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Abstract. The origin of the abundance pattern and also the (anti)correlation present among the elements found
in stars of globular clusters (GCs) remains unimproved until date. The proton-capture reactions are presently
recognised in concert of the necessary candidates for that sort of observed behaviour in the second generation
stars. We tend to propose a reaction network of a nuclear cycle namely carbon—nitrogen—oxygen—fluorine
(CNOF) at evolved stellar condition since fluorine (°F) is one such element which gets plagued by proton
capture reactions. The stellar temperature thought about here ranges from 2 x 107 to 10 x 107 K and there has
been an accretion occuring, with material density being 10> g/cm? and 10° g/cm?. Such kind of temperature
density conditions are probably going to be prevailing within the H-burning shell of evolved stars. The estimated
abundances of '°F are then matched with the info that has been determined for a few some metal-poor giants
of GC M4, M22, 47 Tuc as well as NGC 6397. As far as the comparison between the observed and calculated
abundances is concerned, it is found that the abundance of '°F have shown an excellent agreement with the
observed abundances with a correlation coefficent above 0.9, supporting the incidence of that nuclear cycle at

the adopted temperature density conditions.
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1. Introduction

The individual globular cluster gives proving grounds
to models of stellar development and the investigations
of their properties have added to the occasion of our
present comprehension not exclusively of the galactic
synthetic advancement, however likewise the progres-
sions that the individual star have experienced over
time. Maybe the primary reason that globular clusters
are valuable in testing speculations of stellar develop-
ment is that the stars in a specific group are thought to
be contemporary, monometallic (Thévenin ez al. 2001)
old and obviously equidistant (Marcolini ez al. 2009).
However this thought has been changed since late spec-
troscopic reviews have uncovered that a comparable
sort of wealth oddities is available even in stars that are
below and above the main sequence turn-off (Decressin
et al. 2007). Also recent observational studies have

Globular cluster—metal poor star—H-burning—abundance.

revealed star-to-star abundance inhomogeneity among
light elements of stars on the main sequence in the
Galactic GCs. The existence of multiple populations
have recommended that these square measures also owe
to some kind of ‘self-pollution’ (Bekki & Masashi 2007)
schemes. Also GC w Cen which is the most massive
cluster, whose stars have been found to show a large
spread in metallicity thereby throwing out the earlier
paradigm that GCs are examples of ‘Simple Stellar Pop-
ulations’(SSP) (D’Ercole et al. 2008).

There are about 180 estimated globular clusters in
and around our galaxy, some 150 of them are visi-
ble while the remainder are obscured by the galactic
bulge (Ashman & Zepf 1998), among which GC M4 is
closest to us and thereby making it easier to observe.
Observation performed by several teams of indivisuals
using high spectral resolution techniques, the GC M4
is found to be mildly metal poor with a cluster average
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metallicity of ([Fe/H]) = —1.18 (Ivans et al. 1999).
Then it is conjointly peculiar owing to the fact that
the CMDs have revealed that the GC M4 possesses
broadened red giant branches (Marino et al. 2008).
On the other hand GC M22 have shown a metallicity
unfold and a sophisticated chemical enrichment. More-
over M22 is among the most massive galactic globular
clusters and its colour-magnitude diagram (CMD) and
chemical abundances have revealed the existence of
sub-populations (Alves-Brito et al. 2012). It has been
also confirmed at infrared wavelengths that this GC span
a metallicity range of —1.87 < [Fe/H] < —1.44 thus
representing a wide [Fe/H] spread (Alves-Brito et al.
2012). The 47 Tuc also known as NGC 104 is relatively a
metal rich GC with cluster metallicity [Fe/H] = —0.75
is also known for its multiple populations along with a
bimodal distribution of the CN bands among the giants
(Ventura et al. 2014). NGC 6397 is the second closest
GC next to M4 and is very metal-poor [Fe/H] = —1.99
(de Laverny & Recio-Blanco 2013) also possesses dis-
tinct bimodality and the cluster is dominated by mainly
second generation stars (Lind et al. 2011) in which the
elements are produced by mainly proton capture reac-
tions (Ventura et al. 2014).

But the common thing found in these four GCs is the
presence of iron peak elements (Ni, Cr, Zn), neutron
capture elements (Ba, Eu, La) and «-elements (Si, Ca)
(Brown & Wallerstein 1992; Gratton et al. 2014; Lind
et al. 2011). Moreover different groups of people also
have found that these clusters also possess CNO ele-
ments along with light odd Z elements like Na and Al
(Brown & Wallerstein 1992, Alves-Brito et al. 2012).
Moreover many observations have confirmed that there
has been conjointly some correlations and anticorrela-
tions in light elements (e.g., C, N, O, Na, Mg and Al)
of stars within GCs which may offer vital clues for the
early formation histories of GCs (Gratton et al. 2004).

However, the presence of '°F which has been con-
firmed by observation is of the essence in all the four
GCs namely M4 (Smith et al. 2005; Sanchez-Blazquez
et al. 2012), M 22 (Alves-Brito et al. 2012, D’Orazi
et al. 2013), NGC 6397 and 47 Tuc (de Laverny and
Recio-Blanco 2013) as well. Recently (Abia ez al. 2010)
have even confirmed the presence of '°F in galactic
AGB stars. This '°F is an interesting element of the
periodic table because of the fact that though it is sur-
rounded by some of the most abundant elements in the
universe like oxygen, nitrogen and neon, after hydro-
gen and helium, it is itself very rare. Perhaps it is
because an odd Z element with only one single sta-
ble isotope and it is very fragile with its 9 protons
and 10 neutrons (Palacois 2006). However the origin
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of 19F is still a matter of debate. The three proposed
primary astrophysical factories for '°F production have
been the Type II supernovae (SNe II), the Wolf—Rayet
(WR) stars, and the asymptotic giant branch (AGB) stars
(Renda et al. 2004, Recio-Blanco et al. 2012). Each
of them has different '°F synthesizing mode. SNe II
produces '°F primarily as the result of spallation of
20Ne by v, and v;s near the collapsed core. In WR
stars 1°F production is tied to the nuclear burning chain
given by N(a, y)'BF(81)'*0(p, @) "N(e, y)'F
(Lucatello et al. 2011). In the case of AGB stars, the
reaction network '*N(n, p)*C(x, ¥)'80(p, o)’ N(a,
¥) 19F where the neutrons are provided by B3C(a, n)'%0
and the protons mainly by "“N(n, p)'*C, i.e., it is the
combination of H and He-burning in the case of AGB
stars that produces '°F (Renda et al. 2004; Lucatello
et al. 2011). Whatever be the synthesizing process, the
principles of nuclear-astrophysics are the key for under-
standing the presence of this element in these GC stars
or galactic stars. The thermonuclear burning phases, not
solely facilitate the star to achieve each thermal and
hydrostatic equilibrium but additionally liable for the
synthesis of various elements. However it is the tem-
perature and density of the star which can confirm what
variety of burning mode can happen within the stellar
interior and the way quick burning mode will proceed.
One such thermonuclear H-burning scheme that plays
an important role in the abundance of elements in the
surface layers of stars is the CNO cycle. This CNO cycle
is answerable for manufacturing all the stable isotopes
of carbon, nitrogen and oxygen. However we have cho-
sen an extended burning mode, the CNOF cycle, which
leads us to get to the element '°F. In fact, the aim of
this paper is to enhance our understanding and addi-
tionally to appear for brand spanking new mechanisms
of fluorine production in the GC stars.

The paper is structured as follows. In section 2, we
present a particular physical state of affair of the stellar
environment. Section 3 presents the reactions concerned
within the cycle together with the calculated values of
the lifetimes for the various proton capture reaction.
The evolution of '°F within the cycle at equilibrium
condition and the abundance of it are made public in
section 4. Section 5 summarizes the discussion and a
few closing remarks.

2. The stellar situation
The stellar evolution focuses on the dominant role of

various stages of nuclear burning in the stellar core. Not
only the temperature is crucial in any stellar situations
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but density also plays an important role. Even though
the density ranges from many orders of magnitude, its
response in the burning rates is only linear and hence
its importance is less significant as far as the elemental
synthesis is concerned unless one considers a situation
where low temperature and high density is prevailing.
In the canonical model of the star, where the stars are
assumed to be spherically symmetric, with no magnetic
field, no rotation and no mass loss from the surface,
the materials which are synthesized in the inner regions
near the core are brought to the surface by means of con-
vection, which is the only mixing mechanism and the
convective regions are always fully mixed (Salaris et al.
2009). In evolved stars there are also some dredging up
episodes which effectively work as far as alteration of
elements is concerned. But in case of RGB star canoni-
cal extra mixing will not change the surface abundances
unless it switches to an enhanced mode. This could
result from tidal spin-up of upper RGB stars in close
binaries (Denissenkov et al. 2006). Another possibil-
ity is that canonical extra mixing gets enhanced toward
the RGB tip due to some internal physical processes in
single stars. Another possibility is that canonical extra
mixing gets enhanced toward the RGB tip due to some
internal physical processes in a single star, in which the
extra mixing in upper RGB stars can penetrate the H
burning shell and may trigger further burning to the pri-
mary sources like *N and '3C and 90 along with '2C.
This can then be added to make the total sum of C + N
+ O is constant to high accuracy for stars (Smith et al.
2005) to yield the observed abundance of '°F. Here the
12C is a result of partial He burning in the He-rich inter-
shell (Lugaro et al. 2004). Moreover, the proton mixing
(by a process called *partial mixing’ (Casisi et al. 2002)
in the He-rich intershell is also necessary to activate the
s-process in those stars (Mowlavi et al. 1998). How-
ever we do not comment on the physical factors that
influence the mixing or dredging up mechanisms.

3. Nuclear transformations in the CNOF cycle
governing fluorine production

If heavier elements are present in some stellar condi-
tions where the temperature is high and the density
is low, then '>C(p, ¥)"*N reaction can compete with
p—p reaction and thereby can initiate the CNO burn-
ing mechanism (Clayton 1983 and references therein).
3N is B unstable and decays to 'C in a time scale of
862.77 s (Audi er al. 2003) since its proton capture life-
time is quite large in the considered temperature density
condition. On the other hand '3C is a stable isotope of
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Table 1. The branching ratio (B, = %) at various

temperatures in units of 79. The rate constants for N are
taken from NACRE compilation and for 7O are taken from
(Iliadis et al. 2010).

To N(B,1) 70(B2)

0.02 4.615 x 1074 1.312 x 1071
0.03 4232 x 1074 5.601 x 103
0.05 3.652 x 10~ 4.031 x 1073
0.08 3.134 x 107* 5.745 x 1073
0.1 2.857 x 10~* 7.722 x 1073

carbon with relative abundance 1.1078 (Lodders 2003).
This '3C forms '*N by taking a proton and then '*N to
150 taking a proton again.

14N(p, )13 0: The experiment performed by the LUNA
collaboration (Cristallo et al. 2014 and references
therein) has reached the lowest energy, about 70 keV,
which corresponds to a stellar temperature of about
Ty = 0.05 K. However the uncertainty on data at high
energy affects the low energy extrapolation. Here we
have used the rate constant values given by the NACRE
compilation corresponding to our temperatures. The
150 then decays via a 8 emission to N in an average
lifetime of 176.39 s (Audi et al. 2003) as SN branch-
ing appears. The branching ratio will guide how much
of PN will go to form 'O by taking a proton. Table 1
shows the branching ratios of the cycle at various tem-
peratures. These branching ratios show that the (p, o)
reaction wins over the (p, y) reaction and thus con-
firming the cyclic behaviour forming '>C by most of
SN nuclei. This is the CN cycling.

ISN( p, «)'2C: The reaction rate of this process, at the
temperatures of interest for this study, is mostly deter-
mined by a resonance at E., ~ 100 keV. A decade
ago, this reaction has been investigated using the indi-
rect approach of the Trojan Horse Method (THM) (La
Cognata et al. 2007), yielding results similar to (Redder
et al. 1982). For the present work we use the reaction
rate reported in the NACRE compilation. The uncer-
tainty at relevant temperatures is about 10%.

N(p, )!'00: The low energy cross section of this
process is determined by the presence of two broad
resonances and by their interference. La Cognata et al.
(2009) suggested a cross section significantly lower than
the previously estimated. This translates into a signifi-
cantly lower rate at AGB temperatures. In the present
work we use the rate presented in NACRE compilation,
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and the corresponding uncertainty at relevant tempera-
tures is about 10%.

160(p, ¥)!7F: This reaction was given much empha-
sis on the stellar temperature range of 0.06 < Tg < 0.1
which is important for hot bottom burning in asymptotic
giant branch (AGB) stars. However the two resonances
at E., = 2.50 and 3.26 MeV (Tilley 1993) are neg-
ligible for the total rate. The reaction rates, including
uncertainties, are adopted from Iliadis et al. (2010)
with reaction rate errors of about 7% over the entire
temperature region of astrophysical interest (79 =
0.01-2.5 K).

170( D, o) '*N: The reaction rate determination for this
reaction, at the astrophysically relevant energy is rela-
tively difficult and the uncertainty is correspondingly
large due to the presence of the E., = 65 keV
resonance. For the present work we adopt the value
suggested by lliadis er al. (2010). The uncertainty at
relevant temperatures is about 20%.

70(p, y)'8F: The cross section of this reaction below
E.n = 400 keV is determined by 2 narrow reso-
nances. Chafa et al. (2007) and Newton et al. (2010)
have determined the reaction rate with improving pre-
cision. Nevertheless, at the temperatures relevant for
AGB nucleosynthesis, the reaction rate is dominated
by the lowest energy resonance, E., = 65 keV, that
is too weak to be directly measured with the current
experiment possibilities. For the present work we use
the reaction rate determination by Iliadis et al. (2010).
This point onwards we take the reaction steps given
in Hansen et al. (2004) and Mountford (2013), i.e.,
180(1), V)19F-

180(p, ¥)!°F: In this case the presence of several low
energy states influences the determination of the cross
section. In particular, the E.,, = 150 keV broad res-
onance and the direct capture dominate the reaction
rate at the astrophysically relevant temperature for AGB
nucleosynthesis. For the present work, we adopt the
reaction rate given in the recent compilation by Iliadis
et al. (2010). The uncertainty at relevant temperatures
is about 10%. Sometime the radiative capture on 80
cannot be neglected as compared to O'8(p, )N even
though the (p, o) channel is substantially stronger than
(p, ) channels. Because, depending upon the spin and
energy of resonance the latter can be of comparable
strength (Weischer 1980). Still we have checked for pos-
sible alteration of abundances of oxygen by including a
third branching point at '80. But still it does not lead us
to find any significant change in the mass fraction of °0
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which has been found to be consistent with the earlier
report of Audouze 1976 where the author had mentioned
that the '80(p, ¥)!°F leak has little effect on CNO
equilibrium abundance. For instance the '°0 abundance
changes by 12% only at temperatures 79 = 0.03 and
0.05. Moreover the goal of this choice is because it
may improve our knowledge of levels in the '°F nucleus
that are relevant to nuclear astrophysics and hopefully
for a possible fluorine production network. Recently
Buckner er al. (2012) had studied '80(p, y)!'°F and
have found that most '°F levels decay by y y-cascades
through the first (110 keV) excited state, and all '°F
levels (with known decay schemes) de-excite through
the second (197 keV) excited state. Moreover it is an
interesting element in the periodic table because of the
fact that though it is surrounded by some of the most
abundant elements in the universe like oxygen, nitrogen
and neon, it is itself very rare. Perhaps it is because of
an odd Z element with only one single stable isotope
and it is very fragile with its 9 protons and 10 neutrons
(Palacois 2006).

9E(p, @)!°0: Then the finally produced '°F which
is destroyed by a (p, &) reaction forming '°0O since
(p, a) reaction rate is faster as compared to (p, y)
reaction which would have produced 2°Ne. However
(p, ) situation contains branching. Thus despite its
importance, the branching ratio between a, a; and oy,
outgoing channels in the '2F(p, «)'%0 reaction are still
largely uncertain at astrophysical energies, pointing out
the need for new, more comprehensive, measurements.
The most recent experimental work on this subject per-
formed by La Cognata et al. (2011) suggested that at
the lowermost energies (79 < 0.1 K), the «¢ channel
dominates in the other open reaction channels (i.e. o,
and a, ). Moreover, the presence of very low energy
resonance at E.,, = 300 keV, which was not observed
that before in direct measurement, until La Cognata
et al. (2011) observed that this in an indirect exper-
iment using the THM corresponding to typical AGB
temperatures, thus implying a significant increase in
the reaction rate. For example at temperatures up to
Ty ~ 0.05, where the reaction rate is 27% higher than
in NACRE which even increases upto a factor of 1.7
(T9 ~ 0.1). In this work we have compared both the
reaction rates from NACRE compilation and La Cog-
nata et al. (2011) and have looked for the extent up to
which the '°F abundance alteration has taken place. As
far as the realistic astrophysical situation is concerned
the reaction rate constants taken here confirm to the con-
ditions encountered in red giants, AGB stars, classical
novae, massive stars and type [ X-ray bursts (Iliadis ez al.
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This figure shows a comparison of lifetimes between (p, ) and («, y) reactions for all the stable nuclei present

in the cycle. We notice that the («, y) reactions have lifetimes greater than billion years.

2010) and the same from the NACRE compilation com-
ply with the non-explosive H- and He-burning modes
with the extrapolation of astrophysical S-factors to very
low energies based on potential models (Xu et al. 2013).
Thus the CNOF cycle is as follows:

2C4p—s BNty

BN — BC+et + v,
BC+p— UN+y
UN+p— BO+y

150_) 15N+€++Ug
15N+p—> R2C+a
PN+ p— 04y
16O+p—>17F+)/

"F — O+ et + v,
"0+ p — “N+a
17O+p—>]8F+)/

B 5 Bo 4 et 4,
BO+p— PF+y
YE4+ p— 190 4 q.

3.1 Lifetime of hydrogen burning

The rate of nuclear reactions is dependent on the density
of the reactants, the velocity of one reactant relative
to another, and the probability of a reaction occurring.

Mathematically
R 1 N;iNj{ov) (1
= ——N;Nj{ov),
1+6;

where i, j are two separate species and §;; is the function
preventing the double counting of those two species.
The number density N; of any element with mass
number A; can be converted into corresponding mass
fraction X;s for the same element, for computational
simplification by

PXiNa
N, = . 2
i A (2)

Here p is the stellar density, Na is Avogadro’s num-
ber. Using this, the nuclear reaction rate of a proton
capture reaction, takes the form

2
P NA 3 1
R = Xy Xpe(N . 3
ApAhe[ »Xhe(Nalov)] em™s (3)

Here, N (o v) is the reaction rate constant and Xt is the
mass fraction of any other heavy element. The lifetime
against the proton capture for the elements at the two
different values of densities, has been calculated using
the equation
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T]? — ;
pXp[Nalov)]

Here the required reaction rate constants are taken
from (Iliadis et al. 2010) which are the recommended
medium rate constant values. The '2C(p,y)"*N,
BC(p, )N, BN(p, y)™* 0, N(p, )10, PN(p,
)10, PN(p, a)'2C,15 O(p, y)'F and the last '°F
(p, )10 are also the recommended medium rate con-
stants values which have been taken from NACRE
compilation. Table 2 shows the calculated values for
proton capture lifetimes for various elements in the
stellar condition along with the parent nuclei’s lifetime
against B-decay.

There is also production of «-particles taking place
in the cycle. Although it looks at first sight that
these « particles may also get involved in some
(o, v) type of reactions which can lead to additional
branching points in the reaction networks creating
some alteration in the abundance profile of the ele-
ments. We have calculated the «-capture lifetimes
for all the stable elements using an equation simi-
lar to equation (4) where X, has been replaced by
Xpue. The rate constants for '2C(a, y)160,13C(oc, ¥)
170’ 14N(0[, )/)lsF, ISN(OZ, )/)191:, 160(0{, )/)ZONC, 170

4

(a, y)ZINe, 180(a, y)zzNe, 9F (a, y)23Nareactions are

taken from NACRE compilation. The estimated values
of the «-capture are shown in the Table 3. Then there is
also some possibilities of (c, p) type reactions mainly
by the nuclei '“O and '8F where the former goes to
I7F and the later goes to 2!Ne. However these pos-
sibilities can also be safely ignored as the o-capture
lifetimes still remain large enough even at 79 = 0.1.
For instance, "*O(«, p)”F has a median rate constant
due to NACRE compilation of magnitude 8.818 x
10722 cm3mol~! s~! which gives a lifetime of 1.62 x
109 according to equation (4). For 18R (q, p)ZINe also
we find a lifetime of 4.324 x 10'? s corresponding to a
rate constant 3.304 x 10722 cm3mol s~ ! at To =0.1.
We noticed that these «-capture lifetimes are much
larger than the typical GC lifetime which is in the order
of billion years. For instance, a recent work by a group
of people (Hansen et al. 2013) have shown that the age
of 47 Tucis 9.740.4 Gyr (~3.15x 107 s) and the age of
NGC 63971s 11.740.3 Gyr (=4 x 107 s) which is still
smaller than many «-capture reactions even at 79 = 0.1.
Thus the possibility of «-capture can safely be ignored
in the calculation, in the adopted range of tempera-
ture. Figure 1 shows a comparative view of p-capture
and «-capture lifetimes for the elements involved in the
cycle.
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Table 2.  Proton capture lifetimes 7, (s) for various nuclear
reactions. p, is the density in units 10? g/cm>. Here we have
shown the lifetime only for p, = 1 g/lcm?>. For p, = 10 g/cm?
the values are just only 10 times less than these values.

Reaction Ty Na(ov) 8 (o2 =1)
2C(p,y)BN  0.02 3.76 x 1071* stable 3.79 x 10'!
0.03 1.74 x 101 8.21 x 108
0.05 1.31x 1078 1.09 x 10°
0.08 2.28 x 107 6.26 x 103
0.1 2.03x107 7.03 x 102
BC(p,y)N  0.02 1.89 x 10713 stable 7.55 x 1010
0.03 8.77 x 1011 1.62 x 108
0.05 6.49 x 1078 2.20 x 107
0.08 1.10 x 107 1.29 x 103
0.1 9.60 x 1077 1.48 x 102
BN(p, ) *0 0.02 4.11 x 10710 862.77 3.47 x 10"3
0.03 3.85x 10713 3.71 x 1010
0.05 6.15x 107° 2.32 x 10°
0.08 1.93 x 1077 7.40 x 10*
0.1 2.19x 1077 6.52 x 102
UN(p, )P0 0.02 1.59 x 1071¢ stable 8.98 x 103
0.03 1.45x 10713 9.85 x 100
0.05 2.21 x 10710 6.46 x 107
0.08 6.50 x 1078 2.19 x 107
0.1 7.20x 1077 1.98 x 10*
BN(p, )10 0.02 3.90 x 10715 stable 3.66 x 10'2
0.03 3.70 x 10712 3.86 x 10°
0.05 5.97 x 107? 2.39 x 10°
0.08 1.89 x 107 7.55 x 103
0.1 2.16x 107 6.61 x 102
BO(p, »)IF  0.02 5.45x 107% 176.39 2.62 x 10*
0.03 1.25x 1074 1.14 x 10*
0.05 6.66 x 10737 2.14 x 10**
0.08 1.34 x 1073 1.06 x 1032
0.1 4.64x10°3 3.07 x 1030
1°0(p, »)'7F  0.02 3.78 x 10718 stable 3.77 x 103
0.03 6.59 x 107> 2.16 x 1012
0.05 1.98 x 10711 7.21 x 108
0.08 9.71 x 107° 1.47 x 10°
0.1 1.30x 1077 1.09 x 10°
TE(p, y)'8Ne 0.02 6.12 x 10721 93.059 2.33 x 10'3
0.03 2.15 x 10717 6.64 x 1014
0.05 1.36 x 10713 1.05 x 101
0.08 1.24 x 10710 1.15 x 10%
0.1 2.17x107° 6.58 x 10°
70(p, y)'8F  0.02 2.08 x 10718 stable 6.86 x 10!
0.03 9.69 x 10~1° 1.47 x 1012
0.05 7.62 x 10711 1.87 x 108
0.08 1.58 x 1078 9.04 x 10°
0.1 1.39x 1077 1.02 x 10°
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Table 2. Continued.

Reaction Ty Na(ov) 8 (o2 =1)
BE(p,y)?Ne 0.02 547 x 1077 9504 2.61 x 10'*
0.03 6.84 x 10714 2.08 x 10"
0.05 2.57 x 107! 5.55 x 108
0.08 3.88 x 107? 3.68 x 10°
0.1 393x1078 3.63 x 103
Bo(p,»PF 0.02 1.2x10717 stable 1.19 x 10'3
0.03 1.79 x 10714 7.98 x 101
0.05 1.35x 10710 1.05 x 108
0.08 7.11 x 107° 2.00 x 103
0.1 3.17x107* 4.50 x 10!
YE(p,®)!%0  0.02 3.76 x 10717 stable 3.79 x 104
0.03 1.33x 10713 2.07 x 10°
0.05 8.72 x 10710 1.63 x 107
0.08 8.13x 1077 1.76 x 10*
0.1 1.65x107 8.65 x 102

4. Evolution of elemental abundance

In the cycle considered, the result per cycle before and
after the branching is the production of one «-particle
along with two v,s and two e™s. The initial nuclei are
acting mainly as catalysts. Also the total mass and the
total number of nuclei in the cycle is always conserved
and also there is always consumption of hydrogen. Thus
the net effect in the cycles is

dNy dNHe
a0 ar
The generalised differential equation that governs the
evolution of any element in terms of number density
via proton capture reaction or S-decay or both without
any branching point is given by (Clayton 1983)
Ni = —N;Ny{(ov) i

+N;Ny(ov)p, j = ANk, (6)

> 0. &)

where Ay is the decay constant of the element k. As
the cycle comprises of proton capture reactions and
B-decays, the abundances will primarily depend upon
the lifetime of these processes. If the §-decay lifetime,
i.e. g for an unstable element in the cycle is short as
compared to its proton capture lifetime, i.e. t, then this
B-decay lifetime can be bypassed and thus the element
can be thought of representing the next stable element
in cycle having the same mass number, i.e. we can
effectively have the B-decaying reaction which can be
absorbed as 4 Y (p, yeTv,)4i+1Y, where Yis any stable
isotope and A; stands for mass number of that isotope.
Considering this in equation (6) the all cycle reaction

Page 70f 13 63

Table 3. « capture lifetimes t,, (s) for various nuclear reac-
tions. ps is the density in units 10* g/cm®. Here we have
shown the lifetime only for po = 1 g/cm’. For p, = 10
g/cm?, the values are only 10 times less than these values.

Reaction Ty Na(ov) Tw(p2=1)
2C(a, y)'°0 0.02 986x 1073  3.62 x 10%
0.03 4.81 x 10731 7.42 x 1028
0.05 1.20 x 10=%7 2.97 x 10%
0.08 743 x 1072 4.80 x 1020
0.1 1.15 x 10720 3.10 x 108
BC(a, y)!’0 0.02  2.30x 1074 1.55 x 10%
0.03 1.01 x 1073 3.53 x 1077
0.05 1.97 x 10726 1.81 x 104
0.08 7.62 x 10722 4.68 x 10"
0.1 8.69 x 10°19 4.11 x 1016
4N(a, y)8F 0.02 327x10™8 1.09 x 10%
0.03 551 x 104 6.48 x 1038
0.05 3.77 x 10733 9.47 x 1030
0.08 277 x 10726 1.28 x 10**
0.1 2.12 x 10721 1.68 x 1017
BN(a, ) °F 0.02 1.70 x 1074 2.10 x 10*
0.03 3.08 x 107% 1.16 x 1037
0.05 2.19x 1073} 1.63 x 10%
0.08 3.71 x 107 9.62 x 10?2
0.1 2.83 x 10721 1.26 x 1017
160(a, y)*Ne  0.02 1.56 x 10792 2.28 x 107
0.03 1.32 x 10~ 2.70 x 10*2
0.05  4.66x 1073  7.66 x 1033
0.08  2.11x107% 1.69 x 10%7
0.1 1.33 x 10726 2.68 x 10**
T0(a, y)*'Ne  0.02  2.74 x 1074 1.30 x 10*
0.03 235x 10738 1.52 x 103
0.05 8.28 x 10730 431 x 10?7
0.08 3.58 x 1075 9.97 x 102
0.1 2.19 x 10720 1.63 x 108
BO(a, y)*Ne  0.02  3.22x 10748 1.10 x 10%
0.03 2.89 x 104! 1.23 x 10%°
0.05 449x1073%  7.95x 10%
0.08 8.84 x 1072  4.04 x 10*!
0.1 5.25 x 10721 6.80 x 108
9F(«, y)»Na 0.02 632x1079 565 x 109
0.03 596 x 107> 5.99 x 107!
0.05 529x 1073 6.75 x 103!
0.08 1.76 x 10~% 2.02 x 10%7
0.1 3.93 x 1072 9.08 x 1022

takes the form of the following differential rate equa-
tions with the branching terms as

dPN

715

dlZC dlZC
S =4 a-8By)
dr T12

(7
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dl3c B dlZC d13C

_ , 8
dr T2 713 ®
dl4N d13C d14N dl7O
== - By, ©)
dr 713 T4 717
dlSN d14N dlSN
= - , (10)
dt T14 15
d160 dlSN dl6O d19F
B — - (11)
dr 715 716 719
d17o d16o d17O
= - , (12)
dr Ti6 717
dlSO d17o dlSO
—— =Bp - ; (13)
dr T17 T18
d19F dlSO d19F
— o (14)
dr 718 19

In terms of mass fraction, the time evolution of any
element present in the cycle is given by the following
equation:

X, = |:_Rp,iXipr + %Rp’ijpr} .

J
R s are [Na(ov)] terms for respective proton capture
reactions of i-th and j-th element and A; and A ; stands
for the mass number of the same two nuclei involved
in the cycle. Now equation (15) can be expressed as a
function of the hydrogen mass fraction to get a series
of first order simultaneous linear differential equations
for each cycle as

A
dx; [—Rp,iXi + A—jRp,ij]
dx, A -1
s ()]

4.1 Calculation of °F abundance

(15)

(16)

From equation (7) as (14) after converting into the for-
mat of equation (16) which are basically nothing but
eight simultaneous linear first order differential equa-
tions, then solved numerically using computer software
for the cycle varying the hydrogen mass fraction to
Xu = 0.4 to get the equilibrium mass fraction abun-
dances of '°F for five different initial conditions. We
assume that the heavy elements mass fraction has been
shared equally by '2C and '°0. Thus starting with the
initial condition to be as the universal one, i.e. Xg =
0.70, Xpe = 0.28, Xpe(XF = X165 = 0.01) = 0.02
such that

XH+XHe+Xhe:1- (]7)

We have changed only the heavy element’s mass frac-
tion to Xpe = 0.01 (X12c = Xisg = 0.005), Xpe =
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0.002, (X12c = Xi6g = 0.001), Xpe = 0.001 (X12¢c =
Xi6g = 0.0005) up to Xpe = 0.0002 (X12¢c = X16g =
0.0001) keeping only the hydrogen mass fraction fixed.
We estimated the equilibrium abundance by mass frac-
tion of '°F which are taken up to the first significant
place. These abundance patterns are plotted in Fig. 2.
As far as the uncertainty in the mass fraction of °F
is concerned we have calculated the same at both low
and high reaction rate of the individual reactions (Iliadis
et al. 2010) and NACRE compilation. As time passes
hydrogen will be consuming more and more and it will
get depleted. This alteration in hydrogen mass fraction
are going to be mirrored within the abundance values of
alternative significant heavy elements beside '°F addi-
tionally. From Fig. 2, it is seen that the mass fraction
abundance values of '°F of all the five figures at a given
value of Xy, increases with rise in temperature upto
Ty < 0.08. We have looked for possible alteration of
19F abundance for both NACRE compilation and La
Cognata et al. (2011). For T9 = 0.08 onwards, it is seen
that as 7o rises the equilibrium abundance by mass frac-
tion of 1°F gets depleted to a lower value as compared
to the cases of 7o = 0.08. At temparature (79 < 0.08),
the '°F abundance is not found to be deviating more the
8% for initial condition Z ~ 5 x 10~*. However for
temperature (79 > 0.08) and at even lower metallicity
Z ~ 10~ the '°F abundance showed variation up to
46%. Thus it is likely that at higher values of To the dis-
tribution of the elements gets shifted in such a way that
the abundance of °F has shown to be such. Most likely
the distribution takes place amongst the other elements
in the cycle. Again '?F(p, ¥)?°Ne may also be an influ-
encial reaction at high temperature since it can then
compete with F(p, )'®0. Moreover, as stated ear-
lier, at larger temperature the '°F destruction via (p, o)
reaction deviates from non-resonant to behaviour which
in turn makes an increment in destruction rate of '°F.
Now this abundance by mass fraction of '°F and the
hydrogen mass fractions at which !°F mass fractions
are obtained are used to calculate the abundance of '°F
using equation (18)

N(IQF) 12
Mm}+'

Table 5 shows the observed and the estimated abun-
dances of '°F for all the metal poor stars of M4 reported
in Smith ez al. (2005), M22 in Alves-Brito et al. (2012)
and 47 Tuc along with NGC 6397 in de Laverny &
Recio-Blanco (2013) along with the difference between
the observed and the calculated abundances are shown
in the last column for each GCs. Figure 3 shows compar-
ative view of the tabulated values of both the calculated

e(F) = log[ (18)
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Figure 2. The '°F abundance shown as a function of temperature (Ty) at different hydrogen mass fractions (top left at
Xy = 0.55, top right at Xy = 0.52, middle left at Xy = 0.48, middle right at Xy = 0.45, bottom left at X = 0.42) at five
different initial conditions which are a = X2 = Xieg = 0.01, b = X1oc = Xieg = 0.005, ¢ = X12c = X16o = 0.001,
d = Xne = Xieo = 0.0005, ¢ = Xioc = Xiep, = 0.0001. The '°F abundance grows as Ty rises but after 7y > 0.08
its abundance have shown some decrement. This may be because there are other elements present too in the cycle which
abundance might have shown alteration after that temperature. Moreover at larger temperature the '°F destruction via (p, &)
reaction deviates from non-resonant to resonant behaviour leading to an enhanced reaction rate.
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Figure 3. A comparative view of calculated and observed values of abundances of those selected stars of Table 4 is shown.
The filled circles are values, obtained from literature and open cirles are the values, calculated from this work. First panel: GC
M4 (Smith et al. 2005), second panel: GC M22 (Alves-Brito et al. 2012), third panel: 47 Tuc (de Laverny & Recio-Blanco
2013) and fourth panel: for NGC 6397 (de Laverny & Recio-Blanco 2013). We have plotted the e (!°F) for star II1I-12 and
III-14 of GC M22 #68039 of 47 Tuc and all of NGC 6397 to be the maximum one as tabulated.
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Table 4. The elemental abundances for '°F are found at
different hydrogen mass fractions with different initial heavy
element’s condition. X = X = Xisg and 8 [e(F)] =

mod [[€ ("F)Ismith — [€ (*F)linis work]-

M4
Star e B> X Top;m §[e(®P)]
1411 290 291 00001 0031 001
1514 315 310 00005 0051  0.05
2307 310 310 00005 0.051  0.00
3209 320 328 00001 0021  0.08
3413 335 328 00001 0021  0.07
4611 270 270 0.0001 0.051  0.00
4613 288 289  0.0005 0051  0.01
M22
Star e®P P X Top S[e(¥P)]
1v-97 297 294 0001 0051 0.03
IV-102 284 282  0.0001 0.03,1 0.02
11-3 294 294 0.001 0.8, 0.00
m-12 <306 302 00005 0051 <0.04
m-14 <252 248 0001 0051 <0.04
1II-15 312 3.0 0.0005 0.05,1 0.02
111-52 282 282 0.0001 0.03,1 0.00
47 Tuc
Star cP! «B® X Top,m §[e(®P)]
#41806  3.15  3.10  0.0005 0.05,1 0.05
#68261 34 348  0.0001 0.02.1 0.08
#56265 35 348  0.0001 0.02.1 0.02
#68039 <35 348 00001 0021 <0.02
#38841 35 348  0.0001 0.02.1 0.02
#86622 3.6 3.64  0.0001 0.02,1 0.04
NGC 6397

Sar (P! ePH® X Top [e(PP)]
#73589  <3.0  3.00 0.0001 0.03,1 0.00
#73212 <33 328  0.0001 0021 <0.02
#51362 <35 348 00001 0021  <0.02
#52830 <37  3.64 00001 0021 <0.06

4Smith er al. (2005), bthis work, ¢Alves-Brito et al. (2012)
and 9de Laverny and Recio-Blanco (2013).

and observed abundances of the metal poor stars of the
four clusters against the respective [Fe/H] values. The
[Fe/H] values used here are the [Fel /H] values directly
taken from the respective authors except for M4. In
the case of M4 the reported values of €(Fe) are first
converted into their respective [Fe/H] values by the
equation [Fe/H] = e(Fe) — e(Fe)p with e(Fe)g =
7.45.
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4.2 Na-F (anti-) correlation

Although F measurements are available for only small
samples of star and they exhibit star-to-star variations
within the GCs, the data available for some GCs sug-
gest a Na—F anticorrelation. The top left panel of Fig. 4
shows !?F abundance both calculated and observed plot-
ted against the observed 2*Na abundance reported in
Smith et al. (2005) for GC M4 and the same reported in
Alves-Brito et al. (2012) for GC M22 (top right panel)
respectively, which shows clearly the anticorrelated
behaviour between '°F and 2*Na. Then in the bottom
left panel the trend of anticorrelated behaviour between
the calculated abundance of !°F and the observed abun-
dance of 2*Nareported in de Laverny and Recio-Blanco
(2013) is also seen in NGC 6397 for considered sample
size. However the same trend has not been seen between
the estimated and observed abundances of '°F and >*Na
in the selected sample of the 47 Tuc which is consistent
with the report given by de Laverny and Recio-Blanco
(2013). The abundance of 2*Na is calculated by the fol-
lowing equation

e(PNa) = [&] + [E} +6.17.

Fe H (19)

5. Discussion and concluding remarks

The fluorine production because of the p-capture reac-
tion has been researched utilizing refreshed reaction
rates (Iliadis er al. 2010) and NACRE compilation for
nuclear cycle CNOF in advanced stellar conditions. The
19F abundance square measures figured and with their
counterparts in a specimen of metal poor stars of GC
M4, M22, 47 Tuc and in NGC 6397 (Fig. 3) to com-
prehend the degree to which this nuclear reaction cycle
can clarify the observed plenitudes of fluorine. We have
likewise identified some comparative sort of patterns in
the fluorine abundance, in the stars of all the four GCs.
We likewise found that inside the temperature and
density conditions considered, there exists a little scope
of temperature qualities at which the figured e(°F)
values coordinate with the observed values in stars of
GCs M4, M22, 47 Tuc and in NGC 6397 quite well. It
has been furthermore detailed in Denissenkov and Tout
(2000) that temperature of H-burning shell in red giants
never surpasses on the far side of 79 = 0.055 that is
keeping our calculation aside from the GC M4.
Moreover in Fig. 4 the estimated '°F abundance
is seen clearly in an anticorrelation with the >*Na
abundance for all of the clusters as so much as these
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Figure 4. The signs of (anti)correlation between '°F and 2>Na are shown. The filled circles are values obtained from
literature and open cirles are the values, calculated from this work. Top left panel: GC M4. The calculated values of °F are
taken from this work and 2*Na which are the observed values of abundances are taken from Smith et al. (2005). Top right
panel: GC M22. Here also the calculated values of '°F are taken from this work and the observed values of 23Na are taken
from Alves-Brito et al. (2012). Bottom left panel: NGC 6397 and bottom right panel: 47 Tuc, where the observed abundances

for 2>Na are taken from de Laverny & Recio-Blanco (2013).

samples are concerned except for 47 Tuc. The ele-
ments formed following proton-capture synthesis may
have been brought to the surface by dredge-up mech-
anisms (Salaris et al. 2002; Karakas 2010). It has also
been reported in Denissenkov and Tout (2000), that the
Zahn’s mechanism which is believed to be a result of the
joint operation of meridional circulation and turbulent
diffusion, could be an efficient process to bring the syn-
thesized material to the stellar surface. This mechanism
operates in the radiative zone separating the hydrogen-
burning shell and the base of the convective envelope
(Denissenkov and Tout 2000). The shear mixing and
the horizontal turbulence are also important agents for
effective transport of chemical elements and angular
momentum since low metallicity the rotational mixing
plays a dominant role (Meynet 2008). As the materials
are carried to the surface which carry angular momen-
tum with them, the stars get their rotational motion.
Once the rotational speed reaches the critical value the
stars start to lose their mass in the form of these syn-
thesized materials in the outer space thus enriching the
space by these materials or which may be trapped by
other stars by accretion if they are already present. Thus
mixing and mass-loss that are also acknowledged to
have an effect on the elemental abundances. For instance

amass loss rate of 10713 M, yr~! reduces both internal
and surface anomalies by up to a factor of 6-7. Then
for a mass loss rate of 10~!2 M, yr~! anomalies reduce
to below 0.2 dex. Also the same mass loss can lead to
generalized under abundances for all elements, lower
mass loss rates enable over abundances to develop on
the surface (Vick er al. 2013).

It would also be interesting to check the effect of
certain beta decay lifetimes which may change under
certain temperature-density conditions leading to the
change in the lifetimes of the nuclear cycle and thereby
creating alteration in the calculated abundance profile
(Goswami et al. 1992 and references therein). More-
over, the affect of resonance in nuclear reactions which
can change the rate of the reaction which in turn can
effect the abundance profiles of elements has not been
addressed here either, although it is important to note
that some of the reactions in these cycles may be
resonating. Moreover we have considered the cyclic
behaviour of reaction networks, i.e. the evolution of
elements are confined. However there may also be
some leakage of '°F going to 2°Ne via a proton-capture
reaction. Moreover at high temparature '°F(«, p)**Ne
reaction also gets activated which is an important reac-
tion for fluorine destruction. The possibilities of other
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internal pollution mechanisms (D’Orazi et al. 2013)
within the cluster are also likely to affect the abundance
pattern. In addition, theoretical uncertainties are likely
to remain especially in the calculation of reaction rates
(Iliadis et al. 2010), and also in the choice of the initial
condition.

Nevertheless the important thing which has been
observed is that the computed abundance values of °F
with the present set of initial conditions do not deviate
much from the observed values, gives justification to
the possibility of occurrence of this cycle at those tem-
perature density conditions which are relevant to those
stellar environments.
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