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1. Deuterium burning in low-mass stars

Screening corrections to nuclear reaction rates play aotitapt role in stellar modeling and
stellar evolution [1]. For hot and dilute plasmas, theseaamions have already been studied in
the pioneering work of Salpeter [2] and are well understobtbwever, for relatively cold and
dense plasmas, more sophisticated theories accountimgaioy-body effects as well as quantum
statistics are indispensable [3].

The existence of brown dwarfs has been conjectured in tHeere&860s [4]. Since the first
definitive identification of the genuine brown dwarf Gl 229 BNMakajima [5], the study of brown
dwarfs has progressed enormously due to observationatseffoinfrared spectroscopy. Theo-
retical modeling suggests, that these stars have muchrcadedenser core plasma conditions
compared to e.g. our sun [6].

Brown dwarfs and very low mass stars generate their eneegg truncated pp-chain given by
the reactions , cf. Ref. [6],

p+d— 3He+y,
pt+p—dte +ve,
p+e +p—>d+ve.

The first reaction converts primordial deuterium witlQavalue of Q = 5.494 MeV. Recent val-
ues for the isolated nuclear reaction rates can be found fa. IRH. However, these reaction
rates are modified in the stellar environment due to many-tedigcts such as screening and de-
generacy. The importance of these corrections can be gstnftam the non-ideality parameter
o = Z26?/(4meoksT) (4mme/3)Y/® and the degeneracy parameflr= 2mksT /A2 (3712nc)*2/3

for a multi-component plasma with particle-densitigsand temperaturd@, c being the index la-
beling the species. As a specific example, we consider tree @mrditions given by Burrows et
al. [8], model X. This model assumes solar metallicity, aiurelfraction ofY, = 0.25, and a
deuterium fraction offy = 2 x 107°. In Fig. 1, we illustrate the parametefs and O, for these
conditions. Note, that for very low-mass stars the pararsétgandl, exceed unity andl, ap-
proaches unity, see also Tab. 1. Also, the degeneracy perafaef electrons is smaller than unity
at low masses. Thus, we expect that interaction as well asngegcy effects must be accounted
for. In the following, we only use the data for an age of 0.008<=since deuterium burning is
occuring only in the early phase of the brown dwarf evolution

2. Many-body approach to screening corrections

The standard approach to estimate screening correctioasiexeloped in Ref. [9] and ex-
tended by Mitler [10]. It is based on classical statisticd avaluates the so-called screening poten-
tial, see also Ref. [3]. It accounts for many-body effectd,ignores quantum effects, dynamical
effects, and (partial) degeneracy. Here, we outline a mygstematic approach based on quantum
statistics using thermodynamic Green’s functions. As wasve in Ref. [11], the reaction rate
can be obtained from a Green’s function approach, cf. R&f. [In particular, for binary reac-
tions 1+ 2 — 3+ 4 and neglecting correlations between the in-coming cHaamethe out-going
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Figure 1: Density and temperature conditions for the electron ga®® conditions in the model X of
Ref. [8]. Samples for a an age of 0.003 Gyrs and 0.07 Gyrs awrsh Lines for constant degeneracy
parameteB. and non-ideality paramet€g are also indicated.

channel, we have for the rake

@ dhw
Rii2-314(Q) = ) s
Pin s Pout

X nB(ﬁw_ H1— p2) (14 ne(hw+ Q — pz — Ha)) A12(Pin, hw) Aza( Pout, hew + Q)

|Vreact( pll’h pout) |

According to this formula, the rates splits into a) the naclaformation |Vieact Pin, pout)]z, i.e.
the cross section at a given energy, b) statistical infaonatia the two-particle Bose distribution
ng(w) and the chemical potentials;, t» it contains, and c) correlations for the propagation of
two-particle states represented by the two-particle sgeftinctionsAr> andAz4. The summation

is performed with respect to the incoming and outgoing mdmpR, pout Of the particles involved.
The two-particle spectral functions can be determined byirapan in-medium two-particle equa-
tion being a generalization of the Lippmann-Schwinger éqonae.g. for the incoming channel,

(Ep(1) +Eq4(2) + A (12,2) — 2) Gpg(1212,2)
+Zv (1212,7 Gpd(121’2’ 2) = 81182 Npa(12)

with 1212'12 being momenté,(1), Eq(2) indicating kinetic energles& 4(12,2) andVEE(lZIZ 2)
are effective self energy and effective interaction duehmsturroundlng particles in the plasma.
The Green’s functiorGp 4 and the spectral functioA,q are connected Vid, 4(w) = Gpd(w +
ie) — Gpd(w—ig). Single-particle corrections are determined by solvirgyGlyson equation, see
for details Ref. [12]. Screening as the most important mamgy effect is included by defining a
dynamical screened interactidg(qg, w) =V (q)/€(g, w) whereg(q, w) is the dielectric function.
Here,V(q) is the Coulomb potential in momentum space representatidiaes a frequency. For
w = 0, V5(q,w = 0) reduces to the static screened potential. The dielectriction is treated in
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Random Phase approximation (RPA) taking full account ontwa and degeneracy effects, cf.
Ref. [13, 14]. Note tha¥s is a dynamical quantity taking care of the retardation éffeltie to the
motion of particles.

3. Assessing screening corrections in low-mass star s

The approach outlined above is quite involved and resultsbgi presented in detail in a
forthcoming paper, see also Ref. [11]. Here, we will give s@imple estimates for the importance
of many-body effects. These shall serve only as a guide talpimn plasma conditions to be
considered with the more elaborated approach. To this eeadowsider Salpeter screening, i.e. we
assume, that the screening correctfdnc, T) is given by the total screening lengtrasf (n., T) =
exp(eZK/4neo). We define a generalized screening length for the electrpns b

2o = SKee B%F oo/ KaTe)
wherekrg = (BGe/Z)l/2 Kpe is the Thomas-Fermi lengtif_,, the Fermi-Dirac function with
index —1/2 and e the chemical potential for electrons at densityand temperatur@.. Note
that this expression reduces to the traditional Debyeesing lengthkp ¢ = (ezne/sokBT)l/ % for
a non-degenerate plasma, whilg coincides withkrg for highly degenerate plasmas. The total
screening length is obtained as

22 2 2
K = KSe+XpK5 p+XdKp g

wherekp p andkp ¢ are the Debye screening length for protons and deuteragsgetvely.x, and
X4 are correction factors accounting for a partial screeningrioetons and deuterons due to low
mobility of ions as compared to electrons. Here, we take thearical value ok, = x4 = 0.865
from Ref. [16] where is has been obtained within the samerétieal approach outlined above.
We present our results in Tab. 1. The estiméfier the screening corrections normalized to
Debye screening is shown as a function of the mass of theAtaounting for degeneracy leads
to a decrease in the electron screening lekgthat low masses as compared to Debye screening
given bykpe. Already for M /Msyn < 0.04, deviations are larger than 10%. A reduction of the
screening length corresponds to a more Coulomb-like patenthich is harder to penetrate by the
reacting particles. Thus, the rate is reduced compared éseigtion ignoring deneraracy effects.
Dynamic screening effects given ky andxg act in the same vein. However, significant deviations
in f arise only for very small masses. This is due to the fact,ttieatore temperature is still large,
diminishing effects in the screening length.
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Table 1: Estimate of the screening correcticb_mc,T) normalized to Debye screening as a function of the
mass of the low mass star in units of solar masses. Densitieamuerature conditions are taken from model
Xin Ref. [8]. Shown also: the non-ideality parameter fortpres anda-particlesl , ', the degeneracy
parameter for electrong., the generalized electron screening lenkghk the Debye-screening length for
electronskp e and protonsp p. For all stars, an age of 0.003 Gyrs and-@article fractionYy = 0.25 is
assumedag is the Bohr radius.
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