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Nuclear reaction rate X is a significant factor in processes of nucleosyntheses. A multi-layer directed-weighted
nuclear reaction network, in which the reaction rate is taken as the weight, and neutron, proton, *He and the
remainder nuclei as the criteria for different reaction layers, is for the first time built based on all thermonuclear
reactions in the JINA REACLIB database. Our results show that with the increase in the stellar temperature
Ty, the distribution of nuclear reaction rates on the R-layer network demonstrates a transition from unimodal to
bimodal distributions. Nuclei on the R-layer in the region of A = [1,2.5 x 10'] have a more complicated out-going
degree distribution than that in the region of A = [10™',10"®], and the number of involved nuclei at Ty = 1 is
very different from the one at Ty = 3. The redundant nuclei in the region of A = [1,2.5 x 10'] at Ty = 3 prefer
(v,p) and (v, ) reactions to the ones at Ty = 1, which produce nuclei around the 8 stable line. This work offers
a novel way to the big-data analysis on the nuclear reaction network at stellar temperatures.

PACS: 26.90.+1, 64.60.aq, 29.85.—c, 25.20.—x

The mechanism of nucleosyntheses and nu-
clear astrophysics processes has attracted great
interests.l' 7] Nuclear reaction rate, as an impor-
tant input quantity in calculation of the nuclear astro-
physics network, can determine the path of nuclear re-
actions, and it can further affect the process of stellar
evolution in the Universe and nuclear landscape.l'~ "]
Precise measurements of nuclear reaction rates as
well as neutron-, proton- and photo-induced reaction
cross sections have been intensively investigated in
nuclear astrophysics/?’~ 2 as well as superheavy el-
ement syntheses."’~ %’ Additionally, features of a-
clustering*° ") and other exotic structures of light
nucleil*' %1 as well as the determination of mass
and binding energy!*” "] are related to nuclear astro-
physics processes. Several massive nuclear datasets,
including REACLIB!>?l and NACRE*%] databases,
have been constructed to facilitate this research topic.
REACLIB database contains information about dif-
ferent reactions and the corresponding reaction rate
parameters, maintained by the Joint Institute for Nu-
clear Astrophysics (JINA). In this work, we use the
data from REACLIB V2.0, which includes 8048 nu-
clei and 82851 nuclear reactions, in which the detailed
information related to reaction rate consisting of re-
action types, reactants and products, and Q-value is
provided.l>!

DOI: 10.1088/0256-307X/37,/11,/112601

On the other hand, complex network science has
achieved significant advances in recent years.”0—"
Various real systems, such as internet, social con-
nections, epidemics spreading, and chemical reac-
tions can be treated as complex networks to facili-
tate investigations.[’*~%°l The main idea of the com-
plex network construction is to consider units as nodes
and the interaction between two units as an edge. Fur-
thermore, many features of real systems can be inves-
tigated by taking advantages of the topological char-
acteristics of the network, and this can further un-
cover some hidden properties. In our previous work,
using the REACLIB, we considered four layers (N-
layer, P-layer, H-layer and R-layer, which denote, re-
spectively, the reactants of the neutron, proton, *He
and reminders), and then formulated a multi-layer di-
rected non-weighted nuclear reaction networks via the
substrate-product method, moreover, solely studied
its topological features.[°”) The reaction rate; however,
is an important input quantity in processes of nucle-
osyntheses, which remains to be taken into account
during the construction of the nuclear reaction net-
work.

Previous nuclear astrophysics studies mainly con-
centrated on precise calculation of nuclear reaction
rates involve different types of nuclear reactions.!”**]
In this Letter, we focus on the topological characteris-
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tics of the directed-weighted nuclear reaction network
with the reaction rate as the weight and particularly
conduct statistical analysis of the reaction path of the
nuclei.

The reactions in the REACLIB database, in gen-
eral, are reversible and contain forward and backward
directions. For the forward reaction, the reaction
rate A can be calculated by a parameterized func-
tion, which contains seven parameters ag—ag shown
as follows:’]

5 2i—5
A =exp (ao + Z aiTy * + a61nT9>, (1)
i=1

where ag—ag are given in the REACLIB database
and the Ty given in units of 10° K represents stellar
temperature where nuclei take part in different reac-
tions. Although these parameters for the backward
reaction are not presented directly in the REACLIB
database, the reverse reaction rate can be computed
with the help of the partition functions in the file of
WINVN.I97] The value of reverse reaction rate is
equal to the forward reaction rate times the partition
functions. In general, the fitted reaction rates are only
valid in regions of some temperatures, and REACLIB
database provides 24 temperatures Ty including 0.1,
0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.5, 2.0,
2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0.
Here, we only discuss the results for Ty = 0.1, 1 and
3.

In our previous directed non-weighted nuclear re-
action network based on REACLIB and the substrate-
product method, all nuclear reactions were divided to
four types of N-layer, P-layer, H-layer and R-layer.
For each nucleus (or ‘node’ X in terms of network
concept), we can identify whether the N-layer reac-
tion is the ‘in-coming’ (e.g., n+Y — X), or ‘out-going’
(X +n —Y). The number of reactions for each nu-
cleus (node) is represented by the number of ‘degree’,
which is divided into either in-coming degree or out-
going degree. With this definition, the in-coming and
out-going degree distributions of nuclei in the nuclear
landscape can be accumulated for each layer of nu-
clear reaction network. In this study, we establish a
directed-weighted nuclear reaction network where nu-
clear reaction rate is taken as the weight of edges,
which is based on the following consideration: the ex-
istence of edges of the nuclear reaction network indi-
cates that a certain reaction can take place, and the
magnitude of nuclear reaction rate quantifies the reac-
tion probability of this reaction, and the correspond-
ing edge is more important in the weighted network.

Considering that the R-layer network has more
complicated structure in comparison with the N-layer,
P-layer and H-layer in a directed non-weighted nuclear
reaction network, """~ 7% here we also focus on the R-
layer topology in the framework of directed-weighted
network. In what follows, we perform the analysis

on R-layer network in which the nuclei mainly involve
in photodisintegration reactions and 3 decay reaction
processes under different temperature Ty.

On the basis of the reaction rate equation (1),
each nuclear reaction rate in the R-layer network can
be obtained at different temperatures combining with
the REACLIB and WINVN databases. We found
that the reaction rate has a heterogeneous distribu-
tion, ranging from 107'% to 10°°. As an example,
Fig.1 demonstrates such distribution of nuclei in the
R-layer network at three values of Tg = 0.1, 1.0 and
3.0. From the perspective of stellar element burn-
ing process, the above temperatures are close to the
thresholds of He- (0.15-0.23Ty),l" ") Ne- (1.4-1.7Ty)["
and Si- (~3.075)!"°! burning processes. Figure 1 in-
dicates that the distribution of reaction rates of all
nuclei varying from a unimodal distribution to a bi-
modal distribution with the increases of Ty from 0.1 to
3.0. This results in many questions: does the second
peak at high temperatures come from the same nuclei
as for the first peak but due to the increase in the nu-
clear reaction rate, or come from other nuclei not for
the first peak? Whether are the nuclei in the regions
of the two peaks same or the same type of reactions?
What is the degree distribution of the nuclei in the re-
gion of two peaks at different temperatures? In order
to address these questions, we perform Gaussian fits
to the peak distributions shown in Fig. 1.
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Fig. 1. Distribution of reaction rates of all nuclei with
the Gaussian fits in the R-layer at three different Ty: 0.1
(a), 1.0 (b), and 3.0 (c). From the fits, the positions of the
peaks for Ty = 0.1 and 1.0 can be found to be A = 100-6891
and 100-6454 regpectively, while positions of the double
peaks for Tg = 3 are A = 100-6714 apnd 1011418,
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Fig. 2. Out-going degree distributions of R-layer on an
N-Z plane in different windows of reaction rate A\ and
temperature Ty. (a) A = [10°,2.5 x 10'] and Ty = 1; (b)
X = [10°,2.5 x 10'] and Ty = 3; (c) A = [10'1,10'3] and
Ty = 3. The out-going degrees are calculated for each nu-
cleus and the values are indicated in color and calibrated
in the right border of the figure. Here x and y axes repre-
sent the number of neutrons (IN) and protons (Z) of that
nucleus. The 3 stable line is also plotted.

It shows that the central values of the peaks are
A = 1006454 fop Ty = 1, X = 1006714 gy1q 1011418
for Ty = 3. For the first peak at three temperatures,
the positions of peak vary not much, however, for the
second peak which emerges at Ty = 3, the position
of peak is much larger. In the directed-weighted R-
layer network, the direction is from reactant to prod-

120 = n3
(a) ---- 3 stable line _,./’/
80} el M2
N 3
40+ e !
L (Ty=3)—(To=1),
P A=[1, 2.5x101]
A Lo
120 = n3
(¢) - B stable line T
sof ¥ e M2
N i
40} P !
(/', Ty=3,
)—(A=[1, 2.5%x10'])

£ (A=[101, 10%

40 80 120 160 200 240
N

Fig. 3. Difference of out-going degrees between different regions of A and Ty:

uct and the weight represents the capability of re-
actant to product. Therefore, the reaction-rate dis-
tribution illustrates the attribution of the reactants,
and the difference of reaction rate may express the
different reactions of nuclei which can be indicated
by the difference of the out-going degrees of nuclei in
the network. There is a hypothesis in which the re-
actions with A < 107!® is unable to occur because
these reactions will not change anything within time
scale of astrophysical processes. In this work, we fo-
cus on the regions of A = [10°,2.5 x 10!] for Ty = 1,
A = [10°,2.5 x 10'] and A = [10',10'3] for Ty = 3,
respectively, to study the nuclei’s distribution with
the number of nuclei more than 80 percents of to-
tal mounts. Taking the advantage of the directed-
weighted R-layer network, we compute the nuclei’s
out-going degree in the selected reaction rate’s region,
as shown in the nuclei’s chart. Figure 2 demonstrates
the out-going degree distributions of the nuclei in the
regions of A = [10°,2.5 x 10'] for Ty = 1 as well as
A = [10°,2.5 x 10'] and A = [10'%,10'3] for Ty = 3.
The nuclei in the first region of A = [10Y,2.5 x 10!]
display rich out-going degrees which have a maxi-
mum of 5. However, all nuclei in the second region
show the same out-going degrees equal to 1. Such a
phenomenon reflects that the nuclei in the region of
A = [10°,2.5 x 10'] at Ty = 1 and Ty = 3 can par-
ticipate in multiple reactions, while the nuclei in the
region of A = [1011,10%] at Ty = 3 just take part in
one kind of reaction. The nuclei around the 3 stable
line emerge in the first peak region at Ty = 3 but it
does not appear at Ty = 1. By comparing the nuclei
in the regions of two peaks on the nuclear landscape
at Ty = 3, we find that there are differences in nuclei’s
distribution, which implies that they may participate
in different reactions.
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a) positive degree difference between

(
To = 3 and Ty = 1 in the region of A= [10°,2.5 x 10']; (b) the same as (a) but for the part of negative degree
difference; (c) positive degree difference between the regions of A = [10'1,10'3] and [10°,2.5 x 10'] at To = 3; (d)
the same as (c) but for the part of negative degree difference.
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Furthermore, in order to demonstrate the influ-
ences of temperature and reaction rates, we perform
the degree differences between Figs. 2(b) and 2(a), and
plot them in Figs.3(a) and 3(b). Figure 3(a) shows
the part of positive degree difference and Fig. 3(b)
shows the part of negative degree difference. Fig-
ure 3(a) indicates that the nuclei around the § stable
line emerge from Ty = 1 to Ty = 3 and stable nu-
clei more vulnerable to decay at high temperatures.
Meanwhile, the elements in the neutron-rich region
vanish and some proton-rich nuclei decline as shown
in Fig.3(b). In the same way, the degree differences
between Figs. 2(c) and 2(b) are divided into two pan-
els: Fig.3(c) shows the part of positive degree differ-
ence and Fig. 3(d) shows the part of negative degree
difference. From those two panels, small portions of
proton-rich and neutron-rich nuclei are produced as
plotted by all markers in Fig. 3(c) at higher nuclear re-
action rates, i.e A = [10'1,10'3], but the nuclei around
the 3 stable line, and dominant neutron-rich nuclei as
well as some proton-rich nuclei disappear as plotted by
all markers in Fig. 3(d). These phenomena evidenced
that neutron-rich and proton-rich nuclei can occur re-
actions with high reaction rates.

All reaction types in astrophysical investigations
are (n,7), (n,p), (n,a), (p,7), (p,n), (p;a), (a,7),
(a,n), (a,p), (7,n), (7,p), (7,), BT and B~. The
main reaction types in the R-layer network, by us-
ing the reactant-product method, include the reac-
tions (v,n), (v,p), (7,a), BT and ™. Previously, we
systematically introduced the nuclei’s distribution on
the nuclei chart which can react at different tempera-
tures or reaction rates. In order to explain concretely
the reaction type that nuclei are involved, we specify
the types of reactions that each nucleus can partic-
ipate in. Table 1 shows the detailed information of
each reaction type in the R-layer, where dA and §Z7
are the differences in mass and proton numbers of the
reactants and products, respectively.

Table 1. The classification of reaction types depending on

the differences of mass number and proton number between
reactant and production.

Reaction type oA 6Z
(v,n) 1
(v,p) 1 1
(v, 0) 4
gt 0 1
8- 0 1

According to the classical method of nuclear reac-
tion types in Table 1, we conduct a statistical analysis
of the reactions in which each nucleus can take part
in at different temperatures. The nuclei’s distribution
of all reaction types in the nuclear chart is shown in
Fig. 4. Different colors represent different nuclear re-
actions, and more detailed information can be found in
Fig. 4. In Figs. 4(a) and 4(b), most of the nuclei in the
reaction rate region of [10°,2.5 x 10'] can participate

in multiple reactions (i.e., some nuclei can participate
in other reactions that are not shown in Table 1). For
instance, these nuclei may decay multiple neutrons,
protons or heliums. In comparison of Figs.4(a) and
4(b), we find that the accessorial nuclei mainly take
part in the reactions of (v, p) and (v, «), and these re-
actions are responsible for the emergence of the nuclei
around the j3 stable line at Ty = 3. On the other hand,
it is illustrated that the nuclei which take part in the
(v,1n) reaction at Ty = 1 have a significant difference
from that at Tg = 3.
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Fig. 4. Nuclei’s distributions of the R-layer on an N-Z
plane in different windows of reaction rate A and tem-
perature Tp: (a) A = [10°,2.5 x 10'] and Ty = 1; (b)
A = [10°,2.5 x 10'] and Ty = 3; and (c) A = [10'%,1013]
and Tg = 3. The different reaction types are indicated by
different markers in colors.

For the nuclei’s distribution at the same temper-
ature Ty = 3, the nuclei within two regions. of nu-
clear reaction rates have different (N, Z) distributions
shown in Figs.4(b) and4(c). The nuclei in neutron-
rich region are more likely to have (v,n) reaction
at higher temperature which can be attributed by
the high neutron-proton ratio. Moreover, combin-
ing the nuclei’s distributions of Fig.4(a) with those
of Figs.4(b) and 4(c), we can see that the (v,n) re-
action for proton-rich nuclei can occur at higher tem-
perature, as the same as the neutron-rich nuclei. The
nuclei, on-the whole, in the first peak mainly involve
B decay, which are largely independent of tempera-
ture in the JINA database. The nuclei in the second
peak are due to photodisintegration reactions, which
become more important at higher temperatures. Spe-
cific numbers of the nuclei of each reaction type are
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shown in Table 2, which displays that the nuclei in
the reaction rate region of [10!!,101%] only take part
in one reaction. According to the nuclei region and
temperatures, the nuclear processes for neutron-rich
and proton-rich nuclei are corresponding to r-process
and rp-process. Both processes are the competition
between  decay and nucleon capture reactions.

Table 2. The reaction types at T9g = 1 and 3 with different
A in the R-layer network.

Reaction T =1 Ty =3 Ty =3
type A =[10°,25] A =[10°,25] X =[10'!,10'3]
(7y,n) 243 144 2324
(v, p) 35 7 221
(v, @) 83 162 1

B+ 162 111
B~ 2487 2232
all 7331 5781 2546

In summary, we have constructed a new nuclear
reaction-rate weighted multi-layer network based on
the substrate-product method, which consists of all
nuclei and reactions in the JINA REACLIB database.
The nuclear reaction networks are set up with four
layers of N-layer, P-layer, H-layer and R-layer, de-
pending on the reactants of the neutron, proton, ‘He
or the reminder nuclei, respectively. Our special fo-
cus is on the R-layer reaction network since it has
rich topological features. It is found that the weights
of the nuclear reaction network display a heteroge-
neous distribution. Interestingly, with the increase
of Ty, the reaction rates of the R-layer network ex-
hibit a transition from unimodal distribution around
A = [10°,2.5 x 10'] to bimodal distribution with one
peak around A = [10°,2.5 x 10'] and another around
A = [10'1,10'3]. Based on the analysis of the nuclei
within the bimodal peaks of nuclear reaction rates, we
find that the nuclei within the first peak at Tg = 1 and
Ty = 3 have a complicated out-going degree in com-
parison with the nuclei in the second peak at Ty = 3,
in which the out-going degree is equal to 1. By clas-
sifying all reactions in the R-layer at the same tem-
perature Ty = 3, we find that the nuclei in the region
of two nuclear reaction rates locate at very different
(N, Z) positions. By comparing out-going degree dis-
tribution of nuclei at different temperatures of Ty = 1
and 3, it is found that the nuclei mainly take part in
reactions of (y,p) and (v, «) at Ty = 3, which are re-
sponsible for the emergence of the nuclei around the (-
stable line. With the nuclear reaction rates approach-
ing A = [10'!,10'3], the nuclei around the /3 stable line
as well as the § decays fade away, and the nuclei in
neutron-rich region mostly have only (v,n) reaction,
which becomes the main reason of the instability of
neutron-rich nuclei.

We emphasize that the current work is not for
making a specific diagnosis nucleus by nucleus, but
for demonstrating a kind of big-data statistical anal-
ysis of the nuclear chart. In addition, caution should

be taken because of the lack of some exotic nuclear
reaction data and the extrapolation uncertainty of re-
action rates in the current database-driven analysis.
It is expected that more and more unstable nuclear
reaction and decay data will be accumulated with the
application of the radioactive ion beam accelerator,
which will definitely further improve the network anal-
ysis. Overall, the present work sheds light on a novel
way for the topological structure analysis of nuclear
reaction network at different stellar temperatures by
a marriage of a known nuclear reaction-rate database
to the knowledge of complex network science.
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