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We investigate energetic Type Ic supernovae as producties for 6Li and Be in the early
stages of the Milky Way. Recent observations have revedladdome very metal-poor stars
with [Fe/H]< —2.5 possess unexpectedly high abundancéd.bf Some also exhibit enhanced
abundances of Be as well as N. From a theoretical point of,vigwent studies of the evolution of
metal-poor massive stars show that rotation-induced mgigan enrich the outer H and He layers
with C, N, and O (CNO) elements, particularly N, and at the sdime cause the intense mass
loss of these layers. Here we consider energetic superxpl@sgons occurring after the progen-
itor star has lost all but a small fraction of the He layer. Tastest portion of the supernova ejecta
and the circumstellar matter (CSM), both of which are coregosf He and CNO, can interact
directly and induce light-element production through kiain and He-He fusion reactions. The
CSM should be sufficiently thick to energetic particles st the interactions terminate within its
innermost regions. We calculate the resulfthgO and®Be/O ratios in the ejectaCSM material
out of which the very metal-poor stars may form. We find thaythre consistent with the ob-
served values if the mass of the He layer remaining on theppésion core is-0.01-0.1 Mg
and if the mass fraction of N mixed in the He layeri®.01. Further observations ki, Be, and

N at low metallicity should provide us with critical teststbfs production scenario.
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1. Introduction

Among the light elements Li, Be, and B (LiBeB).i is thought to arise from a variety of
processes, including big bang nucleosynthesis [1] andtcess in Type Il supernovae [2]. On
the other hand, the main production channel for the resiaitiqular for®Li and Be, is believed to
be cosmic-ray-induced nuclear reactions. The most widislyudsed models of LiBeB production
are based on cosmic rays accelerated in supernova shodfs@hservations of metal-poor stars in
the Galactic halo show a primary relation between [Fe/H][&®dH] or [B/H], which is consistent
with spallation by cosmic rays enriched with C, N, and O (CNfom fresh supernova ejecta
impinging on interstellar H or He [5].

An alternative possibility was proposed by [6, 7], who cdesed explosions of Type Ic super-
novae (SNe Ic) as a site for primary LiBeB production. Siriée €xpected that a fraction of C and
O in the surface layers of the ejecta is accelerated to exgeatiove the threshold for spallation re-
actions when the shock passes through the stellar surfa@eBlproduction can occur through the
direct interaction of the ejecta with the ambient matervidgthout the need for shock acceleration of
cosmic rays. This was explored in greater depth by Nakamu&hi§eyama (2004)[8], who used
more realistic stellar models and equations of state, hegetith a one-dimensional relativistic hy-
drodynamic code to investigate in detail how much of thetajatass acquires sufficient energies
for the LiBeB production. All of these studies used stellardmls that completely lost their H and
He envelopes and assumed the target to be interstellarrr{i&té4) consisting of 90% H and 10%
He, ignoring any circumstellar matter (CSM). Thereforee tinly reactions under consideration
were CO+H,He— LiBeB.

Recent observations [9, 10] have revealed that some vesl4pedr stars possess surprisingly
high abundances SLi, much higher than expected from standard supernova cosagimodels.
The measured values are also higher than can be accommau#tedSN Ic production scenario
discussed above, even in the case of an energetic explasidardo SN 1998bw, as can be seen
from the results of Nakamura & Shigeyama (2004) [8]. Howgbesides spallation of C and
O, the fusion reaction He He — 6Li may also be potentially important. This reaction will be
significant in the conceivable case that a small fraction @idstill remaining in the surface layer
of the core at the time of the explosion, while most of the He been transported to the CSM
through mass loss. The evolution of metal-poor massive s recently been calculated [11, 12]
by taking into account the effects of rotation-induced mixiand it has been shown that extensive
mass loss occurs even in extremely metal-poor cases, iti@dth significant enrichment of the
N abundance near the surface. If this N is accelerated ahtiek oreakout of the SN explosion,
a significant amount of Be can be produced through the reattie He — °Be, because of its
low thresholdEy, (~ 6 MeV A1) and high cross section at peak (~ 24 mbarns) compared with
other °Be-producing reactions (e.gEm ~ 8MeVA ! and 0p ~ 8 mbarns for O + He— °Be).
Indeed, recent observations indicate that the abundaridastto Be and N may be enhanced in
some metal-poor stars in whiéhi is detected [13, 14, 15]. Here, we focus on the interastion
He,CNO-+He,N — LiBeB occurring between the ejecta accelerated by the etief§N explosion
and the CSM, in order to account for the abundances in sughnetal-poor stars.
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2. Summary of Observations

Observational determination of the abundance&Lofn metal-poor stars is extremely chal-
lenging due to its deficiency and to the proximity of its alpsion lines to the much stronger
ones of the’Li isotope. Owing to the advent of large telescopes and thedwed capabilities
of observational instruments, reliable measurements hageeme possible only in the last sev-
eral years. 24 metal-poor halo stars were observed [9] WifF'MVES and®Li was positively
detected in nine of them at the 20 significance level. The subdwarf LP 815-43 is the most
metal-poor object[Fe/H] = —2.74) with 5Li in their sample. In the even more metal-poor star
G 64-12 ([Fe/HE —3.17) a tentative detection with Subaru/HDS was reported, [aBhough a
detailed analysis is still ongoing (W. Aoki et al. 2006, ireparation). With VLT/UVES, the Be
abundances of these two stars have been measured [13, Biogei)Be) = —1.09+ 0.20 for LP
815-43 and-1.10+0.15 for G 64-12. The Be abundance in G 64-12 is considerablyehnithan
that expected from previous measurements of the Be-Féorelatstars with similar metallicities,
and this may be the case for LP 815-43 as well. Nitrogen amgesain 31 metal-poor stars were
analyzed [15] and it was found that both LP 815-43 and G 64ré&2reore N rich than average.

3. Calculations and Results

Meynet et al. (2006) [12] and R. Hirschi (2006, in prepamtisimulated the evolution of
low-metal massive stars with rapid rotation and found thads Mnhanced in the He layers and
that they have lost a significant amount of their mass in gifitheir initial low metallicities. If
there is a considerable amount of N in the He layers, this Mdslarated after the shock breakout
of SN explosion and a significant amount of Be will be produttedugh a reaction N + He-

Be because of its low threshold energy and high cross seatipeak. Referring to their results,
we consider stellar models which have lost completely theiich layers and partly their He/N
layers as progenitor stars. Here we calculate an explogian-d5M, star, originated from main-
sequence star with mass40M.,, with an explosion energy of 8 10°2 ergs corresponding to SN
1998bw [16]. Accelerated ejecta consist of He, C, N, and Qaailide with circumstellar He and
N stripped from a progenitor star and produce the light elegm#éhrough spallation reactions and
He-He fusion. We use "thick target" approximation to estarthe energy loss of accelerated ejecta
assuming that circumstellar He/N is so thick that produnctibthe light elements terminate within
the cicumstellar matter and ejecta lose energy mainly byldbal collisions with free electrons
so that other processes like escaping from a given systerbec@&mnored. Detail is discussed in
Nakamura et al. (2006) [17]. The cross sections of the r@astare given by Read & Viola (1984)
[18] and Mercer et al. (2001) [19].

As a result of the localized production of the light elemetiteir abundance ratios with respect
to heavy elements averaged over the CSM and SN ejecta ahg tikde inherited by stars of
the next generation, as pointed out by Shigeyama & Tsujinft®®8) [20]. Thus, we compare
the abundance ratios calculated from the above model withrtbtal-poor stars discussed in the
preceding section.

We focus on the abundances of the very metal-poor star LP481ffem which 6Li, Be,
and N have been detected, all at apparently enhanced le¥eisseen in the literatures (82),
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Figure 1: Mass ratios ofLi (top panel) and®Be (bottom panel) to O as functions OMupen. Shown are

the cases with mass fractions of Xy = 0.005 (solid line), Xy = 0.01 (dotted line), Xy = 0.02 (dash-
dotted line), and without N Xy = O (dashed line). Shaded regions represent the observed ratios for the very
metal-poor star LP 815-43 [9, 13], including the error.

X (BLi)/X(0) ~ 6.88"398 x 10-7 and X(°Be) /X (0) ~ 1.32"37{ x 1078 for this star. The mass
Muen Of the He/N layer on the preexplosion core and its mass factiy of N are the main pa-
rameters. Figure 1 shows our results. BX{fiLi)/X(O) andX(°Be) /X (0) show good agreement
with the observational data of LP 815-43 whklyen ~ 0.01— 0.1M;, and Xy ~ 0.005— 0.01.
These are consistent with recent simulations of the ewrlutf metal-poor massive stars with ro-
tation ([12]; R. Hirschi 2006, in preparation). The obserx°Be) /X (0) for G64-12 can also be
reproduced with parameters analogous to those for LP 815-43

4. Conclusions and Discussion

We have proposed a new mechanism to produce the light elsmesgecialyfLi and °Be
recently observed in metal-poor stars. This is based omteaheoretical findings that rotating,
metal-poor massive stars can lose substantial amountgiofehvelopes and end up with SNe Ic
with a small amount of He and N in the outermost layers. Therdatyers composed of He and
CNO are accelerated at the shock breakout and undergotapaliend He-He fusion reactions to
produce mainlyPLi and °Be. Our calculations show that i 0.01— 0.1M., of the He layer is
remaining on the core in a SN explosion of a massive star Mjth > 30M.,, then the observed
abundance ratid®_i/O can be reproduced. If the He layer contains a small arneuf.5%— 1%)
of N, we can also reproducie/O.

Compared with the standard picture of cosmic-ray shocklat®n by normal supernovae,
our high yield ofSLi results from three crucial differences. First, we comrsid large explosion
energy, of order 1% ergs, as observed in some SNe such as SN 1998bw. Second, chanisen
considers the direct interaction of fast ejecta with the C8M it does not involve an efficiency
factor for cosmic ray acceleration and is not affected bgdssor escape during ISM propagation.
Third, the energy distribution of the accelerated parsidtea very steeply falling power law, with
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spectral index- 4.6 as opposed to 2 for shock-accelerated particles. This srtbah most of the
energy is contained in the lowest energy portions, wherernbgs sections for both HeHe — SLi
and N+ He — °Be peak.

Both the degree of mass loss and the amount of N enrichmehteiprbgenitor star are ex-
pected to be sensitive to its initial rotation speed [11, T2je actual rotation speed is presumably
distributed over a wide range, as is the explosion energytlaextent of mass loss at the time
of the explosion. Therefore, dispersions in fiié and Be abundances are expected, and current
observations suggest that this may indeed be the cadtiff®, 10, 21] as well as Be [22]. Our
scenario predicts a close relation between Be and N, sinaiBes directly as a consequence of
N spallation. A looser correlation betweni and N is also expected, as effectifei production
requires sufficient mass loss, which in turn implies sigaifitctN enrichment. Further observations
of 5Li, Be, and N for a large sample of metal-poor stars shouldigeous with definitive tests.
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17740108) of the Ministry of Education, Science, Culturg] &ports in Japan.

References

[1] Spite, F., & Spite, M. 1982, A & A, 115, 357

[2] Woosley, S. E., Hartmann, D. H., Hoffman, R. D., & HaxtoM, C. 1990, ApJ, 356, 272
[3] Meneguzzi, M., Audouze, J. & Reeves, H. 1971, A & A, 15, 337

[4] Vangioni-Flam, E., Cassé, M. & Audouze, J. 2000, Phy9.R&33, 365

[5] Duncan, D. K., Lambert, D. L., & Lemke, M. 1992, ApJ, 40B%

[6] Fields, B. D., Casse, M., Vangioni-Flam, E., & Nomoto, 396, ApJ, 462, 276

[7] Fields, B. D., Daigne, F., Cassé, M., & Vangioni-Flam 2002, ApJ, 581, 389

[8] Nakamura, K. & Shigeyama, T. 2004, ApJ, 610, 888

[9] Asplund, M., Lambert, D. L., Nissen, P. E., Primas, F., &ifh, V. V. 2006, ApJ, 644, 229

[10] Inoue, S., Aoki, W., Suzuki, T. K., Kawanomoto, S., Garérez, A. E., Ryan, S. G. & Chiba, M.
2005, From Lithium to Uranium: Elemental Tracers of Earlys@ac Evolution, IAU Symp. 228, ed.
V. Hill et al., Cambridge University Press (2005) p.59

[11] Meynet, G., & Maeder, A. 2002, A & A, 390, 561

[12] Meynet, G., Ekstrém, S., & Maeder, A. 2006, A & A, 447, 623

[13] Primas, F., Molaro, P., Bonifacio, P., & Hill, V. 20008,& A, 362, 666
[14] Primas, F., Asplund, M., Nissen, P. E., & Hill, V. 2000b& A, 364, L42

[15] Israelian, G., Ecuvillon, A., Rebolo, R., Garcia-La@p®., Bonifacio, P., & Molaro, P. 2004, A & A,
421, 649

[16] Nakamura, T., Mazzali, P. A., Nomoto, K., & Iwamoto, KO@1, ApJ, 550, 991
[17] Nakamura, K., Inoue, S., Wanajo, S., & Shigeyama, T&@pJL, 643, L115
[18] Read, S. M., & Viola, V. E. 1984, Atomic Data and NucleaatB Tables, 31, 359



Light Element Production in the Circumstellar Matter of Type I ¢ Supernovae at Low Metallicity
Ko Nakamura

[19] Mercer, D. J., etal. 2001, Phys. Rev. C, 63, 065805
[20] Shigeyama, T., & Tsujimoto, T. 1998, ApJL, 507, L135

[21] Aoki, W., Inoue, S., Kawanomoto, S., Ryan, S. G., SmithV., Suzuki, T. K., & Takada-Hidai, M.
2004, A & A, 428,579

[22] Boesgaard, A. M., & Novicki, M. C. 2006, ApJ, 641, 1122



