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Abstract The abundance patternsieprocess-enhanced stars contain key information reqtareahstrain

the astrophysical site(s) efprocess nucleosynthesis, and to deepen our understaofithg chemical
evolution of our Galaxy. To expand the sample of knawprocess-enhanced stars, we have developed a
method to search for candidates in the LAMOST medium-régol{R ~ 7500) spectroscopic survey by
matching the observed spectra to synthetic templates ditherEul line at 6645.1A. We obtain a sample

of 13 metal-poor{2.35 < [Fe/H] < —0.91) candidates from 12 209 unique stars with 32 774 medium-
resolution spectra. These candidates will be further stiliy high-resolution follow-up observations in
the near future. We describe some extensions of this effandiude larger samples of stars, in particular
at lower metallicity, using the strength of the Bdine at 6496.9.
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1 INTRODUCTION 2017 Marshall et al. 201pprovided additional support for
this hypothesis.

Elements heavier than the iron peak are produced HOwever, the frequency of NSMs, the total amount
by neutron-capture processes, roughly half of whictf r-process-elements prpducgd F’V them in the Galaxy,
result from the rapid neutron-capture procesgrocess). and the predicted ranges in their yields suggest that NSMs

Although the basic concepts erprocess production were may not be the sole source. Other possible scenarios

first proposed over six decades agutbidge et al. 1957 still under consideration include jets in magneto-rotadio
supernovae (Jet-SNEameron 2003Winteler et al. 2012

Cameron 195) its astrophysical sites have remained a>~+*~ 3
long-standing question. Nishimura et al. 2015Mosta etal. 2018 core-_collapse
supernovae (CCSN&rcones et al. 2007Wanajo 2013
Recently, the neutron star merger (NSM) paradig-Thielemann et al. 20)and collapsarsSjiegel et al. 2019
m (Lattimer & Schramm 1974 Rosswog etal. 2014 These may lead to different abundance patterns (particu-
Thielemann et al. 20)7as received strong support from larly between the-process peaks) and different levels of
observation of the gravitational wave event GW 17081 7&nrichment.
by LIGO/Virgo (Abbott et al. 201Y, the photometric and The abundances of theprocess elements, which can
spectroscopic follow-up of its electromagnetic counterpa be derived from observations in the atmospheres of old
the kilonova SSS17A0rout et al. 2017 Kilpatrick etal.  metal-poor stars, carry the “fossil record” in their natal
2017 Shappeeetal. 20),7 provided the first direct gas, polluted by previous enrichment events. They can
evidence that NSMs are at least one site fgurocess- provide constraints on the conditions of the responsible
element productionWatson et al. 2019 In addition, the nucleosynthesis sites, and have recorded important clues
discovery of extremely-process-enhanced (RPE) stars into the chemical evolution of our Galaxy. Several sub-
the ultra-faint dwarf galaxy ReticulumIlJ{etal. 2016 classes of RPE stars, with various abundance patterns and
Ji et al. 2019Roederer et al. 20)6 as well as moderately relative levels of enrichment, have been identified: the
RPE stars in the ultra-faint dwarf Tucana IHgnsen etal. r-1, r-Il, and limited+ stars. Ther-I and -1l stars are
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moderately 40.3<[Eu/FeK +1.0) and highly ((Eu/Fe} = 2019 (DR6 and a portion of DR7). To obtain approximate
+1.0) enhanced in heavy-process elementsZ( >  abundances of Eu (and Ba) we require first-pass estimates
56), respectively Beers & Christlieb 2006 and require of the stellar atmospheric parameters, hence in this paper
[Ba/Eu]<O0 to ensure that the-process dominates the we select stars with stellar parameters provided by the
n-capture process over the slow neutron-capture procesAMOST Stellar Parameter Pipeline (LASBuo et al.
(s-process). Variations in the enhancement levels 02015 from the low-resolution survey (LRS).

the actinides (Th and U), compared to the secend The sample consists of 40823 stars, spanning a wide
process-peak elements such as Eu, exist for a subset @inge of stellar atmospheric parameters: 3500 K ¢ <

RPE stars, known as “actinide boost” staiililetal. =~ 7000K, 0.20< logg < 4.90,—2.50< [Fe/H] < +0.70.
2002 Mashonkina et al. 2014Holmbeck et al. 2018 The  The majority of our targets were observed several times,
limited-r stars Frebel 2018 exhibit low enrichment in and only those spectra with signal to noise ratio (S/N)
the heavyr-process elements ([Eu/Re[H-0.3) but higher  higher than 20 have been selected for further investigation
abundances among elements in the firgirocess peak, so that reliable Eu and Ba abundance estimates could be
such as Sr, Y, and Zr; these are often identified by havingbtained.

[Sr/Ba]> +0.5.

Astronomers _have beer_m sea_rching for RPE star§ M ETHODS
for decades. Earlier efforts, including the Hamburg/ESO
Survey (HES Christlieb et al. 2004Barklem et al. 200p  The method that we adopted to estimate the Eu (and Ba)
and spectroscopic studies of the Milky Way dwarf satel-abundances is matching the observed spectra to synthetic
lite galaxies §hetrone et al. 200Roederer etal. 2016 templates with corresponding stellar parameters. This
Hansen et al. 20)7and globular clustersQratton etal. method is the basis of the LAMOST stellar parameter
2004 Sobeck etal. 2091 have found tens of-Il stars  pipeline designed by the team at Peking University (LSP3,
and more than one hundredl stars in total. More Xiangetal. 2015 which is similar to that used by
recently, an extensive collaboration known as tRe  Gao et al(2019.

Process Alliance (RPA)Hansen et al. 2018 akari et al.
2018 Ezzeddine et al. 2020Holmbeck et al. 2020has 31 Preprocessing of the Observed Spectra
greatly accelerated the pace for RPE star discovery.

The Large Sky Area Multi-Object Fiber SpectroscopicSeveral steps have been taken to prepare an observed
Telescope (LAMOST)Zhao et al. 2006Cui etal. 2012  spectrum before the matching. After converting from
Zhaoetal. 201R has been conducting the medium-the vacuum-wavelength to the air-wavelength scale, we
resolution survey (MRS, R7500) since September 2017, performed a cross-correlation with the templates with
and obtained over one million spectra in DR6 and abou€orresponding stellar parameters to measure the radial-
four million spectra in DR7, respectively. Fortunately, velocity (V;), and applied this correction to the blue and
the wavelength ranges of the LAMOST MRS spectrared arms of the MRS spectra.
cover the absorption lines of Euand Bal, which
provides the opportunity to carry out a systematic searcB.2 The Synthetic Template Spectra
for RPE candidates in large numbers, and expand the

current sample, after they have been confirmed with highe[® obtain the required templates for matching, we
resolution spectroscopic follow-up. generated a series of synthetic spectra based on linear grid

In this work, we describe an initial effort to identify in stellar atmospheric-parameter space in advance. The

candidate RPE stars by matching synthetic spectra fc}Pmplat? spectra were generated using the SPECTRUM
RPE stars to the LAMOST MRS spectra. The nature OisyntheS|s code (V2'76,’ 201Gray 1999 W'th the Kurucz

our stellar sample and the detailed selection method ar@DFNEW gtmosphenc quelsﬁ@stelh etal. 2008 In
presented in Sectior and 3, respectively. Our method the calculation, the atomic line data for Ewand Ball are

is validated in Sectiort. The estimated errors obtained from Zhao et al(2019, and the standard Solar abundance

for our first-pass abundance determinations are discuss&yifomAsplund et al(2009. .
in Section5. Section6 presents brief conclusions and a | he Stellar parameter ranges of our template grids are:

perspective on the next planned steps in this effort. 3500K < T < 7000K in steps of 100K;
0.0<logg <5.0in steps of 0.25 dex;
2 STELLAR SAMPLE for —2.6 < [Fe/H] < —1.0 in steps of 0.2dex, for

—1.0< [Fe/H] < +0.5in steps of 0.1 dex;
The spectra used in this study are a subset of the LAMOST for —0.4 < [Eu/Fe] < +1.0 in steps of 0.1dex, for
MRS sample, conducted from September 2017 to ApriH-1.0< [Eu/Fe]< +2.0 in steps of 0.2 dex.
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Fig.1 Theoretical Eul lines at 6645. 8 with different stellar parameters, interpolated usingpéate grids close to the
adopted parameters. Huabsorption lines with [Eu/Fe] varying from0.40 to+2.00 are shown with different colors.

The micro-turbulence was set

according

to

For each observed LAMOST MRS spectrum, a set

Edvardsson et al (1993, and the resolution was set of templates have been generated by interpolating the
template grids calculated beforehand, and adopting the
stellar parametersT{g, log g, [Fe/H]) provided by LASP
(LRS) with [Eu/Fe] varying from-0.40 to+2.0. Figurel

as 0.1A per pixel.

Given that the resolution of a LAMOST MRS
spectrum is 0.1~ 0.2A, and varies with different
wavelengths and fibers, the template spectra are degrad

to the observed resolution before comparison.

3.3 Estimation of Europium Abundances

about 6300 to 6804 for the red arm, and 4950 to 5380
for the blue arm. In the red arm, there is aniEline at

template spectra for Eu abundance determination.

gaesents six sets of template spectra for the listed stellar
parameters, and shows how thelEline profiles change

with different sets of stellar parameters (in differentglah

and Eu abundances (in each panel).
To avoid the uncertainty introduced by continuum

estimation, we instead scaled the synthetic templates with
The wavelength coverage of the LAMOST MRS spectra i third-order polynomial to match the flux level of the
observed spectra, as was doneXigng et al.(2015 and
Gao et al(2019.
6645.1A available for abundance derivation; we set up a
window from 6605 to 6688 for both the observed and these scaled templates of different Eu abundances and the
observed spectra. The broadening due to the instrument has

Then, the chi-squaresyt) are calculated between
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Fig.2 Theoretical template spectra around theiBime at 6496.9 corresponding to six sets of stellar parameters. The
different colors indicate the abundances of [Ba/Fe] vayyiom —0.40 to+2.00.

also been taken into consideration. T\teis defined as: For stars with multiple LRS observations, only the stellar
parameters from the highest S/N spectra were applied.
N
=Y P
— o2 3.4 Selection Criteria

whereO; andT; represent the fluxes of thg, point for The Eull line at 6643 is relatively weak, so it is rather
the observed and the template spectrum, respectiveiy, sensitive to the noise level in the spectrum, which can
the error of the observed flux at thg pixel, andN is the lead to a large uncertainty in the estimation of the [Eu/Fe]
number of pixels in the spectral window. abundance. Therefore, we define three values to mitigate
The Eu abundances were derived with the correspondbese effects: (a) the depth of the [Edine at 6645. 14
ing minimum y2 value by a third-order polynomial fit to (D); (b) the average noise around the wavelength range
the relation between [Eu/Fe] and. Considering the-  Of 6605-6685A (N); and, (c) the standard deviation of
enhanced criterion of [Ba/E«]0, we also estimated the the residuals between the observed spectrum and the best-
Ba abundance using the Baline at 6496.9\ in the matching template (S).
wavelength range of 645%537A in the same way. The Only the stars with MRS spectra conforming to the
synthetic template spectra around thelBlne with the following conditions were regarded as candidate RPE
same six sets of stellar parameters are shown in Figure stars:
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Fig.3 13 metal-poor candidate RPE stars. Tihack dots are the LAMOST MRS spectra, while thied lines are the
best-fitting templates.

1. Highr-process (Eu) abundance: [Eu/Be}0.5, RPE stars by high-resolution (HR) spectroscopy. Thus, we

2. Line is stronger than the noise:PN & D > S, performed the estimation of [Eu/Fe] with the LAMOST

3. Ther-process dominates the neutron-capture proces$IRS spectra for the objects which are in common with
[Ba/Eul<O0. Sakari et al.(2018, using their stellar parameters. The

We identified 13 metal-poor PRE candidates satisfyindW© Stars in common were successfully selected as RPE
these criteria, and list them in Tahle Figure3 presents candidates through our method; the derived Eu abundances
their spectra and corresponding matching results; the Eu have differences within 0.2 dex of the HR analysis.

line at 6645.1 can be clearly seen. Figure 4 provides an example of the fitting

4 VALIDATION OF THE METHOD result for the previously knownr-Il star (RAVE
J040618.2030525). We adopted the stellar parameters

It is important to validate the results of our method.of T.s = 5100K, logg = 2.4 , [Fe/H] = —1.48 from

Some objects in our sample had already been identified @&asmussen et a(2020, and obtained an abundance of
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Table 1 List of the Metal-poor RPE Candidates

Star Date Te (K) logg [Fe/H] [Eu/Fe] [Ba/Fe] S/IN

J010212.66-042824.0 20170928 4649 1.32 -2.35 +0.97 —-0.78 78.55
J044752.25230109.8 20171029 5953  4.10 —0.96 +1.17 —0.44 69.13
J065034.18-240838.8 20171231 6784  4.25 —0.95 +1.36 —0.36 88.73
J082353.86-185934.5 20181128 5877 4.16 —1.44  41.54 —0.13 56.97
J103848.45-073951.8 20171204 4348 0.77 -1.71 +0.53 —-1.27 60.33
J104016.08-100635.7 20180305 5424  2.74 —0.93 +0.58 —-0.11 53.29
J112501.85-014503.0 20171231 5476 3.70 —-1.25 +0.91 —-0.23 5254
J133716.75-011000.6 20180202 5527 2.91 -1.06 +0.58 —0.21 59.01
J140816.00-010856.2 20180126 5794 3.32 -0.94 +0.80 +0.54 52.06
J151125.4%-535118.5 20180525 5741 425 -136 +1.51 —0.52 76.49
J154846.08-262409.3 20180326 6048  4.16 —1.43 +1.56 +0.11  65.75
J164006.76-444010.4 20180531 5213 3.36 —0.95 +0.65 —-0.39 54.12
J170018.63-555136.4 20180503 5909 4.11 -091 41.02 +0.05 57.37

[Eu/Fe] as+0.91, which is consistent with the value 14

Nil Eull
of [Eu/Fe] = +1.17 from HR, considering the typical 13 Y
measurement uncertainty. S L2 e N i e et e
2 1‘1 " ."o . M .. . .
§ Tefr =5100 K [Eu/Fel= +0.91
5 ERROR ESTIMATION 10 log g=2.4 [Fe/H] = - 1.46
) L - "6 6635 6640 6643 6650 6655
Many factors could result in uncertainties in the determi- wavelength (A)

nation of [Eu/Fe]. Here we mainly discuss the random
errors due to the quality of the observed spectra, anffig.4  Best-fit template red line) to the scaled

the uncertainties in the stellar atmospheric parametelsAMOST MRS spectrum lflack dots) of the Eul line
provided by LASP. at 6645.1A for the previously knownr-11 star (RAVE

J040618.2030525). The corresponding Eu abundance is
, given in the panel. The adopted stellar parameter3 are
5.1 Errorsduetothe Quality of Spectra ~ 5100K, logg = 2.4, [Fe/H] = —1.46 from the HR

. . . analysis ofRasmussen et &2020, with an HR result of
Taking advantage of the multiple visits of a target by[Eu/Fe]: +1.17.

the LAMOST MRS, we can estimate the random errors
due to the quality of the observed spectra. Among
the RPE candidates found by our template-matching

method, 670 stars have multiple MRS spectra available. % L

We calculated the Eu abundances for each individual = -
spectrum, and derived the average Eu abundance for <0 .

the repeated observations. The results are presented as -1.0 40 80 120 160

individual offsets from the meang\{Eu/Fe]) versus S/N S/N

of the single spectrum in Figur which indicates that Fig.5 Differences of individual [Eu/Fe] measurements
A[Eu/Fe] gradually declines from 0.2 to 0.1 dex with S/N from the mean of multiple visits versus the S/N of the

increasing from 20 to 150. Our results suggest that higorresponding spectra for the 670 stars with repeated
S/N (>50) MRS spectra are needed for searching for RPEbservations among the RPE candidates. Bllaek dots
candidates. However, when the Eudine is sufficiently represent the individual measurements, while ted

strong (e.g., in the case of cooletl stars), candidates can Points represent averages (and their standard deviations)
be readily recognized with our method even from spectrd? Pins of size 30 for S/N.

with relatively low S/N ¢20).
y ¢20) rederived the Eu abundances by increasing the temperature

of +100K, surface gravity by-0.2 dex and metallicity by
+0.1dex, respectively. Variations of the derived [Eu/Fe]
for each of these perturbations in the parameters are shown
Since the stellar atmospheric parameters we adopted the three panels of Figur@ To reduce the scattering
are from the LAMOST DR5 LRS, the typical precisions induced by the low-S/N spectra, we only include those with
are 100K, 0.25dex, and 0.10dex fdig, logg and  S/N>50.
[Fe/H], according td_uo et al.(2015. In order to test the From inspection of this figure, [Eu/Fe] may be
sensitivity of the estimated [Eu/Fe] to each parameter, weinder-estimated by about 0.1 to 0.3dex for stars with

5.2 Errorsdueto Uncertaintiesin the Stellar
Atmospheric Parameters
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1.5 of our stars bySakari et al.(2018 and Rasmussen et al.
1.0 . (2020.
g 0.5 .
R 6 SUMMARY
<057 -, aeso
-L0 C We have developed an approach to search for RPE stars
~L.54500 4500 5000 5500 6000 6500 7000 based on matching LAMOST MRS spectra with synthetic
Tett (K) templates having corresponding stellar parameters. From
L5 12209 objects of 32774 spectra (SIN50), 13 metal-
1.0 . . ' poor stars with—2.35 < [Fe/H] < —0.91 fulfill the
g 0.5 e i selection criteria. We plan to obtain high-resolutiondalt
@ 0.0 ' AP o up spectroscopy of these candidates to validate them as
<7035 cor R - bona-fide RPE stars.
:1(5) The uncertainties of the [Eu/Fe] measurements intro-
' 1 2 3 4 5 duced by the quality of the spectra and the precisions of
log g the adopted stellar parameters are estimated to be 0.2 dex.
1.5 Considering this, our selection threshold is set to [Eu/Fe]
_ 1.0 . >+-0.5, which is 0.2 dex higher than the threshold fer
%’ g'g . L stars, [Eu/Fe}>+0.3. We note that high S/N ratios-60)
B A gt are required for reliable identification of RPE stars.
< :(1)'(5) In a subsequent paper, we plan to search for very
_1:5 metal-poor RPE candidates ([Fe/H] —2) using the

=25 20 -L5 [‘Ft/(;[] 05 00 05 improved stellar atmospheric parameters frduiret al.
(2018, the refined estimates for these stars by Beers

Fig.6 The deviations of [Eu/Fe] obtained by varying listed in the appendix oluan et al.(2020, and refined
stellar parameters withAT.s = +100.0K, Alogg estimates for DR5 LRS very metal-poor stars presently

= +0.20dex andA[Fe/H] = +0.10dex versus their being obtained by Beers. We note that theiBlne at
corresponding changed parameters, separately in the 109496 9A can be detected even for very metal-poor stars,

middle, and bottom panels. Only results from spectra with _, ... . o ' o
SINS50 are included. The sizes of the statistical binSNhlle it is often difficult to detect the Ew line at 6645.71A.

are 400K, 0.5dex and 0.5dex, respectively. The averagkhus. we will also include the [Ba/Fe] abundaces during
values are marked Hyollow red circleswhile the standard this search.
deviations are given by the error bars.
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