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Abstract To obtain reliable Cu abundances with the APOGHE#Band spectra, it is important to investi-
gate the non-local thermodynamic equilibrium (NLTE) effeon the formation of thél-band Cul lines.

In addition, the Cu atomic model needs to be tested. Baseatbrile high-resolution and high signal-to-
noise ratioH-band spectra from the Apache Point Observatory Galactdufen Experiment (APOGEE)
and optical data, we derived the LTE and NLTE copper aburetaot 13 FGK sample stars with the
spectral synthesis method. We find that the NLTE effects agtigible for the Cul 160054 line in the

IR H-band. Consistent copper abundances within the unceesiftom these two sets of lines have been
obtained, which indicates the reliability of our NLTE cop@g¢omic model. We note that the [Cu/Fe] ra-
tios increase with increasing metallicity when—1.4 dex< [Fe/H] <~ —0.5dex, favoring a secondary
(metallicity-dependent) copper production.

Key words: line: formation — line: profiles — stars: abundances — stafistospheres

1 INTRODUCTION and there was no need for an extra contribution by SNe la.
Predictions of Galactic chemical evolution (GCE) model
Different elemental abundance trends provide importangf Romano & Matteucc{2007 andRomano et al(2010
information to trace their astrophysical formation andjthe also supported massive stars played a dominant role in cop-
can help to constrain the Galactic theoretical evolutionper production. Therefore, detailed and reliable [Cu/Fe]
ary models. Copper is of particular interest because it cattend is essential to figure out these problems.
be synthesized through several nucleosynthetic processes Many groups have studied copper abundances for
(Bisterzo et al. 2004 &) slow neutron captures{process), various samples, covering a wide range of metal-
either main (i.e., taking place in low- and intermediate-jicity from extreme metal-poor stars to solar ones.
mass asymptotic giant branch stakslandini etal. 1999 Generally, the Galactic disk/halo [Cu/Fe] trend can be
or weak (i.e., occurring in massive stars during Coreyepresented for low metallicity stars up to [FeA]
helium, carbon-shell and the explosive complete Ne burn-_ 1 5 dex by a flat distribution around [Cu/Fe] —0.7
ing stages\Woosley & Weaver 1995Limongi & Chieffi {5 _1.0dex (e.g.Westin et al. 2000Cowan et al. 2002
2003 Pignatari et al. 2010 b) the explosive nucleosyn- gneden etal. 2093Bihain etal. 2004 Laietal. 200§
thesis, either in SNell Timmes etal. 19960r long-  followed by a linear increase with a slope close to
lived SNe la Matteucci et al. 1993lwamoto etal. 1999 1 in the metallicity range —1.5dex[Fe/H]< —0.7 dex
Travaglio etal. 2004Fink etal. 201% c) the weak Sf (e g. Gratton & Sneden 1988Sneden & Crocker 1988
process. Sneden et al. 199Mishenina et al. 2002Simmerer et al.
The respective importance of the miscellaneous pro2003 Yan et al. 20152016. Then, it is roughly flat for s-
cesses is still under debatelatteucci et al.(1993 sug- tars of [Fe/H] from~—0.7 dex up to solar metallicity (e.g.,
gested that the main source of copper was SNe laReddy et al. 2002008 Ishigaki et al. 2018 But it should
which was subsequently supported by the studiebe noted that most of these analyses were carried out un-
of Mishenina et al.(2002 and Simmerer et al.(2003.  der local thermodynamic equilibrium (LTE) assumptions.
Meanwhile,Bisterzo et al(2004 claimed that most solar NLTE effects play an important role in reliable Cu abun-
Cuwas synthesized by theeak srprocess in massive stars dance calculations because they can affect the values as a
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function of surface temperature, gravity, and/or metigflic 2 OBSERVATIONS
of stars. Recently, several studies have derived NLTE cop-

per abundances, which demonstrated that the NLTE effect. '@ Stellar sample presented in this paper has been dis-
s were evident for Cul lines, particularly for metal-poor €USSed inZhang et al(2016 2019, which the reader is

stars (e.g.Yan etal. 20152016 Shi et al. 20142018 referred to for more details. Here, we briefly list the key

Andrievsky et al. 2018Xu et al. 2019. Obviously, more points of the sample and the observations
work is needed to better investigate the [Cu/Fe] ratios with

) 1. Our stellar sample represents the typical FGK stars
NLTE calculations.

with effective temperatureitg) from about 4000
to 6500K, surface gravityl¢g g) from about 0.0 to

The majority of the Cu measurements are based on 5.0dex, and metallicity ([Fe/H]) from about —2.0 to

the optical Cul lines, sometimes on UV Cu lines. The
exceptions are the measurementsSohith et al. (2013
and Hawkins et al. (2016, who used the Cul lines in
APOGEE IR H-band spectra and both of these two s-
tudies were performed in LTE conditions. The APOGEE

survey aims to explore red giants across all compo-

nents of the Milky Way and it has high resolutioR ¢
22500) and wide wavelength coverage of 1.51-ium0
spectra (e.gEisenstein et al. 201 Majewski et al. 2017
Abolfathi et al. 2018 This has allowed us to get rid of

the impact of extinction and better understand the chem-

ical enrichment history of the whole Galaxy (including the
Galactic disk, halo, and bulge). Although the APOGEE

survey provides various elemental abundances, these val-

ues were calculated in LTE assumptior&hang et al.
(2016 2017 respectively determined the Si and Mg NLTE
abundances of 13 disk stars with the APOGHEband

spectra. Their results showed that the NLTE correction- 3.
s were large and suggested that it was important to take

the NLTE effects into account when deriving the [Si/Fe]
and [Mg/Fe] ratios. WhileZhou et al.(2019 analyzed the

NLTE Ca abundances for a sample of stars using the

APOGEEH-band data and found the NLTE corrections
for theH-band Ca lines were small, within 0.03 dex. Given
this situation, it is imperative to investigate the NLTE ef-

0.5 dex. Meanwhile, they have both the available high
resolution R = 20000) and high signal-to-noise ra-
tio (S/N = 100) optical andH-band spectra. The fi-
nal sample stars have parameters in the ranges 4275
Ter < 6070K, 1.67< logg < 4.65dex, and -1.3%
[Fe/H] < +0.28dex.

. The H-band spectra used in this work were ob-

tained from the SDSS IV/APOGEE2 survey DR14
(Abolfathi et al. 2018 and the spectra had been re-
duced and combined followingoltzman et al(2015
2018. The spectral normalization was carried out with
our own code. The high-quality solar IR spectrum
from the Kurucz's websiteand Arcturus IR spec-
trum obtained from the National Optical Astronomy
Observatory (NOAO) data archiveg§more observa-
tional information can be seen Hinkle et al. 199%
were also used in this work.

We adopted the optical solar spectrum from Kitt Peak
Solar Atlas Kurucz et al. 1981 For the other stars,
the optical spectra were observed using several differ-
enttelescopes, and their characteristics can be found in
Zhou et al.(2019(see their table 1). Overall, the opti-
cal spectra have a satisfactory resolving power of more
than 50000 and S/¥150.

fects of theH-band Cu | lines and make more reliable cop-3 METHOD OF CALCULATION

per abundance calculations for studying the chemical evo- o
lution of the Galaxy with the APOGEE data in future work. 31 AtomicLine Data

3.1.1 Optical atomic line data
In the present analysis, we derived the LTE and NLTE
copper abundances for a sample of stars based on @

APOGEEH-band and optical data with the spectral syn-cy' we s_el.ec.te.d four optical lines, which are relatively
thesis method. In Sectid we briefly summarize the ob- clean (minimizing the effects of nearby spectral features)

acquire reliable abundances and better consisten-

servations. Sectio provides the adopted-band and op- and are available for all of our sample stars. Talble
tical atomic line data, model atmospheres, and stellar p

Qresents the main characteristics of the investigated op-

rameters. Then, the copper atomic model and the NLTECal atomic lines data. The oscillator strengths; g £,

effects are reported in Sectidn In Section5, we present

1 It was noted that we used the APOGEE DR14 spectra rather than

and discuss the results, including the derived copper abu®R12 (used inZhang et al. 20162017, because the DR12 release did

dances, abundance uncertainty, the comparisons and dg

t provide [Cu/Fe]. For better resolution and S/N, we u$eddptical
ectra fronZhou et al.(2019.

cussion, and the evolution trend of [Cu/Fe] in the Galactic 2 nttp://kurucz. harvard. edu

disk. Finally, the conclusions are described in Sec@ion

3 http://ast.noao. edu/ dat a/
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Table1 Atomic Data of the Copper Line

Aair Transition Eiow loggf logCs 1.0 =
A) ev) :
5105541 4°Ds/,—4p*Py, 1389 -1.64 -3167 0.of
5218202  $°Pj,-4d*D5); 3817 +0.28 -30.57 :
5700.240 4Dy, —4p*Py, 1642 260 -31.65
5782.132 422Dy, -4p%P¢,, 1.642 -1.89 -31.66

16005.748  §25-5p2pPy, 5348 -0.018 -32.00

0.8F

Relative Flux

0.7F

Thelog gf values were rectified by fitting the solar spectrum for
the optical lines and by fitting the Arcturus IR spectrum from
Hinkle et al. (1999 for the H-band line both under the NLTE as-

sumptions. The van der Waals damping consténg C's) values E k|
were calculated according finstee & O’Mara(1991, 1995 for the 056 iy I L L E

optical lines and obtained from the VALD website for tHeband 1.6004x10* 1.6005x10* wﬂl‘;gf’e‘fgﬁo‘(& 1.8007x10* 1.6008x10*
line.

0.6F

_ Fig.1 Synthetic profiles of Cul line at 1600547for the
were rescaled with the absolute solar copper abundanggcturus IR spectrum frorhlinkle et al.(1995. Thefilled
of logen(Cu)=4.25dex Asplund etal. 200p The van black circlesare the observation, thred lineis the synthe-

der Waals damp|ng Constan]:'sg CG! were calculated with sis with Cu while thedotted blue linavithout the Cu line.
Anstee & O’Mara(1991 1995 tables. The ratio between

i 65
the two copper isotope£Cu and®Cu) was adopted as profile is clear and distinguishable from the adjacent lines

0.69:0.31 fsplund etal. 2009 The hyperfine structure (i.e., Cl, Till and Fel) at high-resolution. To avoid possi-

(hfs) was. also included in our analysis with the data tak'ble effects of the adjacent lines on our Cu abundances, we
en fromBiehl (1976.

determined the C and Ti abundances of the Arcturus (given
in TableAl) to obtain relatively reliabléog g f values of

3.1.2 IR H-band atomic line data these lines, and present the atomic data in TABle

We noted that there are two copper lines in the APOGEE
H-band spectra, the Cul line at 16008.2nd the weak 52 Model Atmospheres

Cul line at 16639.@.. Since the latter line is too weak In our analysis, the 1D LTE MARCS atmospheric mod-

o measure for our progr_am ;tars, only the copper line ais were adopted. As suggested IBustafsson et al.
16005.7A was analyzed in this study. As the Cul line at (2009, for all of our program stars, the models were

16005.7A is weak, and the un,certain.ty is large for the solarObtained by interpolation in the grid of spherical MARCS
IR spectrum from the Kurucz's website, the ¢ f was rec- models for —1.0dexlogg< 3.5dex. Meanwhile,

tified byflttllngthe ArgturusIR spectrumfrohﬂmkle et al._ they were calculated with plane-parallel symmetry for
(1999, which has high-resolution of 100000 and hlgh3.5dex< log g <5.5dex. For each individual model, the

signal-to-noise ratio, with a given [Cu/Fe} (.13 dex) un- a-enhancement was included, as follows:
der the NLTE assumption. The [Cu/Fe] value for Arcturus

was derived with the optical copper lines in Taldlg and 0.0 if 0.0 < [Fe/H]
is the mean NLTE result of the two optical Cul lines. The [/Fd = { 0.4*[Fe/H] if —1.0 <[Fe/H]< 0.0
absolute solar iron abundance big e (Fe)=7.45dex 0.4 if [Fe/H] < —1.0

(Asplund et al. 200pwas adopted to calculate the [Cu/Fe].

The fitting results are illustrated in Figutelt is noted that 3.3 Stellar Parameters

thelog gf is similar to the value adopted by the Vienna

Atomic Line Database (VALD), and our value is 0.027 dexRéliable stellar parameters, effective temperat(fig: X
higher. The van der Waals damping constamt,Cs, was surface gravity lpg ¢g), metallicity ([Fe/H]) and microtur-
obtained from the VALD websife As this Cul line is bulence §), are extremely important for abundance anal-

weak and the effects of hfs will be negligible, we did notYSes: For this work, we employed stellar parameters of
consider the hfs for it in our analysis. Ter = S777K,logg = 4.44dex, [Fe/H]= 0.0dex, and

In Figure1, we show the synthetic profiles of the Cul & = 0-90 kms' for the Sun. For all of the other sam-

line at 16005. A for the Arcturus. Although the coppet-  Ple stars, we adopted the stellar parameters derived by
band line is weak, it can be well reproduced and its lineZ"ang etal(201§. In their work, the effective tempera-
ture was determined by fulfilling the excitation equilibriu

4 http://val d.inasan.ru/ 9%Eval d3/ php/ val d. php of Fel, the surface gravity by forcing the ionization equi-
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librium of Fe | and Fe Il, and microturbulence by eliminat- for the metal deficient star HD 58367. Hdigis defined

ing the [Fe/H] dependence of Fe | lines on their equivalenas the ratio of the number density of NLTE to that of LTE.
widths. The typical uncertainties @t, logg, [Fe/H], and  For the sake of clarity, the approximate formation depths
¢ are about:80K, +0.1dex,+0.08dex, and 0.2 knts.  of the 57828 and 1600 lines are also presented in this

The final stellar parameters are presented in Table figure, respectively. We can see that the number densities
of the Cu Il 1S, ground state becomes overpopulated in
4 NLTE CALCULATION the upper atmosphere owing to overionization, and the Cu |

ground state €S overlaps with the other two low excit-
ed levels 422 D; » and 42 2D ». For the optical copper
The copper atomic model adopted here was described iine at 57824, we can see that the number densities of its
detail in Shi et al.(2014, which contained 97 energy lev- lower (45 >Dj ,) and upper (8> P;),) levels are under-
els (96 levels of Cul and the ground state of Cull) andpopulated because of overionization for outside layers of
1089 transitions. The fine structure for low-excitation-lev 10g 75000 < 0.6, and they are distinguishable even at the
els up to the p2P° term was also included. The pho- line formation region, which may result in large NLTE ef-
toionization cross sections and oscillator strengths, caffects. While the line at 16005 forms in deep photospher-
culated byLiu et al. (2014 with the R-matrix method, ic layers, which makes it rather weak. In this region, the
were introduced into our atomic model. Both the inelastipopulations of both the lower §5.5) and upper (52P1°/2)
collisions with hydrogen atoms and electrons for ionizaterms of this transition depart from LTE to a low exten-
tion and excitation were also included. The inelastic eolli t. Therefore, the NLTE effects of this line tend to be very
sions with hydrogen atoms were obtained with Drawin’ssmall.

formula Orawin 1968 1969, which was described by

Steenbock & Holwege (19849 with a scaling factor of

Sy = 0.1 following the suggestion oShi etal.(2014. 5 RESULTSAND DISCUSSION

Inelastic collisions with neutral hydrogen atoms will pro-
duce varying degrees of effects on the statistical equlibr

umof Culin dlﬁerentgtellar atmospher@tu etal (2014 For all of our program stars, the LTE and NLTE copper
2018 have done a series of test calculations for the Sun and . .
: bundances were obtained through the spectral synthesis
a sample of metal-poor stars, and they found different Cu S .
. S . . . . method. Abundances determination through this way was
lines will give consistent results for an investigated cbje . . . .
an iterative process and the Cu abundances varied until

when th = 0.1 le wi . Collisional exci- . .
_e the $ = 0.1 scale f':\s adopted_ .CO slonal exC e differences between the synthetic spectra and the ob-
tations of allowed and forbidden transitions by electron- L . "
. served ones were minimized. During the fitting process,
s were calculated using the formulae v@n Regemorter

. - T the broadenings caused by the instrument, rotation, and
(1962 andAllen (1973, while collisional ionization rates g y

. macroturbulence were treated as one single Gauss profile
were calculated with the formula &eaton(1962. g P

. to be convolved with the synthetic flux profiles to fit the
To solve the coupled radiative transfer and sta- y P

- A . .~ observed spectra. Moreover, the C and Ti abundances giv-
tistical “equilibrium equations, we adopted a rewseden in TableAl were taken into account for our analysis to
DETAIL NLTEcode @utler & Giddings 1985 which ' 1an! y

. . ocPtaln reliable Cu abundances.
was based on an accelerated lambda iteration metho i i o
(Rybicki & Hummer 1991 1992, for the calculation of Flgure3lllustrat§s the obseryed a_nd synthoetlc line pro-
NLTE occupation numbers. Then, the synthetic line pro-]clles of two copper lines (an optical line at 5782nd an

files were computed via the SIU prograReetz 199)us- H-band line at 16905) for HD 674_47. It is obvious that
ing the departure coefficients from DETAIL. the NLTE synthetic line profiles fit the observed spectra

better than the LTE ones for the optical line at 5782
4.2 NLTE Effects As the copper line at 16005 is really weak (refer to
Sect.4.2), the differences between LTE and NLTE can-
The NLTE effects for optical copper lines have been in-not be seen in this plot. In Tab® we present the final
vestigated in detail by previous works (e.@hietal. copper abundances along with the standard deviation un-
2014 2018 Yan et al. 20152016 Andrievsky et al. 2018 der LTE and NLTE assumptions. It can be found that the
Xu et al. 2019. As noted in these studies, the deviationsNLTE corrections are negligible for copper lines in the
from LTE are caused by the ultravioldl {) overioniza- band, whereas they are evident with a variation from —0.02
tion in the deep atmosphere layers. In Figlreve plotthe  to 0.10dex for the optical lines. The LTE and NLTE Cu
distribution of departure coefficients;(= nX¥T /nETE)  abundances derived from the individual optical lines are

4.1 Atomic Model

5.1 Stellar Copper Abundances
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Fig.2 Departure coeofficient:t)() for the important Cu | energy levels and the Cu Il groundsstesta function of continuum
optical depth at 5008 for the model atmosphere of HD 58367.

1.0

0.8

0.6

Relative Flux

0.4

0.2
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!

Cu/Fe], =—0.18
Cu/Fe], =-0.18
Cu/Fe],,=—0.08

Cu/Fe],,=—0.28

!

5781.4 5781.6 5781.8 5782.0 5782.2 5782.4 5782.6
Wavelength (4)

Relative Flux

C T T
100 e
0.95F
0.90
0.85F

“““ [cu/Fe], =-0.13 cu
0.80F — [Cu/Fe],,=-0.13

- = [Cu/Fe],,=—0.03
075 - [Cu/Fe],,=-0.23
o.7ot . .
1.6002x10* 1.6004x10* 1.6006x10*

Wavelength (4)

1.6008x10*

Fig.3 Synthetic profiles of Cul lines at 5782and 1600 for HD 67447. Theopen circlesare the observed spectra,
the black solid lineis the best-fitting synthesis (NLTE synthesis), ted dotted curves the LTE profile with the same
[Cu/Fe] relative to the NLTE, and the other two lines are NIspathetic spectra with [Cu/Fe] df 0.1 dex relative to the

best fit.
Table 2 Stellar Copper Abundances

Star Teg logg [Fe/H] 5 [CU ILTE/Fe](ir) [CU INLTE/Fe](ir) Air [CU |LTE/FE](Opt) [CU NLTE/Fe](opt) Aopg [CU/FE](ASPCAP)
Arcturus 4275 1.67 -0.58 1.60 -0.10 -0.10 0.00 —6:18.01 -0.13+ 0.03 0.01 -0.9G: 0.06
HD 87 5053 2.71 -0.10 1.35 -0.12 -0.12 0.00 —0128.05 -0.21+ 0.06 0.02 0.45+ 0.03
HD6582 5390 4.42 -0.81 0.90 -0.19 -0.19 0.00 —@:00.04 -0.03+ 0.07 0.04 —1.60: 0.28
HD6920 5845 3.45 —0.06 1.40 -0.32 -0.32 0.00 —@:2205 —-0.19+ 0.06 0.03 —0.2Gt 0.06
HD 22675 4901 2.76 —0.05 1.30 -0.21 -0.21 0.00 —@1202 —0.07£ 0.03 0.05 0.37 0.07
HD 31501 5320 4.45 -0.40 1.00 0.12 0.12 0.00 0100.01 0.02+0.01 0.01 0.2Gt 0.05
HD58367 4932 1.79 -0.18 2.00 -0.07 -0.07 0.00 —&M04 -0.16+ 0.05 0.08 0.73t 0.03
HD 67447 4933 2.17 -0.05 2.12 -0.13 -0.13 0.00 —&:PA01 -0.20+ 0.02 0.06 0.75t 0.03
HD 102870 6070 4.08 0.20 1.20 -0.05 -0.05 0.00 —@10703 —0.16+ 0.04 0.01 0.12+ 0.03
HD 103095 5085 4.65 —1.35 0.80 -0.20 -0.20 0.00 —6:3507 —-0.31+0.08 0.04 —2.26£ 0.61
HD 121370 6020 3.80 0.28 1.40 0.00 0.00 0.00 —Gt00.02 —0.07£ 0.02 0.00 0.25t 0.03
HD 148816 5830 4.10 —0.73 1.40 0.10 0.10 0.00 —-@:10.03 —-0.02+ 0.05 0.08 -0.63t 0.05
HD 177249 5273 2.66 0.03 1.65 -0.08 -0.08 0.00 —&:2103 -0.18+ 0.05 0.03 0.59+ 0.04

Ajp andAgpy stand for the NLTE effectsA =[Cu/Felx1,rr —[Cu/Fel,rx) derived from the IRH-band and optical spectra, respectively.
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Table 3 [Cu/Fe] Uncertainties Linked to Stellar Parameters e ewE
04 T T T
AT Alogg A[Fe/H] AE > z?)t/?
80K 0.1dex 0.08dex 0.2 knrs .
A[CuFeli) 003 001 007 0.01 0.08 e ° o i
A[Cu/Fe](opt) 0.10 0.02 0.06 0.03 0.12 § . ¢ s ¢,
OT (SO R RRREEEEEEEEEE ]
~ . LY
. . . . . O, =02 1
shown in TableA3. As indicated in this table, the NLTE
effects differ from line to line even for the same stars. o4
-1.5 -1.0 -0.5 0.0 0.5

[Fe/H]
5.2 Abundance Uncertainty

Fig.4 Differences between the Cu abundances derived
from the APOGEHH-band and optical spectra for our sam-

In Figure3, we show the best-fitting NLTE synthesis us- ple stars.

ing the black solid line for HD 67447, as well as the NLTE

synthetic flux profiles with [Cu/Fe] of- 0.1dex relative g 35 Comparison with the ASPCAP results and

to the best fit using the green and blue lines, respectively. discussion

It is clear that the variation of [Cu/Fe] can make a visi-

ble change of the NLTE synthesis. For our work, the synAbundances for up to 23 chemical elements are provided
thetic flux profiles can be distinguished when the [Cu/Fejn the APOGEE DR14 release, and they are automatically
changes about less than 0.1dex. Considering the qualitjerived by the APOGEE Stellar Parameters and Chemical
of our adopted spectra, the value of 0.1 dex can be our flAbundances Pipeline (ASPCAPH¢ltzman etal. 2015
uncertainty to some extent. Meanwhile, the uncertaintie&arcia Pérez et al. 20)L6I'he raw Cu abundance determi-
on the derivation of copper abundances due to the choicgations are made for DR14, while no calibration result-
of the stellar parameters should also be investigated. They are presented due to the challenges of blends and they
are given in Table for the star HD 67447 with the uncer- are not recommended to be useédbltzman et al. 2018
tainties of the stellar parameters described in Se@®i@8n  Jonsson et al. 20)8Comparing the abundance derived by
Assuming the errors are independent, the total uncertaithe ASPCAP with our independent analyses will enable a
ties as the quadratic sum of all errors for tHeband and performance evaluation of the ASPCAP and probably cal-
optical lines are listed in the last column. ibrate its results.

The ASPCAP [Cu/Fe] ratios are given in the last col-
umn of Table2. Through inspection of this table, a large
discrepancy between these two works can be found, which
can reach to as high as 1.98 dex for HD 103095. Figure
5.3.1 Comparison with the optical results and discussion\,isua"y shows the differences between the ASPCAP and

our results. Even though the exact causes of the discrep-
To verify our adopted copper atomic model, the differencesncy are unclear, we speculate that it may primarily result
between the Cu abundances derived from the APOGEEom the different continuum determination. As described
H-band data and those from optical spectra against thie Section4.2, the copper line in the APOGEBR-band
metallicity are presented in Figudeln this plot, open and spectra is very weak, thus the continuum placement re-
filled circles respectively represent the differences undequires great care, otherwise it can have a large effect on
LTE and NLTE conditions. We note that the differencesthe final Cu abundances. For all of our sample stars, we
are< 0.2dexin LTE, while< 0.15dex in NLTE. Although  tested to make a 1% shift of the continuum, and obtained
NLTE reduces the scatter in the differences, the results stithe relative changes in Cu abundances. We find that this
| seem not so satisfactory, which can be explained by thshift will yield a random variation of about 0.1 to 0.4 dex
uncertainties in the adopted atmospheric parametersrandfo the final [Cu/Fe] values. To intuitively present the ef-
the continuum placement (see SB@.2). On the whole, fect, we randomly select a metal-poor star HD 67447 for
we can state that the Cu abundances obtained from-IR discussion, and show its synthetic profiles in Figéire
band and optical lines match roughly well, and our atom-  Another possible reason for the discrepancy is due to
ic model can be used to analyze the NLTE copper aburthe negligence of other lines blending. In Figutewe il-
dances. lustrate the synthetic profiles of Cul line at 16004.for

5.3 Comparisonsand Discussion
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Fig.5 Differences between the Cu abundances derived b

our work and the ASPCAP for the samp]e stars. Elg 7 Synthetlc prOﬁleS of Cul line at 16005&7f0r the
Arcturus at the APOGEE resolution. Tliled black cir-

clesare the observation, thred solid lineis the synthesis
with Cu and theblue dotted linas the synthesis without
the Cu line. Besides, th@dack green blue pink, andgray
solid linesrespectively represent the synthetic profiles of
each individual line, that is C1, Till, Cul 16005, Cull
16006A, and Fe |, which are computed with the same ex-
ternal broadening profile as that for the synthetic spectrum

1.0fr;

0.9F

HD 67447 for example, its stellar parameters &g =
4933K,logg = 2.17dex, [Fe/H]= -0.05dex, and =

E 1 2.12 kms! for this work, while they ard.g = 5023 K,
0.7 o E log g = 2.78 dex, [Fe/H]= 0.06 dex, and = 0.32 kms'*
t ] for the ASPCAP. When we derived the copper abundance
with the latter parameters, the obtained [Cu/Fe] value is —
0.24 dex, which is lower than our result (-0.13dex), and
Fig.6 Synthetic profiles of the Cul 16005 line for  the difference is 0.11 dex. ASPCAP derives the stellar pa-
HD 67447. Thdilled circlesare the observational data; the rameters with the code FERREIende Prieto et al. 2006
open diamondandcirclesare the observational data with gnd the raw parameters are used to derive the copper abun-
an about 1% shift up and down of the continuum, respecg, o< 14 investigate its impact on [Cu/Fe] ratios, we de-
tively. Theblue pink andgreen solid linesare the best-fit , .
NLTE synthesis. termined the copper abundances using the same parame-
ters with ASPCAP in our analysis, and find about 0.1 dex

i _ differences of the derived results.
the Arcturus at the APOGEE resolution, and display the

profiles of each individual blending line, which were com- 5
puted with the same external broadening profile as that for
the synthetic spectrum. Obviously, the Cd16005.748 As we know, only two groups have hitherto determined
line blends with the adjacent lines (i.e., Cl, Tilland Fe |). copper abundances for the APOGHEEband spectra in
To investigate the effects of these lines on our [Cu/Fe] valt TE analysis. Only one star is in common with their s-
ues, we tested to make the abundances of C, Ti and Feudies Smith et al. 2013Hawkins et al. 2018 Arcturus.
respectively, have a variation of 0.1dex and checked howmith et al.(2013 derived a [Cu/Fe] ratio of —0.23 dex
much our copper abundances varied. The results are listggr the Arcturus, which is lower than our calculation
in the last six columns of Tablgl. Itis noted that Cland (—0.1dex). Since we note that their [Fe/H] is —0.18 dex
Till lines have small influence, while Fe | lines show rela- higher than ours, the difference may due to the dif-
tively important effects on the abundance derivation, Whic ferent stellar parameters adopted in each work. While
can be 0.15dex. Hawkins et al. (2016 found the [Cu/Fe] value was —
In addition, the different adopted stellar parameter0.37 dex, which is —0.27 dex lower than ours. As both
s could partly lead to the discrepancy. Taking the staworks adopted similar stellar parameters, the difference

Relative Flux

0.8 F — [Cu/Fe],,=-0.22
— [Cu/Fe]y,=-0.13

—— [Cu/Fe],,=-0.01

e
.6002x10* 1.6004x10* 1.6006x10* 1.6008%10*
Wavelength (4)

3.3 Comparison with previous work
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could be owing to the differeribg g f values of the Cul dance studies, which may be one of the reasons for the
line. discrepancy.

In Figure 8, several features of the [Cu/Fe] trend
can be found: it seems to slightly decline with in-
creasing [Fe/H] down to solar metallicity, it then in-
creases with decreasing [Fe/H] in the metallicity range
o , ) . of ~-0.5<[Fe/H]< ~0.0dex, while it declines linear-

It is mterestlng_to gxplore the behavior _of [Cu/Fe] ratlosIfy with decreasing metallicity when [Fe/H] ~—0.5 dex.
on account of its importance on revealing the nature Ol lthouah the exact oridins of rar molex (e.q.
gh the exact origins of copper are complex (e.g., see

Cu nucleosynthesis, and constraining the Galactic CherTi??isterzo et al. 2004and references therein), the significan-

ical evolution (GCE) model. In Figur, we present the t secondary (i.e., metallicity-dependent) production af C
[Cu/Fe] abundances versus [Fe/H] for our NLTE measure-

: . . , can be seen throughout the range-1.4< [Fe/H] < ~—
ments (red filled circles for optical and red triangles for0 5 dex g e [ ]
IR), together with the LTE results froReddy et al(2006 ' '

black <ks) the NLTE its froma L (201 Many studies (e.gSneden et al. 199ITimmes et al.
.ac asterl.s ), the results frowfan etal. .5 1995 Goswami & Prantzos 20QMishenina et al. 2002
pink plus signs),Yan et al. (2016 blue/green plus sign-

) Kobayashi et al. 20062011, Romano & Matteucci 20Q7
s) andShi et al. (2018 black/green squares). The green . .
i _ Romano et al. 20)thave modeled the Galactic chemical
plus signs and squares represent lowtars, which show

) . evolution of copper. In Figur8 we also display the result-
systematic low copper abundanceNissen & Schuster . ; o
s predicted byKobayashi et al(2006 grey solid line). It
2011 Yanetal. 2015 Except for the green symbols,

. seems that our [Cu/Fe] ratios are consistent with their mod-
there is a rather good agreement between our calcula; - . o . .
. i ; X - el predictions, showing a similar [Cu/Fe] trend with their
tions with the previous results in the metallicity range of

results throughoutthe range-1.4< [Fe/H] < ~-0.2 dex.
~—1.4<[Fe/H] < ~-0.2dex, while a discrepancy exist- g 9e [ ]

s when [Fe/H}> —0.2 dex: our [Cu/Fe] ratios are less en-e cONCLUSIONS

hanced than those froiReddy et al.(200§. We guess it

could be ascribed to the paucity of sample stars in thi¥Ve wish to derive the reliable Cu abundances with the Cull
region or the different adopted analysis methods. As thénes in the APOGEH-band spectra, thus we explored the
copper lines are heavily blended for metal-rich stars, it iNNLTE effects of theH-band Cu |l lines, and also verified the
essential to consider other blending lines in copper aburreliability of our Cu atomic model. We measured the LTE

5.4 TheEvolutionary Trend of [Cu/F€] in the Galactic
Disk
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and NLTE copper abundances using the APOGEBand  Computing at the University of Utah. The SDSS web site
and optical spectra for 13 FGK stars. The conclusions cais ww. sdss. or g.
be summarized in the following points: SDSS-1V is managed by the Astrophysical Research
Consortium for the Participating Institutions of the SDSS
1. Our results show that the NLTE effects in IR Cull line Collaboration, including the Brazilian Participation @G
at16005.A are negligible, indicating thatit forms un- the Carnegie Institution for Science, Carnegie Mellon
der the LTE conditions. University, the Chilean Participation Group, the French
2. When the uncertainties are taken into account, consigarticipation Group, Harvard-Smithsonian Center for
tent abundances from thé-band and optical copper Astrophysics, Instituto de Astrofisica de Canarias, The
lines are derived. It suggests that our copper calculajohns Hopkins University, Kavli Institute for the Physics
tions are reliable and the Cu atomic model is valid forand Mathematics of the Universe (IPMU)/University
investigating the formation of thid-band Cul lines. of Tokyoy Lawrence Berke|ey National Laboratory,
3. The [Cu/Fe] ratios increase with increasing [Fe/H]Leibniz Institut fur Astrophysik Potsdam (AIP), Max-
when ~ —-1.4<[Fe/H] <~ —0.5dex, which may in- planck-Institut fir Astronomie (MPIA Heidelberg), Max-
dicate a secondary (metallicity-dependent) productiorplanck-Institut fur Astrophysik (MPA Garching), Max-
of Cu. Planck-Institut fur Extraterrestrische Physik (MPE),
National Astronomical Observatories of China, New
This work is the first, where Cu abundances were obyjexico State University, New York University, University
tained from the APOGEH-band spectra and the NLTE o Notre Dame, Observatorio Nacional/MCTI, The
effects in IR Cul line at 16008 were investigated. opio State University, Pennsylvania State University,
Although theH-band Cul line used for our investigation Shanghai Astronomical Observatory, United Kingdom
is blended with other lines, a consistent result betwee'ﬁ’articipation Group, Universidad Nacional Autonoma de
the optical ancH-band lines can be obtained when thejexico, University of Arizona, University of Colorado
blending lines are considered. We obtain relatively rééiab gq|ger, University of Oxford, University of Portsmouth,
[Cu/Fe] values with thél-band Cu | lines, even though the University of Utah, University of Virginia, University

NLTE effects are neglectable, and our calculations will best \washington, University of Wisconsin, Vanderbilt
helpful to calibrate the ASPCAP results. University, and Yale University.
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Table A1 C, Ti Abundances and the Variation of [Cu/Fe] due to the BiegdL.ines

Star [CIFe] [TilFe]  A[CulFel: A[Cu/Felr; A[Cu/Felge
+0.1 -0.1 +0.1 -0.1 +0.1 -0.1

Arcturus 0.26+ 0.06 0.19+0.05 -0.02 0.00 -0.04 0.00 -0.13 0.06
HD 87 —0.224+0.03 0.00+0.03 -0.02 0.00 -0.02 0.00 -0.08 0.05
HD 6582 0.16+ 0.02 0.23+0.04 -0.02 0.03 -0.01 0.02 -0.11 0.13
HD 6920 —0.04+ 0.02 0.00+ 0.04 -0.04 0.02 -0.04 0.00 -0.13 0.12
HD 22675 -0.22- 0.04 -0.0%+0.02 -0.02 0.03 0.00 0.02 -0.12 0.13
HD 58367 -0.22£ 0.02 -0.03+ 0.05 0.00 0.01 -0.01 0.02 -0.07 0.07
HD 67447 -0.16£ 0.03 -0.08+0.03 -0.02 0.00 -0.03 0.00 -0.12 0.07
HD 102870 -0.08t 0.03 —-0.09+ 0.01 0.00 0.00 0.00 0.02 -0.11 0.10
HD 103095 -0.15: 0.00 0.27+ 0.03 0.00 0.00 -0.03 0.03 -0.15 0.14
HD 121370  —0.010.04 0.12£0.03 -0.05 0.03 -0.03 0.03 -0.13 0.10
HD 148816 0.2G+ 0.00 0.24+0.04 -0.08 0.05 -0.06 0.04 -0.15 0.14

Table A2 Atomic Data of Other Blending Lines

lon )\agr Eiow loggf log Cg
A eV

Cl 16004.853 9.631 0.104 -32.000
Till 16005.075 3.095 -2.234 -32.040
Fel 16005.170 6.222 -0.580 -30.545
Fel 16005.383 2.865 -5.620 -31.870
Cul 16005.748 5.348 -0.018 —32.000
Fel 16006.178 3.368 -5.400 -31.820
Fel 16006.633 2.865 -5.100 -31.870
Cul 16006.657 5.348 0.500 -32.000
Fel 16006.800 6.347 0.557 -30.620
Fel 16007.106 6.347 -0.060 -30.645
Fel 16007.383 2.865 —-4.630 -31.870
Fel 16008.080 6.266 0.095 -30.620

Table A3 [Cu/Fe] based on Optical Cul Lines under LTE and NLTE Anadyse

5105 @) 5218 A) 5700 A) 5782 )
Star LTE NLTE LTE NLTE LTE NLTE LTE NLTE
Arcturus -0.13 -0.10 -0.14 -0.15 cee cee
HD 87 -0.28 -0.24 -023 -0.25 -0.19 -0.13
HD 6582 -0.04 +40.02 -0.12 -0.11 —-0.05 40.00
HD 6920 —0.24 -0.20 026 -0.24 —0.17 -0.12
HD22675  -0.14 —-0.10 e e e e -0.10 -0.04
HD31501 +0.02 +0.04 +0.02 40.02 +0.00 +0.02 +0.00 40.02
HD58367  -0.27 -0.18 e e -0.26 -0.19 -0.20 -0.10
HD67447  -0.27 -0.21 e e 026 -0.21 -0.25 -0.18
HD102870 -0.15 -0.14 -020 -0.21 e e -0.16 -0.14
HD103095 -0.27 -0.21 -0.38  -0.37 e e -0.39 -0.34
HD121370 -0.09 —0.08 -0.06 -0.08 -0.05 -0.04 e iy
HD 148816 -0.08 +0.02 -0.14  -0.08 e e -0.09 +40.01
HD177249 -0.12 -0.19 -021 -0.23 024 -0.20 -0.16  -0.11
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