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Abstract In the early Galaxy, elemental abundances of the extremelplspoor (EMP) stars contain
abundant information about the neutron-capture nuclabsgis and the chemical enrichment history. In
this work, we study the abundance characteristics of Sr anfhBthe EMP stars in the [Sr/Ba] vs. [Ba/Fe]
space. We find that there are three boundaries for the distibregion of the EMP stars. The weak r-
process star CS 22897-008 lies on the upper end and the rpeicass stars lie on the right end of the
region. Near the right boundary of the distribution regithrere is an Fe-normal belt. For the EMP stars in
the belt, element Fe dominantly originates from the normedsive stars. The low-Sr stars ([Sr/&e]0.3)
distribute in the region of the lower left of the Fe-normaltlzad their Fe should originate partly from the
prompt inventory. We find that the formation of the lower bdary of the distribution region is due to the
pollution of the main r-process material and the formatibthe right boundary could be explained by the
combination of the weak r- and main r-process material.Heurhore, the formation of the left boundary is
due to the pollution of the weak r-process material. Althotige [Sr/Ba] ratios are related to the relative
importance of the weak r-process material, the scatter dB§$ ratios for the EMP stars mainly depends
on the abundance ratio of the weak r-process.
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1 INTRODUCTION been debatedheden et al. 2008 hielemann et al. 2031
Recently, neutron star mergers (NSMs) are believed to

Elemental abundance ratios of the extremely metalpe the most promising site for the main r-process nucle-

poor (EMP) stars ([Fe/H]—2.5) are used to probe the osynthesis Cowperthwaite et al. 201 Drout et al. 2017

. - . Thielemannetal. 2017 Ji & Frebel 2018 Cobté et al.
nucleosynthetic characteristics, since the stars areddrm .
. . . 2018. Based on the study of the r-process nucleosynthesis
in the early Galaxy and the gas clouds in which the star§. . .
ields from the dynamical ejecta mass produced by

formed were polluted by only a few nucleosynthetic event :
. . SMs GW170817Abbott et al. (2017 reported that, if
(McWilliam et al. 1995 Ryan et al. 1996Frebel & Norris ore than 16 of the ejecta is changed into the r-

2015. Elements beyond zinc are believed to be created’ .
mainly by the slow (s) and rapid (r) neutron-capture (n_process elements, NSMs could fully explain the r-process

. abundances in the Galaxy. Furthermore, the identification
capture) processes. The r-process, building up about T

. . S . of strontium in the spectra of AT2017gfo from the mergers
half heavy elements in the universe, is divided into two

subcomponents. The weak r-process, which is also calle W170817 Watson etal. 2019could be an evidence

. . that the origin of the r-process elements is the NSMs.
lighter element primary processT(avaglio et al. 2004 It is significant to note that the Sr abundances of the
or “limited r-process” Cain etal. 2018 Frebel 2013 g

. L EMP stars are related to both the main r-process and
can create the lighter n-capture elements within38< . .

. : : . the weak r-process, so the Sr abundance ratios contain
56. The determinate astrophysical site (or sites) of th

weak 1-process remains (of remain) uncléaepel 2018 E{he abundant information about n-capture nucleosynthesis

The main r-process can create both light and heavy nzgnd enrichment history of the early Galaxy. Furthermore,

capture elements. The site of the main r-process had long
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[Sr/Fe] ratios also contain the information about thefirst peak elements, the abundances are well correlated,

astrophysical origin of the element Fe.

Because the metal-poor stars CS 31082-001 an
CS 22892-052 are largely enhanced with the r-process

elements (e.g., [Sr/Fe].8, [Eu/Fek1.6) (Hill etal.

2002 Sneden et al. 2003nd exhibit a distinct r-process
abundance pattern, they are considered as the main
process starsSheden et al. 20080n the other hand, the
metal-poor stars HD 122563 and HD 88609 show lo

abundances of the n-capture elements (e.g., [SH/F&]

[Eu/Fek 0) (Honda et al. 20062007 and are treated as

the weak r-process starsl¢gnda et al. 2007Montes et al.

2007). In order to investigate the astrophysical origins of
the n-capture elements, the abundance characteristics
the EMP stars should contain the abundant information
(McWilliam 1998 Honda et al. 2004 Because the lower
limit of [Sr/Fe] ratios of the weak r-process stars is about

—0.3 £ 0.2 dex (Hondaet al. 2004,2007)andthe upper
limit of [Sr/Fe]ratiosof the main r-processstarsis about

0.8 + 0.2 dex(Aoki etal. 2010),consideringhe observed
uncertaintiesthe Sr abundance®f the very metal-poor

starswithin the range of —0.3<[Sr/Fe]<1.0should be

explainedby the combinedcontributionsof the weak r-

processand main r-process(Spite et al. 2018. On the

other hand, some metal-poor stars show low Sr

abundanceswith [Sr/Fe]<—0.3 (Honda et al. 2004

Barklem et al. 2005; Francoiset al. 2007 Hollek et al.

2011 Cohenet al. 2013 Roedereret al. 2014 Li et al.

2015a;Jacobsoret al. 2015 Hanseret al. 2015 Mardini

et al. 2019, which are lower than the observed[Sr/Fe]

ratiosof theweakr-processstarsandarenamedaslow-Sr

starsin this work. Obviously, an additional Fe inventory
is neededor explainingthe low [Sr/Fe]ratiosof the low-

Sr stars.Qian & Wasserburd2001) havesuggestedhat,

in the early Galaxy, there should exist another
nucleosyntheticomponentriginatedfrom the first very

massivestars.This componentis called as the initial or

prompt (p-) inventory and only producesFe and light

elementsHowever, the effect of the p-inventoryon the

abundance®f the EMP stars has not been studied in

detail. Using a three-componentodelwith HNe, H and
L* sources,Qian & Wasserburg(2008) quantitatively
explainedthe greatshortfall of the abundanceatios [Sr,

Y, Zr/Fe] in somemetal-poorstarswith [Fe/H]<-3. In

recentyears,much moreabundancelataof new detected
EMP starsare presentedLai et al. 2008 Mashonkinaet

al. 2010;Hollek et al. 2011, Cohenet al. 2013;Roederer
etal. 2014 Mashonkinaet al. 2014; SiqueiraMello et al.

2014 Li etal. 2015b,a;Jacobsoret al. 2015 Hansenet

al. 2015; Aoki et al. 2017; Cain et al. 2018 Spite et al.

2018 Mardini et al. 2019).

which is similar to the correlation inside the abundances
f the second-peak elements. However, they found that
there is no correlation between any first peak element
with any second peak element and the distribution of
the EMP stars in [Sr/Ba] vs. [Ba/Fe] space shows a
very complex enrichment pictur&pite et al.(2018 also

pointed that the star CS 22897-008 is a r-poor star
with high [Sr/Ba] ratio (1.59-:0.28) which is higher

W

than the ratio of HD 122563. Although there have
been many theoretical and observational studies of the
r-process nucleosynthesis, the astrophysical information
emerged from the abundance distribution of the n-capture
ellgments of the EMP stars have not been revealed in
etail. In this case, it is of the upmost importance to
collect a large number of first and second peak elements
in the metallicity range—4.5<[Fe/H]<—2.5, to explore

he nucleosynthesis processes and enrichment history in
early Galaxy Andrievsky et al. 2011Siqueira Mello et al.
2014 Spite etal. 2018 Cowan etal. 2019 In order

to better understand the abundance distribution of the
n-capture elements, more detailed studies about the
enrichment history of the EMP stars are still needed. This
motivates us to study the abundance relations between Sr
and other elements (Ba and Fe). In Secflowe study the
abundance relation of the EMP stars between the first peak
element Sr and the second peak element Ba. The relation
of Fe produced in the normal massive stars and the weak
r-process elements, the effect of the p-inventory on the
abundances of the low-Sr stars, the relation of the pollution
tracks and the abundance boundaries, the relation of the
scatter trend and the ratios of the r-process are studied in
[Sr/Ba] vs. [Ba/Fe] space. Secti@mgives our conclusions.

2 THE ABUNDANCE DISTRIBUTION OF THE
EMP STARSIN THE [SR/BA] VS. [BA/FE] SPACE

The elemental abundances of the very metal-poor stars
can provide crucial clues in exploring the r-process
nucleosynthesis in the early universe. Element Eu is
believed to be the r-process element since Eu is dominantly
produced by the r-process. On the other hand, Ba is
believed to mainly originate from the s-process of the
low and intermediate mass AGB stars in the solar system
(Arlandini et al. 1999 However, for the lowest metallici-
ties, Ba dominantly comes from the main r-process, since
the long time-scale for the evolution of the AGB stars
(Truran et al. 200R Because the abundances of Ba have
been measured for almost all stars with lower metallicity,
as in many previous studieblgnda et al. 2004Roederer
2013, we take Ba (instead of Eu) as the representative
element of the main r-process. In this section, we will

Recently, based on the abundance analysis of thexplore the abundance relation between the elements
EMP stars,Spite et al.(2018 reported that, within the Sr and Ba. The observational and theoretical results of
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the previous studiesHonda et al. 2004 Francois etal. [Sr/Ba] ratios as a function of [Ba/Fe] ratios. The data
2007 Andrievsky et al. 2011Siqueira Mello et al. 2014 are the same as in Figulle The black horizontal dashed
Spite & Spite 2014 Roederer 2017 Spite etal. 2018 lines represent the ratios of HD 122563 (lower) and CS
imply that the [Sr/Ba] scatter should not be ascribed to on22897—-008 (upper), and their averaged ratio is indicated
nucleosynthetic process. The distribution of [Sr/Ba] foras a black horizontal solid line. The blue horizontal solid
the metal-poor stars could present important clues aboline represents the minimum ratios of [Sr/Ba] for the
the pollution of r-process material in the early Galaxy. Somain r-process stars, and the blue horizontal dashed lines
the quantitative study of the distribution of [Sr/Ba] foeth represent the typical uncertainti€@pite et al(2018 have
more metal-poor stars is necessary. reported that there is no clear correlation between the
abundance of a first peak element Sr and the abundance
of a second peak element Ba. They pointed out that there
is a minimum of [Sr/Ba] corresponding to its value in

Figure 1 shows the abundance ratios [Sr/Fe] of
EMP stars as a function of [Fe/H]. The weak r-

process stars HD 122563H¢ndaetal. 2007 and . o :
. _— the r-rich stars and characteristics of the main r-process,
CS 22897-008 Spite etal. 201B are indicated as - . .
and an upper limit of [Sr/Ba] corresponding to the line

black triangles. The abundance ratios of four main o )
rprocess stars CS 31082-001, CS 22892-052, cd [S1/Baj=-[Ba/Fe}-0.7. From the figure we can see that
there are three boundaries for the distribution region of

29497-004, and SDSS J2357-0052 are adopted  eyio siars and the right boundary is near the line of

Zgrlz e':_| ;III e(tz?)lig(i?]?jz If)?tig; as;snb?S:n d?)tv%. (tzr gaa;les [Sr/Ba]=-[Ba/Fe}-0.7. The higher ratios of the weak r-
) P ges. ocess star CS 22897-008 are [Bafe]l.0 - 0.2 and

;
\lj\(/)erstt?nee(t)t;e(rzgg/lgl? étg\:vse’lr:r:aet ;tz;gggr_]cgz zgenfzfglfrof)gr/Ba}vl.SQ =+ 0.28 which are close to the upper vertex
' ! ' - epag " of the triangle. On the other hand, the main r-process stars

(2009; Johnson & Bolte (2009; Honda etal. (2009; lie on the right end of the lower boundary and the low-Sr

(Bzez')r(l)(IE)e'mMis?:(.JE\Zk?r?aaiatZggf (I)S i::ééi?:r-oe;t ;‘I?;g;gl_' star CS 30325-094 (red empty star) is close to the left end
' ’ ' of the lower boundary of the region. For a given [Sr/Fe]

Hollek et al. (2011); Cohen et al.(2013; Roederer et al. . :
(2014 Mas(honlj?na ot al (2014(_ Sigueira Mello et al ratio, the relation of [Sr/Ba] and [Ba/Fe] can be presented
' ' ' " by a straight line with the slope 6f1. In the figure, each

(2019; Lietal. (2015ha); Jacobson etal. (2015; ; . ;
Hansen etal. (2019: Aokietal. (2017 Cain etal. of these lines is characterized by a value of [Sr/Fe].

(2018; Spite etal. (201§; Mardini et al. (2019. Note : Taking the averaged abundance ratio ([Sr/Fe]=0.1)
that, the carbon-enhance metal-poor (CEMP) stars with
of the weak r-process stars HD 122563 and CS 22897—

s-process enhancement (e.g. [BatFk] [Ba/Eu}>0) are ; : LT

. 008, in the figure, the weak r-process ratio is indicated
excluded from the collected observational data because we L s . .

. A the inclined solid line with [Sr/Ba}—0.27 which
focus on the r-process nucleosynthesis. From the figure w

can see that, for the EMP stars with [Sr/Be]0.3 (gray for::i?jeliiapetrhgﬂlt Zfr :230 T[gl,-r}pg]p—rg Z%S)Sarzzt'fﬁeﬁ‘éﬁ;r
symbols), the [Sr/Fe] ratios are higher than that of HD 9 PP o

122563 and lower than those of the main r-process stargat'.o ([Sr/Fe]=-0.27), the weak r-process ratio can be
. . . mMdicated by a belt (gray squares). We can see that the
which means that their Sr abundances should be explained T .
by the mixture of the main r-process and the wea right boundary of the region is close to the line through CS
k22897—008, which means that the formation of the right

f-process matenal.. O_n the other hand, the low-Sr StarBoundary is mainly due to the weak r-process ratio. For
([Sr/Fe]ng.?,). are indicated as the red squares. BecaUSﬁ-,]e weak r-process stars HD 122563 and CS 22897-008
the [Sr/Fe] ratios of the low-Sr stars are lower than thos?he averaged ratio [Sr/FeD.1 means that the production '

of the weak r-process stars, an additional Fe inventor}gf the weak r-process elements is coupled with that of

is needed for explaining the low [Sr/Fe] ratios. Fig@re :

. Fe and the weak r-process event should occur in Fe core-
shows the [Ba/Fe] as a function of [Fe/H]. The symbolsCOIIa se SNe with the progenitorsofll — 25M... since
are the same as in Figute We can see that, although P prog ©

Fe is produced in the massive stars-~of 11 — 250,
most low-Sr stars are r-poor stars ([Ba/ke]0.5), the Woosley & Weaver 1995Qian & Wasserburg 20070n
differences of Ba abundances of two groups are "%he other hand, the [Sr/Ba] ratios of the stars indicted by th
distinct in the range-4.0<[Fe/H]<—2.5. However, the ' y

sample stars with [Fell] 1.0 or with [BalH~ 5.5 Srech Sduares ave close o those ofhe main -process sars
(dotted line: [Ba/H]=-5.5) are the low-Sr stars. 9 g

r-process stars. Because the [Sr/Fe] ratios in the belt are

Because Ba is produced by the main r-process and Siose to the weak r-process ratio, the astrophysical origin
can be produced by both the main r-process and the weak elements Sr and Fe of the EMP stars should be similar
r-process, in order to reveal the abundance characteristito those of the weak r-process stars. So the belt could be
of the EMP stars in detall, in Figur8, we present the named as the Fe-normal belt and the stars in the belt could
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Fig.1 Abundance ratios [Sr/Fe] of the metal-poor stars as a fandaif [Fe/H]. The triangleshjack) and down triangles
(blue) indicate the ratios of the weak r-process stars and the naiocess stars, respectively. The red squares indicate
low-Sr stars and gray symbols represent other EMP stars.
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Fig.2 Abundance ratios [Ba/Fe] of the metal-poor stars as a fanaf [Fe/H]. The data and symbols are the same as in
Fig. 1. The dotted line indicates the observed limit.

be named as Fe-normal stars. From the figure we can alginventory on the abundances of the low-Sr stars. In this
see that the low-Sr stars (red symbols) distribute in thease, for elements Fe, there are two possible astrophysical
region of the lower left of the Fe-normal belt, which meansorigins: normal Fe and prompt Fe. Taking the abundance
that an additional Fe inventory is needed for explainingatio of the weak r-process as Fe-normal dominant ratio
the phenomenon of the low-Sr stars. The belt and the low{Sr/Fe}~0.1), in the figure, each of the straight dashed
Sr stars were not mentioned 8pite et al.(2018 for the lines with a slope of—1 is also characterized by the
reason of the small number of samples. Note that, basembntributed fractions of the p-inventory for the element
on the abundance analysis of four stars in ultra-faint dwarFe (green line: Fe-normal dominant, magenta line: 83.2%,
galaxies (UFDs)Ji et al.(2019 discussed the most viable cyan line: 95.0%, wine line: 98.7%, red line: 99.7%). We
candidates for the sources of low Sr and Ba abundances ean see that, for a given [Sr/Ba] ratio, the [Ba/Fe] ratios
low metallicity and reported that the variations of [Sr/Ba] decrease with increasing the contributed fraction of the p-
in UFDs cannot be explained by just a single r-processinventory. For star CS 30325-094 which is indicated by
and the astrophysical origin of low Sr and Ba abundancethe empty star, element Fe originates dominantly from the
is still an open question. p-inventory.

Qian & Wasserburg2001) have suggested that, in the Note that the right boundary of the distribution region
early Galaxy, there should exist another nucleosynthetidecreases with increasing [Ba/Fe]. The weak r-process
component, i.e., p-inventory, originated from the firstyver stars and the main r-process stars lie on the left end and
massive stars. It is interesting to explore the effect of thehe right end of the boundary, respectively. Obviously, the
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0.5

0.0+

[Sr/Ba]

-0.5

Fig.3 The straight lines with various [Sr/Fe] ratios and Fe-ndroedt in [Sr/Ba] vs. [Ba/Fe] space. The black horizontal
dashed lines represent the ratios of HD 12236@«r) and CS 22897-00&ipper), and their averaged ratio is indicated
as a black horizontal solid line. The blue horizontal soliee Irepresents the minimum ratios of [Sr/Ba] for the main
r-process stars, and the blue horizontal dashed linessepirthe typical uncertainties. The straight dashed lirihstive
slope of—1 characterized by various values of [Sr/Fe] represent uarielations of [Sr/Ba] and [Ba/Fe]. The red empty
star represents CS 30325-094. The solid line with the slbpd ds the relation of [Sr/Ba]=—[Ba/Fe]+0.7 froBpite et al.

(2018.

[Sr/Ba]

[Ba/Fe]

Fig.4 The pollution track of the main r-process material in a gasidlwith initial weak r-process abundances. The
symbols are indicated as in Fity. The curves (dashed line is from CS 22897-008, short dagtedIfrom HD 122563,
and the solid line is from the averaged abundance of thenmatelthe polluted results by the main r-process material.

boundary could provide useful clue about the chemicaformation, the initial abundanceX;;,; is taken from
enrichment of the gas clouds in which the stars formedthe abundances of the weak r-process star HD 122563
For a gas cloud polluted by the r-process material, the magsionda et al. 200)7 CS 22897-0083pite et al. 201Band

abundance of th&h element could be expressed as: the averaged abundance of them, respectively. The r-
Mo * X M.« X, process abundance, ,. (l-e-in,r = X, »m) is taken from
X, = W M U M the abundance of the main r-process star CS 31082-001
ini + Mr ini + Mr 1) (Hill et al. 2009. Figure 4 shows the calculated results.
= (1= ) * Xijmi + * Xi, The curves with arrows represent the pollution track when

where f is the mass fraction of the r-process material.increasing the main r-process material. We can see that
M,,; and M, are the initial mass of the cloud and the the track calculated from Equatiofi)(is consistent with
mass of the r-process material, respectively,,; and the right boundary of the distribution region of the EMP
X, are the initial mass abundance and the r-proces¥iars within the uncertainties. The calculated result rsean
abundance of theth element, respectively. In order to that the formation of the right boundary is related to the

explore the astrophysical reason of the right boundaryollution of the main r-process material.



111-6 W. Q. Han et al.: Pollution Tracks of r-process Material

[Sr/Ba]

[Ba/Fe]

Fig.5 Pollution from the main r-process material in [Sr/Ba] vsaJBe] space. The curved lines indicate calculated
pollution tracks with various [Sr/Fe] ratios (black lin&r[Fe]=0., magenta line: [Sr/Fe}#9.9, cyan line: [Sr/Fe]=1.4,
wine line: [Sr/Fe]=1.9, red line: [Sr/Fe]=2.4).

2.0

1.5 4

1.0
0.5+

0.0 1

[Sr/Ba]

-0.5

-1.04

-1.54

[Ba/Fe]

Fig.6 The pollution of the weak r-process material in [Sr/Ba] BafFe] space. The short dashed curves indicate
calculated pollution tracks with various initial [Ba/Fedtios (wine for—2.0, royal blue for—1.5, dark yellow for—1.0,
olive for —0.5, orange foi0, and black forl.17). The violet horizontal line with arrow indicates the paitn track of the

main r-process material.

Because the p-inventory only produces Fe and lightonsidering the effect of the p-inventory. Furthermore, th
elements and barely produces n-capture elements, th@rizontal line of the main r-process ratio is the asymptoti
gas cloud in which the low-Sr stars formed had beerdine of pollution tracks with various [Sr/Fe] ratios.

polluted by the r-process material. Based on the [Sr/Fe] .
ratio of the straight line with a slope of1 and the Based on the abundance analysis of the EMP stars,

[Sr/Ba] ratio of HD 122563, the initial abundances of Spite et al(2018 have reported that the scatter of [Sr/Ba]
Sr and Ba of the gas cloud in which the low-Sr starstrongly increases when [Ba/Fe] decreases. On the other
formed can be derived. In this case, the abundances &®nd, below [Ba/Fel-1.0, the scatter of [Sr/Ba] does
the gas cloud polluted by the main r-process material cafot continue to increase. These characteristics of the
be calculated from Equatiori) In Figure5, the curved abundance distribution can also be seen from Fidgure
lines indicate calculated pollution tracks with variouslt is interesting to note that the observed left boundary is
initial [Sr/Fe] ratios (black line: [Sr/Fe]=0.1, magenta explicit: it is close to a straight line with [Ba/Fe}-2.0

line: [Sr/Fe]=-0.9, cyan line: [Sr/Fe]=-1.4, wine line:  for[Sr/Ba]<0, while [Sr/Ba] ratio increase with increasing
[Sr/Fe]=1.9, red line: [Sr/Fe]=-2.4). We can see thatthe [Ba/Fe] ratio for [Sr/Ba}> 0. From the figure we can see
distribution region of the low-Sr stars can be explainedhat, for the left boundary, the lower end is close to the

by the pollution of the main r-process material aftermain r-process line (blue horizontal line) and the upper
end is close to the abundances of the weak r-process stars.
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[Sr/Ba]

2.0 15 -1.0 0.5 0.0 0.5 1.0 1.5 2.0
[Ba/Fe]

Fig.7 Formation of the abundance boundary in [Sr/Ba] vs. [Ba/lpelce for the early Galaxy. The blue dashed line
represents the lower boundary which is due to the pollutibthe main r-process material. The wine dashed curve
represents the left boundary. The black dashed curve isbmimdary which is the mixture of the weak r- and the main
r-processes. The red short dashed line is the boundary &etmormal belt (or Fe-normal stars) and the low Sr stars. The
solid curves represent results of the chemical evolutiodehby Famiano et al(2016 which is dependent on various
equation of state (EOS) Connor & Ott 201} about the scatter of [Sr/Ba] in metal-poor stars (Oranderid. S180,
magenta is for LS220, green is for LS375 and royal is for Sh€hg solid line with the slope of 1 is the relation of
[Sr/Ba]=-[Ba/Fe}+0.7.

0.0 E

0.4 x

I |
-0.8 4 i i

1.2 1 -

[Ba/Eu]

1.6 4

. —
-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6
[Ba/Fe]

Fig.8 [Ba/Eu] vs. [Ba/Fe] in the early Galaxy. The horizontal ddine is the averaged value of the [Ba/Eu] ratios for the
sample stars. The horizontal dashed line represents tteezess ratio of the solar systel gt al. 2013.

Taking the abundances of the lower end as the initial Spite et al.(2018 suggested that the distribution of
abundances, the abundances of the gas cloud polluted p$r/Ba] of the EMP stars should be explained by two
the weak r-process material (i.€; , = X, ,,,) can also independent steps: the first enrichment by the main r-
be calculated from Equatiod); In Figure6, the wine short  process material and the second enrichment mainly by the
dashed curve indicates the pollution track of the weak rweak r-process material. Taking the [Sr/Ba] ratio of the
process material. We can see that the left boundary of theain r-process and various [Ba/Fe] ratios as the initial
EMP stars can be explained by the pollution of the wealabundances, the abundances of the gas cloud polluted
r-process material. In another word, the formation of theby the weak r-process material can also be calculated
left boundary is due to the pollution of the weak r-processfrom Equation {). In Figure6, the short dashed curves
material. indicate calculated pollution tracks with various initial
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[Ba/Fe] ratios (wine line: [Ba/Fe}=2.0, royal blue line: material. The extremely metal-poor fast rotation massive
[Ba/Fe]=—1.5, dark yellow line: [Ba/Fe]=1.0, olive star (FRMS) may be a possible site for the first peak
line: [Ba/Fe]=—0.5, orange line: [Ba/Fe} 0, black line:  elements Chiappini et al. 2011Frischknecht et al. 2016
[Ba/Fe]=1.17). We can see that the distribution region ofPrantzos et al. 2038Using the weak s-process production
the EMP stars can be explained by the pollution of theof FRMS, Cescutti et al (2013 explained the spread of
weak r-process material, which is in agreement with thgSr/Ba] in the EMP stars. However, they reported that the
suggestion ofSpite et al.(2018. Note that the pollution FRMS does not produce Eu. FiguBeshows [Ba/Eu] vs.
track with the highest initial [Ba/Fe] being close to the Fe-[Ba/Fe] for the EMP stars. From the figure we can see
normal belt reach the position of the weak r-process stathat, for the sample stars, the [Ba/Eu] ratios are lower
CS 22897-008, which means that, although the [Sr/Bajhan zero and their averaged ratio is near the solar main
ratios are related to the relative importance of the weak-process ratiol(i et al. 2013. This implies that Ba and
r-process materialSpite et al. 2018 the spread trend of other neutron-capture elements in the sample stars should
[Sr/Ba] ratios for [Ba/Fe}—1.0 is mainly constrained by mainly come from the r-process (e.ylpntes et al. 2007

the abundance ratio of the weak r-process. From the figuiéamiano et al. 2016

we can see that, although the pollution tracks converge at

the pgsition of th_e weak r-process star CS 22897-008, th§ DISCUSSI ONS AND CONCL USIONS

pollution track with the highest initial [Ba/Fe] shows a flat

trend (black short dashed line). The pollution tracks within early Galaxy, nearly all the n-capture nucleosynthesis
lower initial [Ba/Fe] ratios are steeper for [Sr/B&), since  and chemical enrichment information are contained in the
the effect of pollution by the weak r-process material isabundances of the EMP stars with various r-enhancement
higher for the gas cloud with lower initial [Ba/Fe] ratios. |evels. In order to understand the chemical enrichment

In order to explain the position of left vertex of the Nistory of the n-capture elements in the early Galaxy,

region, we explore the abundance characteristics of th4€ Study the abundance relations between the first peak
natal cloud polluted by the r-process material. Takingdemem Sr and the second peak element Ba in the [Sr/Ba]

X,m = 0 for n-capture elements, the abundances oS [Ba/!:e] space for the EMP stars. The results are
the gas cloud polluted by the weak r-process and main rgummarlzed as follows:

process material can also be calculated. In Equatipn (
adopting f=0.0007 an; , = X, w + Xirm, We can
derive [Ba/Fe]=-2.0 and [Sr/Ba]=-0.46. In Figure6, the
calculated abundances are plotted by a filled star which
is close to the left vertex of the distribution region of
the EMP stars. The result means that, for the natal cloud
polluted by the r-process, the effect of the main r-process
is higher than that of the weak r-process, which should be
the astrophysical reason that the abundance ratio of the
left vertex of the region is close to the ratio of the main
r-process.

Based on a chemical evolution model which is
dependent on the nuclear equation of state (EOS),
Famiano et al(2016 studied the light r-process element
enrichment and the scatter of [Sr/Ba] ratio in the metal-
poor stars. In Figur&, for comparison, we present their
GCE results for various assumptions. For simplicity, we
only show the special pollution lines at the boundaries
and the line of [Sr/Ba]=C[Ba/Fe]0.7. From the figure,
we can see that the lines of the GCE model are near
the Fe-normal belt when [Ba/Fe}-0.5, then concentrate
and become horizontal when [Ba/Be]0. This means
that our results are consistent with the GCE results.
The line of [Sr/Ba]=C[Ba/Fe}0.7 is near the right
boundary, which means the astrophysical reason of the
formation for the line (or right boundary) is due to the
pollution of combination of the weak r- and main r-process

1. Distribution region and three vertices

There are three boundaries and three vertices for
the distribution region of the EMP stars. The lower
boundary of the region is close to the main r-process
ratio. The weak r-process star CS 22897-008 lies
on the upper vertex and the main r-process stars lie
on the right end of the lower boundary. There are
three distinct abundance characteristics for the weak
r-process stars, i.e., [Sr/Fe).1, [Sr/Bap1.2, and
[Ba/Fe—1.0. For a gas cloud polluted by a weak
r-process event, the observed ratios of [SrHe][L

for the weak r-process stars means that the weak r-
process elements are ejected from an SN Il coupled
with element Fe (i.e., normal Fe) and the ratio of
the yield of weak r-process element to the yield of
normal Fe is about a constant. In this case, element
Fe in the gas cloud dominantly originates from the
normal massive stars and the abundances of the main
r-process elements are reduced because of the dilution
by the weak r-process material. The pollution of weak
r-process material directly leads to the higher weak
r-process ratios ([Sr/Ba]l.6) and the lower main r-
process ratios ([Ba/Fe}-1.0, [Eu/Fe}—0.5). There
are two distinct abundance characteristics for the main
r-process stars, i.e., [Ba/ke]1.0 and [Sr/Bap—0.5.
[Ba/Fel>1.0 means that the production of main r-
process elements does not couple with the iron group
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elements, which implies that the sites of the main r-
process and the weak r-process are different. The two
abundance characteristics lead to the main r-process
stars lie on the right side of right vertex of the region. 4.
Because the abundances of CS 30325-094
(Francois etal. 20Q7are close to the left vertex

of the region, we take the abundances of the star
as a representative. There are three abundance
characteristics, i.e., [St/Fe] —2.4, [Ba/Fe-2.0,

and [Sr/Baj-0.5. For the star, [Sr/H}-5.5 and
[Ba/H]~-5.5 which are close to the observational
limits. [Sr/Fe~—2.4 means that element Fe in this
star dominantly originates from p-inventory, since the
ratio of [Sr/Fe] is lower than that of the Fe-normal
stars about 2.4 dex. [Sr/Ba}0.5 means that the
natal cloud had been polluted by the main r-process
material, which is in agreement with the suggestion
by Spite et al. (2018. Because of the abundance
characteristics of low-Sr and low-Ba, the abundances
of CS 30325-094 can be treated as the start point of
the pollution tracks of the main r-process material
and the weak r-process material. The position of the 5.
left vertex can be explained by that, for the natal
cloud polluted by the r-process, the effect of the main
r-process is higher than that of the weak r-process.

. Fe-normal belt

From the distribution of the EMP stars, we find that
there are barely any sample stars lying on the weak r-
process ratio ([Sr/Ba}1.6), which implies that, for a

gas cloud polluted by a weak r-process event, the weak
r-process elements are ejected from an SN Il coupled
with element Fe (i.e., normal Fe) and the ratio of the
yield of weak r-process element to the yield of normal
Fe is about a constant. In another word, element Fe
in the weak r-process stars dominantly originates from
the normal massive stars. Although [Sr/Bd]2 is a
characteristic of the weak r-process, [SrA€]1 has
constrained the position of the weak r-process stars,
which is the astrophysical reason that the weak r-
process stars lie on top vertex of the region. There is
a belt which is close to the weak r-process ratio, i.e.,
[Sr/Fel= 0.1 £ 0.3. The sample stars in the belt could

be named as Fe-normal stars, since the astrophysic&l
origin of element Fe is similar to those of the weak
r-process stars. The right boundary of the distribution
region for the EMP stars is close to the right side of
the belt for [Ba/Fe¥ 0.5.

. Low-Sr stars and p-inventory

The low-Sr stars distribute in the region of the lower
left of the Fe-normal belt and the additional Fe
inventory is needed for explaining the phenomenon
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observed scatter of [Sr/Fe] is about 2.0 dex. For a
given [Sr/Ba] ratio, the [Ba/Fe] ratios decrease with
increasing the contributed fraction of the p-inventory.
Three boundaries of the distribution region and
pollution tracks of the r-process material

The formation of the left boundary of the distribution
region is due to the pollution of the weak r-process
material and the formation of the lower boundary is
due to the pollution of the main r-process material. It
is interesting to note that the formation of the right
boundary could be explained by the combination of
the weak r- and main r-process material. In this case,
the weak r-process star CS 22897-008 lie on the
top end of the pollution track (e.g., the short dashed
curve in Fig.6), which implies that the main r-process
elements, such as Ba and Eu, had already existed in the
gas cloud which the weak r-process star formed. This
is consistent with the suggestion that the enrichment of
the heavy elements should undergo two independent
steps: a first main r-process event and a second weak
r-process event.

Scatter trend of [Sr/Ba] ratios and the abundance ratios
of the r-process

The right boundary could be treated as the track when
increasing the pollution of the weak r-process material
in the extremely enriched main r-process material. For
[Ba/Fe> 0.5, the flat trend of the pollution track is in
agreement with the predictions of the highest initial
[Ba/Fe] by Spite et al(2018. In this case, the scatter
of [Sr/Ba] ratios increases with decreasing [Ba/Fe]
weakly. On the other hand, for [Ba/ke] 0.5, the
pollution track is close to the upper limit of the Fe-
normal belt. Consequently, the scatter of [Sr/Ba] ratios
increases with decreasing [Ba/Fe] stron@lpite et al.
(2018 found that the scatter of [Sr/Ba] strongly
increases when [Ba/Fe] decreases and suggested that
the scatter depends on the relative importance of the
weak r-process material. Our calculation implies that,
although the [Sr/Ba] ratios are related to the relative
importance of the weak r-process material, the scatter
of [Sr/Ba] ratios mainly depends on the abundance
ratio of the weak r-process.

the past several decades, many researchers have per-
formed investigations about the abundance characteristic
and astrophysical sites of the r-process. The results sf thi
work could present more information for understanding
the abundance distributions of the n-capture elements in
the EMP stars. Obviously, more detailed studies of the
elemental abundances of the r-process enhanced stars are
required.

of the low-Sr stars. For the low-Sr stars, element FeAcknowledgements We thank the referee for the help-
should originate partly from the p-inventory and theful and constructive suggestions, which improved this
paper greatly. This work has been supported by the
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grants 11673007, 11547041, 11643007, and 11773009, 1189
the Natural Science Foundation of Hebei Province undetacobson, H. R., Keller, S., Frebel, A., et al. 2015, ApJ, 801

grants A2018106014 and A2019208194.
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