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We consder the posshility that digtinctive features of the loca cosmic ray spectra and compostion are
influenced by the Solar system being embedded within the cavity of an ancient superbubble. The “kneg’” and
“saoond kneg” may be understood in this picture, which aso predicts severad shifts in the eement
composition of the cosmic radiation between 10™ and 10° eV,

1. Introduction

Soon after the discovery of supershdls in the late 1970s, it was suggested that the Solar system was located
in the interior of such a shdl, and that some features of the observed cosmic radigion might be explained by
this fact [1], [2], [3]. Since that time, evidence from low-energy isotopic composition and K-cepture nucde
[4], [5] hes lent srength to models [6] of cosmic ray origin in which acceeration tekes place in the
environment of a superbubble In the same period, obsarvations of high-energy spectra have been
dramaticaly improved, eg. [7]. Here, we reconsder the possble consequences of generation and
confinement of cosmic radiation within asuperbubble.

2. Superbubbles

Superbubbles are large 100-parsec-to-kiloparsec size shells of gas that are believed to be formed by
sequentid supernovae explosions in OB associations [8]. The interior cavity of the shdl is hot and low
dengty, with the mgority of interstellar gas having been swept into the shell wall. Ages of superbubbles can
range from afew millions years to many tens of millions of years.

When conddering the possbility of cosmic rays accderated and then confined within the cavity of a
superbubble, a crucid mater is the configuraion of the magnetic fidd associatled with the superbubble.
Streitmatter et al. [3] suggested that a 500 pc elipticd $ell associated with Gould's Bdt (Feature A, the
Lindolad Ring) might be responsble for confinement of locd cosmic rays and agued on dimensond
grounds that the magnetic structure of the shell should be of order 50 parsecs thick. Ferriere et d. [9]
conddered the effects of interstdlar magnetic fidds on the evolution and dructure of a superbubble,
conddering the smple case of expanson of a superbubble in a uniform magnetic fidd. Usng both andytica
and numerica methods they found that magnetic fields of Galactic strength do little to modify the bubble
externd sze and shape. Within the shell, however, magnetic pressure exceeds gas pressure and causes
subgtantial  thickening of the shedl and consequent reduction of the cavity sze Troland and Heiles [10] use
Zeeman effect measurements to estimate the magnetic field in the 300 parsec diameter Eridanus shdll to be
15 ngauss.

Korpi et a. [11] caried out sophisicated 3-dimensond MHD simulations of superbubble evolution in a
complex, turbulent inhomogeneous 1SM with hot, warm and cold gasses, as well as a magnetic fidd having
both uniform and random components. They found that in this case expanding superbubbles quickly lose
their sphericadl symmetry and acquire irregular shapes. The characteridtic festure of a hot, low-dengty cavity
from which megnetic fidds and gas have been expdled perdsts, but the geometry of the cavity evolves
dynamicaly, affected by SN both within and exterior to the cavity. Work by previous authors (e.g. [12])
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smulating SB expansion in a modd with dendity dratification uniform in planes parald to the Galactic disk
and a unifoom magnetic fidd had indicted that SB could only “blow out” (magneticaly rupture) into the
Gdactic hdo a great age if a 4dl. In contragt, Korpi et d., found that SB evolving in an inhomogeneous,
turbulent 1SM could develop chimney-like structures opening the bubble at its “top”. However, these
chimneys were typicaly transent having lifetimes of only a few million years, with the SB reclosing as the
ISM was mixed and dirred by fresh SN and possble interaction with adjacent bubbles. The smulations of
Korpi e d. adso produced complex structures with tunne-like features connecting low-densty volumes, in
agreement with the predictions of Cox and Smith [13].

Our own Solar system is within in the Local Bubble (LB), a hot (T ~ 10° K), low-density (n ~ 0.005/an?)
volume of gpproximatdy 150 parsec dimension.  Ldlement e d. [14] collected lineof-sight gpectra
absorption data on more than one thousand stars to construct a three dimensond map of dense neutrd ges
aound the Locad Bubble In the Gdactic plne, they found the LB to be highly irregular with “wals’ of
neutrd gas surrounding it a distances varying from 65 to 150 parsec from the Solar system. Severd
“tunnels’ lead from the LB to adjacent cavities The complex irregular shepe is ettributed to the LB being
“squeezed” by surrounding shdls. At high latitudes, the smdlest absorption was found in two chimneys,
above and below the Gdactic plane, whose directions are perpendicular to the plane of the Gould Belt,
which is tilted some 17 degrees to the Gaactic plane. This may indicate that the LB is magneticaly open to
cosmic ray escape a the “top” and “bottom”. Another possibility is that ionized gas previoudy trapped in
the magnetic field has neutrdized and fdlen away, leaving the fidd intact. Frisch [15] notes that toward the
north Galactic pole, more than hdf of dl HI is infadling toward to Gaactic plane, and suggests this may be
the evolved shdll of the LB collapsing under gravitationa force.

3. Local Cosmic Rays, Toy M odel

We condder a scenario in which energy spectra of dementa cosmic rays are generated within the locd
cavity of a SB and confined agangt
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To approach this question, we created
a toy modd with the following
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Figure 1. Toy-model spectrawithin the cavity spectrd index of -2.7. There are only

two components, protons and iron,
which are normalized at 10 GeV to represent the total cosmic ray flux.
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(2) There exigts a spectrum of Galactic cosmic rays exterior to the SB that have an ener
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gpectra index of -

31. There are only two components, protons and iron, which are normaized a 3 x 10~ eV to represent the

total cosmic ray flux.

(3) Ledkage for cosmic rays into or out of the SB has a rigidity-dependant time constant T,=Cy exptR/Ry).
For specificity, Re is chosen as 4 x 10° GV, i.e the rigidity of protons near the knee. G is chosen as 1.2 X
10’ years, and abubble age of 3x 10’ yearsis assumed.
(4) Thereisan “extragdactic” proton gpectrum, which begins to dominate flux above the ankle.

Under the assumptions above, smple
cdculation leads to Fgure 1, which
displays the five <spectra that
contribute to the cosmic rays interior
to the SB cavity. As customary, the
spectra have been multiplied by E to
facilitate digplay of features. All the
spectra are those observed in the SB.
The spectrum labels refer to the place
of origin. The “P interior” spectrum
maintains a dope of -27 untl it
gpproaches the energy corresponding
to Rk for protons 4 x 107 eV.
Beyond that energy, as the leskage
time  congant  becomes  smdl
compaed to the bubble age the
protons generated within the bubble
exape and the spectrum plunges.
Similar remarks agpply to the “Fe
interior”  spectrum  (dashed), with
leekage surpressng  the  spectrum
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above R,, corresponding to an energy aound 10 eV. At high energies, the exterior proton spectrum lesks
into the bubble easily. As Ry is approached from above the leskage time condant become large, and the
fraction of the exterior proton spectrum reaching the interior fals a lower energies.
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Figure 3. Toy-model Fe Faction vs Energy

In Figure 2, the toy-modd is compared
with a summary of EAS data adapted from
Roulet [16]. The bold line is the total
cogmic ray flux. Severd festures are worth
noting. (1) The knee realts from the
trandtion  between interior-produced and
exterior-produced  proton  spectra  The
fluxes are not in fact matched a the knee
Rather, the model predicts a brief upturn in
the proton spectral dope in the haf decade
before the knee (2) The “second kned’ is
explained in this modd as the trangtion
energy between the dominance of the iron
spectrum by interior-produced and exterior
produced iron. (3) Examination of the
severa spectra shows interesting shifts with
energy of the p/Feratio.
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Figure 3 displays the toy-modd fraction of flux thet is iron as a function of energy. As the knee is
gpoproached from below, the exterior-produced proton spectrum reduces the iron fraction. Above the knee,
the fraction of iron rises as a result of the fdling interior-produced proton spectrum and the combined flux of
inteior-produced and exterior-produced Fe. The model predicts that the second knee a 10 eV is the energy
at which thefraction of Fe peaks.

Discussion

As an explanation of the cosmic ray spectra obsaved a Earth, the superbubble modd depats from
conventional wisdom in various ways.

There is no E®® dependence of escgpe lifetime to bridge the difference between theoretica expectation of
soectrd index ( -20 to 22) and the observed dope of —2.7. Rather, the exponentia dependence of the
legkage time condant results in a rdativdy quick trandtion from dow-leskage to fast-leskage. This results
ina“sharp” knee

The essentid feature of the superbubble modd is two separate reservoirs of cosmic rays, with a rigidity filter
that mediates between them. In the particular case of the Solar system, it is questionable, abeit possible, that
the Loca Bubble can retain “interior’ cosmic rays up to energies aound 10® eV. In this regard, one notes
that the gyroradius of a 4 x 10™ eV proton in a 5 ngauss field is only about 1 parsec. As to the “exterior”
flux in the modd, it is not implausible that the Gdaxy retains a flux of cosmic rays in the energy range from
10" — 10" eV with a spectral index of ~ -3.1. Indeed, that is the conventional view. However, this spectrum
can not continue down to the GeV range without violating congtraints from gammaray fluxes.

The superbubble model has the virtue of solving the longstanding problem of the isotropy of the cosmic
rediation (fev x 10™) in the face of predictions by other models of extremely short lifetimes in the Galaxy.
The second knee is explaned and a somewhat surprising energy variaion of the iron (more genericdly,
heavy) fraction is predicted.
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