increase
in magnitude of ~ 0.4 in the spectral ex-
ponent is due to amore rapid escape from
the galaxy or to a change in the injection 0% tresience —> (E/2)7°°
spectrum. The kneeis here placed at 0.5Z i
PeV.) One seesthat thisformula cannot be
accepted at such high energies. Figure 1 107 t 10 %
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tion (4), the values are shown on the right
hand axis. In plotting the residence time
derived by eguation (4) from the observed
anisotropy of 1.7 % at 1.5 x 107 eV —av-
eraging over amplitudes observed at Hav-
erah Park, Akeno and Yakutsk, tabulated
by Clay et a. (1997) — and 0.036 % at
1.5 x 10" eV (Aglietta 1996), the effec-
tive charge Z has been taken as 3 at the lower energy and 8 at the higher energy, using probable elemental
compositions, in order to convert to rigidity, F'/Z. The large error bars reflect the uncertainty in the conver-
sion factor.

Rigidity (E/7Z) / eV
Figure 1. Energy dependence of anisotropy and residence time.
Thetime is measured, for the simple model described, in the cen-
tral 200pc of the galaxy. Pointsrefer to observed anisotropies, plot-
ted taking an effective Z of 3 below 1 PeV, and 8 above 10 PeV.
Anisotropiesof 0.02% and less are not measurable because of the
Compton-Getting effect.

3 Possible explanations:
Three possible approaches to this conflict of trapping times will be mentioned.

(1)  tresidence May be as deduced from spalation at GeV to TeV energies, but falling much more slowly,
or not at all, above, say 10** eV. But in thiscase, equation (3) showsthat the cosmic ray density (and hencethe
observed cosmic ray spectrum) would at this point start falling much less steeply: the spectrum would change
to £~2! from £~27, which isruled out by observation.



2) Theeffect of reacceleration of the lower-energy cosmic rays during propagation has been considered
by other workers, as this is capable of upsetting the secondary to primary ratio as a function of energy, and
possibly producing an apparent ¢, .s;gence < L2796, for atruet, . igence < E~%. This may be the explanation,
but there isnot yet general agreement.

(3) Another possibility discussed here is that one has an inhomogeneous diffusing medium, the trapping
characteristicsof different regionsbeing responsiblefor (i) retentionintheregion of spallation, and (ii) trapping
inour part of the Galaxy, determining anisotropy. In support of thismay be cited the gammarray surveys, which
indicatethat the density of GeV cosmicraysishigher in spiral-arm regions, which may be supposed to contain
many sources, and lower in our location. Analyzing EGRET sky maps, Hunter et al. (1998) deduce a spread of
cosmicraysfrom sources(or actualy, fromregionsof highgasdensity) =~ 1.8 kpc. If thecosmicrayspropagate
inawandering magneticfield likethat already discussed, thiswould suggest (a) that particlesdiffuseinaslab of
1.5-2 kpc half-thicknessbefore escaping, and (b) that most cosmic rays originatein denseregionsof the Galaxy
(e.g. inmassive supernovae), and haveto diffuse out of theseregionsbefore we observethem. Such adiffusion
picture would be related to a “ nested leaky box” model of propagation. The spallation occurs mainly not far
from the sources, and the scattering mean free path variesin a different manner from its behaviour outsidethis
region, where the scattering mean free path variesas £/ 7, controlled by turbulence. We residein this externa
region, and this scattering determines the residence time and the anisotropy in our locality. A humerical model
has been examined, modelling the diffusion by sudden scatterings, and more results will be presented at the
conference.

4 Consequencesfor the acceleration process.
The main importance of these arguments is that a source spectrum is required which is softer than the sim-
plest strong-shock spectrum.

If ¢ esidence O E‘%, one can deduce the injection spectra from the observed ambient spectra:
protons :  E~%7 observed — 242 at source,
COFe.: FE~2%? observed — E~2-?% at source.

Thus the sources have to produce steeper spectrathan £-2-1, and much higher maximum energies, asthereis
evidence for afurther fall-off in the cosmic-ray flux only near 10'7 x Z eV (Bird et a., 1990). The higher
energies will require stronger magnetic fields in the supernovaremnants than assumed in model s such as those
of Ellisonand Berezhko, and faster accel eration to reach these energieswhiletheremnant issufficiently active.
Biermann (1993) has put forward amodel for such production spectra(and ¢,..siqence ), but thishas not received
much discussion by other workers.
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