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A B S T R A C T 

We present WIYN 
1 /Hydra spectra of 34 red giant candidate members of NGC 188, which, together with WOCS 

2 and Gaia 
data yield 23 single members, 6 binary members, 4 single non-members, and 1 binary non-member. We report [Fe/H] for 29 

members and derive [Fe/H] NGC188 = + 0.064 ± 0.018 dex ( σμ) (sky spectra yield A(Fe) � = 7.520 ± 0.015 dex ( σμ)). We 
discuss effects on the derived parameters of varying Yale-Yonsei isochrones to fit the turnoff. We take advantage of the coolest, 
lowest gravity giants to refine the line list near Li 6707.8 Å. Using synthesis we derive detections of A(Li) 3 = 1.17, 1.65, 2.04, 
and 0.60 dex for stars 4346, 4705, 5027, and 6353, respectively, and 3 σ upper limits for the other members. Whereas only two 

of the detections meet the traditional criterion for ‘Li-richness’ of A(Li) > 1.5 dex, we argue that since the cluster A(Li) vanish 

as subgiants evolve to the base of the RGB, all four stars are Li-rich in this cluster’s context. An incidence of even a few Li-rich 

stars in a sample of 29 stars is far higher than what recent large surv e ys hav e found in the field. All four stars lie either slightly 

or substantially away from the cluster fiducial sequence, possibly providing clues about their Li-richness. We discuss a number 
of possibilities for the origin for the Li in each star, and suggest potentially discriminating future observations. 

Key words: stars: abundances – stars: fundamental parameters – galaxies: star clusters: general; stars: evolution; stars: interiors. 
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 I N T RO D U C T I O N  

ithium (Li) was first created during big bang Nucleosynthesis 
Boesgaard, Stephens & Deliyannis 2005a ; Coc, Uzan & Vangioni 
014 ), and is subsequently produced inside red giant stars, during 
o va and superno va e xplosions, and by spallation processes in the
SM or stellar surfaces (Travaglio et al. 2001 ; Guiglion et al. 2019 ).
hrough these (and potentially other) processes, the Milky Way has 

ncreased the big bang A(Li) from the predicted ∼ 2.7 to ∼ 3.3 
e x observ ed in meteorites (Anders & Grevesse 1989 ), young star
lusters, and the ISM (Cummings et al. 2017 , = C17). Conversely,
tars deplete Li throughout their lives. At minimum, observed surface 
(Li) qualitatively follow the standard stellar theory (no rotation, 
iffusion, magnetic fields, mass-loss, etc.; Deliyannis Deliyannis 
990 ; Deliyannis, Demarque & Kawaler 1990 , = D90) predictions 
hat: (i) nuclear reactions destroy Li at the base of the surface
onvection zone (SCZ) during pre-main sequence and, (ii) subgiant 
eepening of the SCZ results in dilution. Furthermore, considerable 
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vidence suggests that rotational mixing depletes the surface A(Li) 
hroughout the main sequence (MS) and possibly beyond for the 
ull range of masses where Li is observed (Deliyannis et al. 2019 ,
17). By the time stars leave the MS, most are already severely
i-depleted and dilution (and perhaps rotational mixing) reduces 

he surface A(Li) further. First ascent red giants (‘RGB’) and further
volved red giants should thus have little of their original Li preserved 
nthony-T warog, Deliyannis & T warog ( 2021 ). Consistent with

hese e xpectations, surv e ys sho w that the v ast majority of red giants
ave no measurable Li, with detections or upper limits typically at
e vels (Bro wn et al. 1989 ; Kumar, Reddy & Lambert 2011 ; Martell &
hetrone 2013 ; Casey et al. 2016 ) much lower than is observed on

he MS. 
Ho we ver, a small fraction of giants have surprisingly high A(Li).

ubgiant dilution is expected to reduce the surface A(Li) of Pop I
tars by 1.8–1.9 dex (see fig. 14 in Charbonnel & Lagarde 2010 ),
epending slightly on mass, and of Pop II stars by ∼1.2 dex (D90). If
olar metallicity stars form with A(Li) ∼ 3.3 dex, then after subgiant
ilution (‘first dredge-up’), Pop I giants should have at most A(Li)
 1.5 dex, and likely less if rotational mixing and other mechanisms

ave depleted the internal Li abundance during MS evolution. Red 
iants with A(Li) > 1.5 dex are thus assumed to have enriched
heir surfaces with Li, and have often been labelled as ‘Li-rich’,
lthough the boundary of 1.5 dex may depend on metallicity and other 
ircumstances. Recent large surv e ys hav e identified 0.64 per cent
f Pop I red giants below 2 M � (Deepak & Reddy 2019 , from the
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ALAH surv e y) and 1.29 per cent of all giants Gao et al. ( 2019 ) as
i-rich, while Kirby et al. ( 2016 ) tag 0.3 ± 0.1 per cent of globular
luster giants as such. 

Among proposed mechanisms that might enhance the surface Li of
iants, a prominent one is the ‘ 7 Be-transport mechanism’ Cameron &
owler ( 1971 ), that may apply where the nucleosynthetic regions
ix briefly with the surface. The situations may include the He-core
ash at the tip of the RGB, thermohaline mixing as stars approach

he tip of the RGB (Lattanzio et al. 2015 ), evolution past the Thomas
eak (Thomas 1967 ; Demarque 1987 ), also known as the RGB
ump or luminosity bump on the RGB (Charbonnel & Balachandran
000 ) and its variant, the Denissenkov ( 2012 ) mechanism, for stars
hat were very rapid rotators on the MS, and merger of a helium
hite dwarf (HeWD) with another HeWD or RGB star (Zhang

t al. 2020 ). In addition to the 7 Be-transport mechanism, purely
xternal Li enrichment mechanisms have been proposed, and may
e more likely to be responsible for Li-rich giants that have not yet
volved to the luminosity bump. Examples include Li enrichment by
ngulfment of a substellar companion (e.g. a planet or brown dwarf;
lexander 1967 ; Siess & Livio 1999 ; Ashwell et al. 2005 ), mass

ransfer from a Li-rich asymptotic giant branch (AGB) companion
Aguilera-Gomez et al. 2016 ) or nova companion (Jose & Hernanz
998 ). 
Although the number of giants that can be studied in open clusters

s relatively small, compared to surv e ys like GALAH, open clusters
ffer some important advantages. In particular, their ages can be
etermined more reliably than for field stars, providing potentially
ritical parameters such as the RGB stellar mass. Since stars in
n open cluster all have the same age and initial composition,
i-rich stars in an open cluster can be compared to otherwise
imilar stars, supplying insight into the origin of the anomalous
ehaviour. F or e xample, Anthon y-Twarog et al. ( 2013 ) disco v ered
 Li-rich (A(Li) = 2.3 dex) red giant member (WOCS 7017)
f the open cluster NGC 6819. The star is located below the
ed clump and redward of the RGB in the colour–magnitude
iagram (CMD), has asteroseismically inferred anomalously lower
ass (Handberg et al. 2017 ), and is consistent with the 7 Be-

ransport mechanism having created this star’s Li in a He core
ash. 
To gain further insight about Li enrichment of red giants, we

tudy Li in the giants of one of the older open clusters in the Milky
ay – NGC 188. One critical factor of interest is that this cluster’s

urnoff stars are late F dwarfs on the cool side of the Li Dip, so
heir surface Li is already significantly depleted before they leave
he MS. The Li Dip is a severe depletion of Li in F dwarfs, first
isco v ered in the Hyades (Boesgaard & Tripicco 1986 ), shown to
ccur during the MS (Boesgaard & Budge 1988 ), and most likely
ue to rotational mixing induced by angular momentum loss (C17;
ee Section 6 ). Subgiants of NGC 188 show sharply declining Li as
he y evolv e to lower T eff , reaching undetectable levels at the base of
he RGB Deliyannis et al. (Deliyannis et al., in preparation). This
uggests that any red giant member observed to have A(Li) higher
han the upper limits observed at the base of the RGB is enriched
ither internally or externally, or is an abnormally good preserver
f Li. 
This paper is arranged as follows. Section 2 discusses selection

f targets and the observations; Section 3 presents radial-velocity
easurements and e v aluation of binarity and membership; Section 4

escribes determination of iron abundances of each star and the clus-
er; Section 5 describes determination of Li abundances; Section 6
iscusses possible interpretations of the Li abundances; and Section 7
rovides the paper summary. 
NRAS 513, 5387–5406 (2022) 
 OBSERVATI ONS  A N D  DATA  R E D U C T I O N S  

ata were taken using the Hydra MOS on the WIYN 3.5 m telescope
n a single configuration of the red cable during the nights of
017 February 20 and 21 (hereafter n1 and n2), centred on R.A.
 0 h 47 m 23.962 s , Dec = 85 ◦13 

′ 
45.94 

′′ 
. The 316@63.4 echelle

rating was used in order 8 with the X19 filter, providing a wavelength
o v erage from 6428 to 6847 Å, a dispersion of 0.205 Å pixel −1 ,
nd R ∼ 17000 as measured from the arcs. Targets were selected
rom the proper-motion study of Platais et al. ( 2003 , = P03),
hich co v ers a 0.75 de g 2 area. All 29 stars on or near the red
iants branches with V < 14.12 mag and proper motion probability
 P μ) greater than 70 per cent were placed on fibres (20 stars have
 μ ≥ 94 per cent ). Since there were fibres to spare, another six stars
ith 10 per cent ≤ P μ ≤ 70 per cent were placed on fibres; four of

hese are on or near the red giant branches and two are bluer. One
tar (ID = 4150 from P03) contributed negligible flux and is omitted
rom further consideration. Table 1 shows the ID, R.A., Dec, V , B −
 , and P μ, taken from P03, of the remaining 34 programme cluster
tars. These stars are shown on a CMD in Section 4 . 

Biases, dome flats, Th-Ar arcs, and daytime spectra of clear
lue sky were taken in the same cluster configuration. Fibres not
ssigned to stars were positioned to measure (night) sky background.
he radial-velocity standard HD 144579 was observed on night
 to provide an external check on the wavelength calibration.
xposures were taken of the NGC 188 configuration of 45 and
7.5 min during n1, and of 40 and 35 min on n2. We followed
he same processing and data reduction procedures as in Sun et al.
 2020 ). 

 R A D I A L  VELOCI TI ES  A N D  MEMBERSHIP  

.1 Radial velocity 

e used the IRAF 
4 task FXCOR to measure radial velocities ( V RAD )

or all the spectral lines of each star, fit a Gaussian profile to the
 RAD distribution in Fourier space, and then adopted the mean value
f the Gaussian profile as the star’s V RAD . Using methods described
n C17 (for additional details see Steinhauer 2003 ; Cummings
011 ), comparisons were made to template spectra of radial velocity
tandards that have v sin i < 5 km s −1 , that were observed with
he same instrument and similar resolution (with typical SNR in the
undreds), and that span a wide range of spectral types. We derived
 RAD = −59.64 ± 0.72 km s −1 for the radial-velocity standard HD
44579 (observed during n1 only), in superb agreement with the
alue −59.38 ± 0.015 km s −1 from Soubiran et al. ( 2013 ). The V RAD 

or individual stars were measured independently for each night. We
ound a 0.84 km s −1 systematic shift of n2 relative to n1. We thus
hifted the spectra of n2 by −0.018 Å to match n1 and co-added
he shifted spectra from n2 to n1 to get final spectra with a higher
ignal-to-noise ratio (SNR), on which we ran the FXCOR task once
gain. Table 1 shows our V RAD measurements and errors from the
nal co-added spectra. Fig. 1 shows the V RAD distribution; typical
rrors for individual stars are 0.5–1.1 km s −1 . A Gaussian fit yields
 mean V RAD = −42.89 ± 0.16 km s −1 ( σμ, σ = 0.93 km s −1 ), and
e initially classified stars within 2 σ of the mean V RAD (in the range

 −44.75, −41.03] km s −1 ) as V RAD probable members. Table 1 also
hows our derived rotational velocities ( v sin i ) and errors calculated
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Figure 1. Radial-velocity distribution for red giant stars in NGC 188. 

Figure 2. Comparison of our V RAD to those of G08 for stars designated as 
single by G08. The single members (SM) are shown as blue dots, and the two 
single non-members (SN) as red dots. 
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rom FXCOR based on line broadening. Our resolution suggests
reating v sin i below ∼ 15 km s −1 as upper limits, so all FXCOR-
eri ved v alues less than 15 km s −1 are reported in Table 1 as ‘ <
5’. 
In their thorough radial-velocity study of NGC 188, Geller et al.

 2008 , G08) took repeated measurements of 1046 stars in the
irection of NGC 188, and found 473 probable cluster members.
heir average cluster V RAD calculated from single stars in common
ith our study is −42.52 ± 0.12 km s −1 ( σμ). This is within 2.3 σμ

our σμ) of our value. All of our stars except star 9291 were observed
y G08, and the V RAD and membership information from G08 are
ncluded in Table 1 . Fig. 2 shows the difference between our values
f V RAD and those of G08 for stars identified as single by G08 (SM =
ingle Member, SN = Single Non-member). The mean difference is
d = −0.293 ± 0.135 km s −1 ( σμ). After excluding stars 4294 and
438, which are outliers that fall beyond 2 σ , the mean difference is
d = −0.324 ± 0.073 km s −1 ( σμ). The differences for binary stars
re larger, presumably because G08 report the mean binary V RAD 

erived from numerous individual measurements, whereas ours are
nstantaneous measurements. 
NRAS 513, 5387–5406 (2022) 
.2 Membership 

s further checks of membership, especially for stars with P μ from
03 in the range 10 per cent ≤ P μ ≤ 70 per cent , we consider the
 RAD in Table 1 and information from Gaia DR2 (Gaia Collaboration
016 , 2018 ) about parallax ( π ), μ in R.A. ( μα) and μ in dec ( μδ),
hown in the last few columns of Table 1 . The stars from Gaia lie
ithin 0.55 ◦ of the centre of our Hydra configuration and satisfy:
 < 18 mag, −2.8 mas yr −1 < μα < −1.8 mas yr −1 , −1.4 mas yr −1 

 μδ < −0.4 mas yr −1 . Fig. 3 shows histograms for π , μα , and
δ with Gaussians fit to the obvious cluster. The four stars, 3062,
408, 6619, and 6719, fall well outside the 2 σ ranges in π , μα ,
nd μδ , as illustrated especially clearly in the point vector diagram
f Fig. 4 for the last two of these criteria (yellow discs), so we
abel these stars as non-members. Star 4565 lies between 2 σ and
 σ away from the mean in π but is a clear member based on all
ther criteria so we label it as a member. Although star 9291 has π
onsistent with membership, its μδ lies between 2 σ and 3 σ away
rom the mean, its μα is more than 3 σ away from the mean, and
ts (our) V RAD is inconsistent with single star membership, so we
abel it as a non-member (5th yellow disc in Fig. 4 ). We thus label
9 out of 34 stars as members. Regarding membership, we note the
ollowing points. Three of our final members had P μ from P03 in
he range 10 per cent ≤ P μ ≤ 70 per cent , so including them in our
onfiguration has enhanced our sample. Of the five non-members,
our have P μ from P03 in the range 10 per cent ≤ P μ ≤ 70 per cent
ut one has P μ = 81 per cent . Three of the five non-members
ave P V RAD = 0 (from G08), but one has P V RAD = 98 per cent (the
th star is 9291, not measured by G08). This underscores the
esirability of using multiple criteria for delineating membership
henever possible. Fig. 5 shows all programme stars on the CMD,
ith members as red discs and non-members as green discs. The
embership designations from Cantat-Gaudin et al. ( 2018 ) based on

he Gaia DR2 agree with all of ours except for star 9291, which they
ist as a member. Our spectrum shows no detectable Li in this star. 

Regarding multiplicity, our power spectra from FXCOR confirm
ingle-star status for all stars labelled as such by G08, and indicate
ingle-star status for star 9291 (not observed by G08). G08 designate
even of our Hydra stars as binaries, based on radial-velocity
ariations and orbital solutions. Of these, stars 4524, 4565, 4843,
048, 5855 (all G08 Binary Members = BM) show double peaks
rom FXCOR analysis of our spectra, confirming binarity. Star 6719,
hich we classify as a non-member, does not show more than one
eak in the power spectra; perhaps the secondary is faint. Star 4705, a
efinite binary from G08, also does not show a double/multiple peak;
his very interesting star is discussed in detail in Section 6 . The only
ifferences between our multiplicity/membership designations and
hose of G08 are for stars 3062 and 6719 (we designate them as non-
embers); star 9291 was not observed by G08. The last column in
able 1 shows our final multiplicity/membership assignments. Fig. 5
hows binaries as downward triangles and non-members as green
iscs. For the rest of the paper, we limit our discussion to the 29
luster members. 

 STELLAR  PA R A M E T E R S  A N D  I RO N  

BU N DA N C E S  

.1 B –V , effecti v e temperature, surface gravity, and 

icroturbulence 

e use the CCD photometry of Hainline et al. ( 2000 , H00, BVRI ),
f Sarajedini et al. ( 1999 , S99) ( UBVRI ), and of P03 ( BV ) to derive
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Figure 3. π (mas), μα (mas yr −1 ), and μδ (mas yr −1 ) distribution. A Gaussian function is fitted (red solid line) to each histogram, and the mean ( μ), standard 
deviation ( σ ), standard deviation of the mean ( σμ) are annotated on the top right of each panel. 

Figure 4. μ of our programme stars from Gaia . Gaia stars are shown in blue 
discs, members are shown in red discs, and the five non-members are shown 
in yellow discs. 
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 eff . H00 co v ers a 40 arcmin × 40 arcmin region of NGC 188 that
ontains most of our member stars (26 out of 29), and S99 co v ers a 23
rcmin × 23 arcmin region that contains 20 out of the 29 members.
ince H00 and S99 are on the same photometric scale for all filters

o within the errors, we averaged the H00 and S99 BVRI photometry
or stars in common, used the H00 or S99 photometry for stars
ppearing only in one study, and used the S99 U photometry. The
03 photometry has a small offset and slope relative to H00 and S99,
o for two stars (4829 and 1141) not observed by either H00 or S99,
e adopted the P03 photometry shifted on to the H00 and S99 scale.
To reduce statistical errors and to better sample the spectral energy 

istributions of our stars, we use all 10 possible colour combinations 
rom UBVRI to derive an averaged ef fecti ve B − V for each star in
GC 188, as follows (advantages of this method are discussed in 
17). Using only our stars, we plot each colour against B − V , fit a
olynomial, and then convert that colour for each star into an ef fecti ve
 − V . We then average the nine transformed B − V and the actual B
V into an o v erall ef fecti ve B − V (hereafter simply ‘ B − V ’). Some

tars lack measurements in certain bands, so we use as many existing
olours as possible. Table 2 shows the (average) V magnitude, B −
 , and σ ( B − V ) (standard deviation of the 10 B − V colours). 
We derive T eff by employing the T eff –( B − V ) relationship for

ed giant stars from Ram ́ırez & Mel ́endez ( 2005 ). To begin with,
e assume [Fe/H] = 0.00 dex, which is in the middle of the
ange of published values (see Section 4.2 ), and adopt interstellar
eddening E ( B − V ) = 0.09 ± 0.02 mag from S99. The final (after
teration, see below) T eff and σ ( T eff ) (standard deviation based on
rror propagation from σ ( B − V )) are shown in Table 2 . 

Fig. 5 , left-hand panel, shows the H00 photometry. A 6.3 Gyr
emarque et al. ( 2004 , hereafter Y 2 ) isochrone fits well the MS just
elow the turn-off, the turn-off, and subgiants just beyond the turn-
ff, so we use this isochrone to derive surface gravity (log g ) at
he V of the stars. We derive microturbulence ( ξ ) using the relation

= 1 . 5 − 0 . 13 log g km s −1 from Carretta et al. ( 2004 ) for red giant
tars. Table 2 includes our final (after iteration, see belo w) v alues for
og g and ξ . Fortunately, only a few stars have σ ( T eff ) > 75 K. 

.2 Metallicity 

he metallicity of NGC 188 is not only important for our study,
ut since NGC 188 is a very old open cluster, the metallicity is also
f importance to studies of Milky Way formation and evolution. 
nfortunately, even recent high resolution spectroscopic studies are 
iscrepant with one another (see discussion below). We aim to shed
ome light on this issue, using the largest sample of cluster stars to
ate. 
We selected seven isolated Fe I lines that showed no significant

lending out to at least 0.5 Å on either side of the line centre in the
rcturus spectrum ( R ∼150 000; Hinkle et al. 2000 ), and measured

he equi v alent width of each line for the 29 members of NGC 188.
able 3 shows the wavelength λ ( Å), Excitation Potential (eV), and

og (gf) values of these lines. Fig. 6 shows a few examples of the
ines that were used. Using the Kurucz ( 1992 ) model atmosphere
rids with [Fe/H] = 0.0 dex, we interpolated to construct model
tmospheres matching the T eff , log g , and ξ values for each star.
hen, we performed LTE analysis for each Fe I line for each star
sing the ABFIND task of MOOG Sneden (Sneden 1973 ) to derive
(Fe). We measured the Poisson-based signal-to-noise ratio (SNR) 
er pixel in a relatively line-free region near the Li 6707.8 Å line
see Table 2 ). 

Fig. 7 shows the final (after iteration, see below) A(Fe) derived for
ach line for each star as a function of the stellar T eff , log g , and ξ .
e excluded (yellow discs) some entire lines that show dependence 

n T eff , log g , or ξ ( λ = 6546.239 Å) and/or e xcessiv e scatter ( λ
 6597.561 Å, 6710.319 Å) and, for the remaining lines, we excluded

hose from individual stars that sho w excessi ve scatter. To derive
Fe/H] we have employed the method of ‘solar gf-values’, which we
lso used in Sun et al. ( 2020 ), calculating [Fe/H] strictly relative to the
MNRAS 513, 5387–5406 (2022) 
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Figure 5. CMD in the central region (Radius < 12 arcmin) of NGC 188. The black points are stars with H00 photometry; the yellow points are Gaia members; 
the red points are Hydra members; the green points are Hydra nonmembers. Binaries are shown in downward open triangles, and two stars with σTeff > 75 K 

are shown in open squares. Yale-Yonsei isochrones are shown with ( m − M ) V = 11.40 mag in the left-hand panel. In the right-hand panel, the [Fe/H] = 0.084 
dex isochrone has ( m − M ) V = 11.55 mag; the [Fe/H] = 0.063 dex isochrone has ( m − M ) V = 11.48 mag. 
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un. In particular, for each line and for each aperture, we derive solar
(Fe) by measuring the same Fe I lines using sky spectra taken from

he same configuration. For each line, we then subtracted the solar
(Fe) from the stellar A(Fe), using the solar spectrum from the same
bre as the stellar spectrum to help maximize consistenc y. F or each
tar, we used the selected lines to calculate an average [Fe/H] in linear
not log) space, weighted linearly (not quadratically) by the 1 σ error
f each line (see also C17). This error is calculated based on the SNR
nd FWHM of the Fe I line, using the relationship from Deliyannis
t al. ( 1993 ). We also calculated σ and σμ for each star. We show
he final (after iteration, see below) results in Table 2 and Fig. 8 . 

For the cluster, we used all the surviving individual Fe I lines to
erive a cluster average (again weighted, in linear space) of [Fe/H] 188 

 + 0.084 ± 0.016 dex ( σμ, and σ = 0.157 dex). This value is very
lose to the unweighted average [Fe/H] 188 = + 0.087 ± 0.020 dex
 σμ, and σ = 0.193 dex). If instead we keep only the 23 SM, we
erive a weighted cluster average [Fe/H] 188 = + 0.083 ± 0.019
ex ( σμ, and σ = 0.164 dex), and an unweighted cluster average of
Fe/H] 188 = + 0.088 ± 0.023 dex ( σμ, and σ = 0.197 dex). Although
n principle one might be concerned that the secondary in each
M might contaminate the spectrum sufficiently so as to affect the
easured equi v alent widths, the abo v e av erages are indistinguishable
hether they include the BM or not, and Fig. 8 also shows that the
M have indistinguishable [Fe/H] compared to SM stars. 
These values for the cluster average [Fe/H] are sufficiently dif-

erent from our assumed value of 0.00 dex for the isochrone that
e decided to fine-tune by iterating. Fig. 5 , right-hand panel, shows

hat a similar fit can be provided with a 5.35 Gyr isochrone that
as [Fe/H] = + 0.084 dex, the same E ( B − V ) = 0.09 mag, and
 m − M ) V = 11.55 mag. We now repeated the abo v e analysis of
etermining log g , ξ , and abundances, and found new weighted and
nweighted averages for [Fe/H]. This process was iterated a few
ore times until the input and output [Fe/H] converged. Our final
eighted average [Fe/H] for the cluster is + 0.064 ± 0.018 dex
NRAS 513, 5387–5406 (2022) 
 σμ, and σ = 0.177 de x), v ery close to the unweighted value of
 0.069 ± 0.019 dex ( σμ, and σ = 0.186 dex); excluding BM we
nd again nearly identical results. We stress that Table 2 and Figs 7
nd 8 show these final abundances. The trends discussed abo v e in
hese figures are nearly identical as the original ones. 

Unlike the original isochrone (Fig. 5 , left-hand panel), the iterated
ounger isochrones (5.35 Gyr, [Fe/H] = + 0.084 dex; 5.7 Gyr, [Fe/H]
 + 0.063 dex, right-hand panel) show a slight kink at the turnoff

hat does not seem to be present in the data. One way to a v oid the
ink is to keep the older age of 6.3 Gyr and allow the reddening
o vary. A very similar fit as that with the original isochrone, and
o kink at the turnoff, can be achieved with [Fe/H] = + 0.084
ex, E ( B − V ) = 0.06 mag and the same distance modulus (left-
and panel). Anticipating a slightly lower final [Fe/H], we use an
sochrone with [Fe/H] = + 0.05 dex, which also provides a nearly
dentical fit with E ( B − V ) = 0.07 mag (left-hand panel), which is at
he low end of the error range in reddening. Repeating the analysis
ow results in an average [Fe/H] for the cluster + 0.060 ± 0.017 dex
 σμ, and σ = 0.162 dex), weighted, or + 0.064 ± 0.018 dex ( σμ,
nd σ = 0.175 dex), unweighted. Encouragingly, this is very close
o the final results discussed abo v e, and suggests that systematic
rrors potentially introduced by these slightly different choices in
arameters have little effect on the results. 
An independent analysis of the solar spectra using laboratory gf-

 alues gi v es an av erage A(Fe) � = 7.520 ± 0.015 dex ( σμ, σ = 0.164
ex), which is in excellent agreement with previous studies (e.g.
odders, Palme & Gail-P. 2009 ). Table 4 shows how [Fe/H] depends
n B − V , T eff , log g , and ξ at three different T eff and for the whole
luster. 

There have been several high resolution spectroscopic studies
uring the past decade, but only two before that (summarized in
able 5 ). The results span the range from Fe/H] = −0.12 to + 0.14
ex. Note that the two reduction methods used by Casamiquela,
arrera & Blanco-Cuaresma ( 2017 ) on the same data gave results
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Table 2. Stellar atmosphere, metallicity, and Li abundance for 29 RGB member stars. 

ID V avg 
1 ( B − V ) avg 

2 σ ( B − V ) 2 T eff 
3 σ ( T eff ) 3 log g ξ SNR 

4 [Fe/H] 5 σ 5 σμ
5 A(Li) 6 

mag mag mag K K km s −1 pixel −1 dex dex dex dex 

1141 14.131 1.181 – 4655 – 3.23 1.08 204 − 0 .098 0.081 0.047 < 0.43 
3015 12.649 1.271 0.015 4496 27 2.46 1.18 161 0 .006 0.124 0.062 < 0.07 
3271 12.453 1.130 – 4751 – 2.34 1.20 274 0 .135 0.246 0.123 < 0.15 
4228 13.921 1.048 0.016 4916 36 3.13 1.09 121 0 .065 0.192 0.111 < 0.65 
4294 12.952 1.150 0.025 4713 50 2.63 1.16 133 0 .023 0.156 0.090 < 0.17 
4346 13.642 0.975 0.019 5076 46 3.00 1.11 153 0 .044 0.218 0.109 1.17 ± 0.04 
4524 12.445 1.180 0.028 4657 54 2.33 1.20 131 0 .084 0.174 0.087 < -0.15 
4565 12.430 1.293 0.013 4458 23 2.32 1.20 272 0 .013 0.221 0.110 < -0.20 
4668 12.314 1.295 0.012 4455 22 2.25 1.21 80 0 .066 0.171 0.099 < 0.25 
4705 13.918 0.967 0.039 5094 93 3.13 1.09 92 0 .156 0.247 0.175 1.65 ± 0.06 
4756 11.359 1.551 0.044 4039 64 1.53 1.30 543 − 0 .012 0.149 0.075 < -1.20 
4829 12.797 1.173 – 4670 – 2.54 1.17 233 0 .079 0.117 0.067 < -0.05 
4843 11.540 1.353 0.035 4358 60 1.69 1.28 240 − 0 .006 0.089 0.063 < -0.33 
4909 12.992 1.204 0.009 4613 18 2.65 1.16 246 − 0 .128 0.131 0.076 < 0.28 
5027 11.944 1.120 0.024 4771 49 2.00 1.24 318 − 0 .051 – – 2.04 ± 0.02 
5048 13.878 1.095 0.010 4820 20 3.11 1.10 126 0 .021 0.200 0.116 < 0.58 
5085 12.367 1.157 0.035 4700 71 2.28 1.20 84 0 .234 0.146 0.073 < 0.45 
5133 14.090 1.052 0.026 4908 57 3.22 1.08 99 0 .240 0.171 0.121 < 0.65 
5438 13.657 1.116 0.011 4778 23 3.00 1.11 124 0 .082 0.144 0.083 < 0.53 
5597 12.902 1.190 0.053 4639 104 2.60 1.16 230 0 .010 0.112 0.056 < 0.15 
5835 12.732 1.271 0.039 4496 70 2.50 1.18 119 − 0 .017 0.153 0.088 < -0.60 
5855 13.370 1.162 0.004 4690 8 2.86 1.13 114 0 .120 0.134 0.067 < 0.30 
5894 14.066 1.078 0.020 4854 44 3.20 1.08 142 0 .038 0.155 0.078 < 0.58 
6188 13.395 1.168 0.018 4679 36 2.87 1.13 173 0 .134 0.078 0.039 < 0.15 
6353 12.515 1.257 0.035 4520 64 2.38 1.19 245 − 0 .015 0.132 0.066 0.60 ± 0.02 
6602 12.707 1.330 0.015 4396 25 2.49 1.18 208 0 .078 0.143 0.072 < -0.45 
6982 12.433 1.177 0.014 4663 28 2.32 1.20 265 − 0 .172 0.045 0.032 < 0.00 
8129 13.485 1.137 0.032 4738 66 2.92 1.12 151 0 .245 0.263 0.186 < 0.20 
9159 12.488 1.192 0.033 4635 65 2.36 1.19 124 0 .252 0.097 0.056 < 0.00 

Notes. 1 Average V magnitude, see the text. 
2 Average B − V using up to 10 colours, converted to B − V . Column 4 shows the standard deviation of the average B − V , ‘–’ means the star only has a B and a 
V magnitude. 
3 T eff calculated from the relationship in Ram ́ırez & Mel ́endez ( 2005 ); σ ( T eff ) is derived based on error propagation from σ ( B − V ). 
4 Poisson-based signal-to-noise ratio (SNR). 
5 Iron abundance, standard deviation ( σ ), and standard deviation of the mean ( σμ) for individual stars by averaging all the qualifying Fe I lines. 
6 Li abundance A(Li) or 3 σ upper limit A(Li). For the four stars with detectable Li, 1 σ error is calculated using the relationship from Deliyannis, Pinsonneault & 

Duncan ( 1993 ), where here the ef fecti v e pix el size d = 0.205 Å. 

Table 3. Fe I line parameters. 

λ Excitation log (gf) 
Å potential (eV) 

6546.24 2.76 −1.90 
6597.56 4.80 −1.04 
6627.54 4.55 −1.57 
6710.32 1.49 −4.77 
6726.67 4.61 −1.12 
6750.15 2.42 −2.48 
6810.27 4.61 −1.12 
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hat differed by 0.07 dex. In fact, it seems the high-R studies in Table 5
luster either near solar or 0.1 dex higher and, taking the stated errors
t face value, they do so in a discrepant way. For example, Donor et al.
 2018 ) and Jacobson & Friel ( 2013 ) are discrepant with Casamiquela
t al. ( 2017 ), Jacobson, Pilachowski & Friel ( 2011 ), and Randich,
estito & Pallavicini ( 2003 ); this is true even when considering only

he two more recent studies of Donor et al. ( 2018 ) and both analyses
f Casamiquela et al. ( 2017 ). Our own result is between the two
lustered sets of results. Comparing to the only high-R study with a
imilar number of stars, namely Jacobson et al. ( 2011 ), for 18 stars
n common we find average differences in T eff , log g , and ξ of 11 K,
.17, and 0.34 km s −1 , respectively, in the sense theirs minus ours.
he differences in T eff and log g have a negligible effect ( < 0.005
ex) on the derived cluster [Fe/H] but adopting the average difference
n ξ would decrease our cluster [Fe/H] by 0.073 dex, accounting for
he difference in [Fe/H] between our studies of 0.09 ± 0.04 dex. 

We point out that abundances from medium-resolution studies 
pan a similar range in [Fe/H] as from the high resolution studies,
hough with larger errors and thus there is no issue of discrepant re-
ults, see Table 5 . Photometrically derived metallicities span a larger
ange, and a number of them have been summarized in Sun ( 2021 ). 

 LI THI UM  A BU N DA N C E S  

n Fe I line at 6707.43 Å blends with the Li 6707.8 Å line and must
ometimes be taken into account (Thorburn et al. 1993 ; Steinhauer &
eliyannis 2004 ; C17). This is especially true for cooler stars where

he Fe line becomes stronger and the Li line becomes weaker (due
o stellar depletion). Here, using the SYNTH task in MOOG, we
enerated synthetic spectra in the Li region (6700 −6715 Å) using
he line-list from C17. We assume any contribution from the 6 Li
sotope is negligible, for the following reasons: 
MNRAS 513, 5387–5406 (2022) 
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Figure 6. Examples of our selected Fe I lines at 6627.544 Å; (star 3271); 
6750.152 Å; and 6810.262 Å; (star 4756). 
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Of the two stable Li isotopes, only 7.5 per cent of the meteoritic
i is in the form of 6 Li, and the remainder is 7 Li (Lodders et al.
009 ); therefore, the Sun itself likely formed with this ratio. It is not
nreasonable to assume that other solar metallicity stars also formed
ith a similar ratio. From the final isochrone fit of Section 4 , current

normal) giants in NGC 188 have masses of ∼1.14 M �, whereas
urrent (normal) turnoff stars have masses ∼1.09 M � and T eff ∼
000 K (Hobbs et al. 1990 ). 6 Li is more fragile than 7 Li and standard
odels alone deplete 6 Li in corresponding stars during the pre-MS by

actors of several orders of magnitude (Proffitt & Michaud 1989 ), and
otational mixing depletes both isotopes ( 6 Li more so, Pinsonneault,
awaler & Demarque 1990 ) during the MS. Finally, subgiant dilution

s about a factor of 2 more severe for 6 Li as compared to 7 Li, and
here may be additional rotational mixing on the subgiant branch
s evidenced by correlated Li and Be depletion in M67 subgiants
Boesgaard, Lum & Deliyannis 2020 ). We thus expect that 6 Li is
egligible in giants of NGC 188. 
Our data provide us with the opportunity to refine the line list

urther. The possibility has been raised that some very weak lines
xist right on top of the Li I doublet (see detailed discussion in King
t al. 1997 ). These are e xpected to be e xtremely weak ( < 1 m Å) and
hus not affect the vast majority of A(Li) determinations. Ho we ver,
n stars with very low A(Li), limited knowledge of these lines may
inder accurate determination of A(Li), making it difficult to make
rogress on questions such as how does A(Li) decline in Hyades
warfs cooler than 5100 K (Thorburn et al. 1993 ; C17) and in other
pen clusters of similar age or older, and how deep is the Li Dip?
NRAS 513, 5387–5406 (2022) 
nswers to these questions would help us elucidate the physical
rocesses that deplete surface Li abundances. Even in the Sun, the
i equi v alent width is a fe w m Å, so impro v ed knowledge of these

ines could lead to an impro v ed A(Li) in the Sun and other similar
tars. King et al. ( 1997 ) impro v ed the line list (used by our group
ver since, including in C17) in the Li I region using the Sun, 16 Cyg
 and B, and α Cen A and B. Since candidate lines get stronger with

ower T eff and unsuspected ionized lines may get stronger with lower
ravity, we use the brightest, coolest giants that are not cool enough
o sho w e vidence of molecular lines to further calibrate the line
ist. 

The top left-hand panel of Fig. 9 show a synthesis using the C17
ine list against our spectrum of star 4756, the coolest and brightest
iant SM ( T eff = 4039 K ) for which many lines are stronger than in
ny other star. It is clear that the synthesis has too much absorption at
he position of the Li line (vertical arrow). The conservative approach
o adjusting the line list is to assume that the star is devoid of Li,
nd thus that the observed absorption is due to non-Li lines at the
ame position. If some of the absorption was due to Li, then even
etter constraints could be derived for the other lines, but we cannot
now a priori whether any Li is present. Even so, the constraints on
he line list are being impro v ed. We adjusted gf values of lines in the
707.0–6709.2 Å region using star 4756 and the high quality and
igh resolution ( R ∼47 000) spectrum of the metal-rich giant μ Leo
rom the library of the Gaia benchmark stars (Blanco-Cuaresma et
l. 2014 , ht tps://www.blancocuaresma.com/s/benchmarkst ars ), The
atter resolves some lines that are blended in our Hydra spectra that
an now be matched more clearly and explicitly as we revised the
ine list. We used our own parameters for this star, which turned
ut to agree extremely well with the Gaia values. Finally, fine-
uning with several stars at various temperatures ensured appropriate
emperature dependence of the final line list. The bottom left-hand
anel of Fig. 9 shows that the resulting synthesis (red) matches the
bserved spectrum better than the C17 line list. The right-hand panels
f Fig. 9 show corresponding syntheses for star 4294, which is almost
00 K hotter than star 4756. The blue curves show synthetic Li with
n abundance corresponding to a detection in that spectrum at the 3 σ
evel. We use this revised line list henceforth. 

Debate continues about the possible importance of non-LTE
ffects to the Li line. Carlsson et al. ( 1994 ) suggest any such effects
ould be < 0.1 −0.2 dex and similar for stars in a similar evolutionary

tate, and thus unimportant for our purposes. Note also that spot cov-
rage may possibly result in spuriously large A(Li) in rapidly rotating
ooler dwarfs (Jeffries et al. 2021 ), but our giants are rotating slowly.

Fig. 10 shows spectra and syntheses for the four stars for which
e have confident detections of Li. Synthetic spectra are shown for
o Li (A(Li) = −10.0 dex, red line), the best fit (orange line), and
wice/half of the A(Li) for the best fit (green/blue). The resulting best
ts have A(Li) = 2.04 dex for star 5027, 0.60 dex for star 6353, 1.17
ex for star 4346, and 1.65 dex for star 4705. 
For the remaining 25 stars we report 3 σ upper limits calculated

sing the relationship from Deliyannis et al. ( 1993 ). Table 2 shows
he Li abundances. Fig. 11 shows A(Li) plotted against T eff , and V

agnitude. Fig. 12 shows the location of the 29 member stars on the
MD and their A(Li). 

 DI SCUSSI ON  

.1 Using star clusters to define ‘Li-rich’ 

s noted in the Introduction, a particular advantage of studying Li-
ich giants in clusters is that clusters provide an invaluable context
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Figure 7. The dependence of A(Fe) on T eff (K), log g , and ξ for different λ. The coloured circles show iron abundances for each Fe I lines for each apertures. 
The red circles are measurements that are kept for the final cluster average A(Fe) calculation; yellow circles are outliers rejected from the calculation. 
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or the phenomenon by allowing comparison of Li-rich giants to 
tars of similar mass, composition, age, and evolutionary state, and 
y supplying a baseline of unevolved stars at the turnoff to constrain
he Li evolution of the progenitors of the Li-rich giants. This level of
etail can lead us to greater insight than may be available in even very
arge field star samples. As an example, WOCS 7017, a canonically 
efined Li-rich giant in NGC 6819 (Anthony-Twarog et al. 2013 ), has
een shown to have a substantially lower mass than the other member
iants (Carlberg et al. 2015 ; Handberg et al. 2017 ), suggesting that
he origin of its unusual surface A(Li) may be tied to severe mass-
oss, possibly related to 7 Be-transport during a particularly severe 
e-core flash, and implying that some of the surprisingly low giant 
asses identified in Deepak, Lambert & Reddy ( 2020 ) may be real.
nother example is W2135 in NGC 2243: the unique properties of

his star (enhanced Li with binarity and rapid rotation) compared 
o other member giants are consistent with mass transfer of Li-rich
aterial from a former AGB star (Anthony-Twarog, Deliyannis & 

warog 2020 ). 
The rele v ant context for NGC 188 goes to the very heart of the

anonical definition of ‘Li-rich’ for giants as A(Li) > 1.5 dex. While
uch a definition may be generically adequate for field stars whose 
i evolution during the MS is unknown, i.e. consistent with subgiant 
ilution by 1.8 dex from a maximum initial A(Li) = 3.3 dex (see
he discussion in the Introduction), in a star cluster one can constrain
uch more precisely what the Li evolution of the progenitors of the
i-rich giants may have been. In the case of NGC 188, A(Li) at the
urnoff has been measured at ∼ 2.5 dex or slightly lower (Hobbs &
ilachowski 1988 ; Randich et al. 2003 ), with a steady decline on

he subgiant branch to upper limits of ∼ 0.8 dex or slightly lower
Deliyannis et al., in preparation, Fig. 13 ). Among our RGs on the
ell-delineated first-ascent branch and within the RC (Fig. 12 ), all
ave upper limits (25 stars) or a detection (1 star) of A(Li) < 0.7
ex (Fig. 11 ). This pattern is similar to what is observed in the
 Gyr-old M67 (Sills & Deliyannis 2000 ), though the decline is
ot quite as steep. But the similarity to M67 may be quite telling:
i data in M67 subgiants, together with Be data in the same stars,
oint strongly to the action of rotational mixing as the dominant
i- and Be-depletion mechanism during MS evolution and, together 
ith dilution on the subgiant branch (Boesgaard et al. 2020 ), it is

ikely the same mechanisms go v ern the Li depletion in the NGC
88 subgiants. None of the 47 subgiants in NGC 188 deviate from
his pattern, i.e. none are found abo v e this A(Li)–T eff pattern and thus
one hav e preserv ed an unusually high amount of Li (Fig. 13 ). This is
ot surprising since rotational mixing induced by angular momentum 

oss depletes Li throughout the Li preservation region (the region in
he outer layers that remain sufficiently cool to preserve Li), not just
t the surface (Pinsonneault et al. 1990 ; Deliyannis & Pinsonneault
997 ). So it is not unreasonable to assume that giants which have
volved further compared to subgiants are also not unusually good 
reservers of Li, implying that the boundary between Li-rich and not
i-rich may be lo wer, or e ven substantially lower, than A(Li) = 1.5
ex for giants in NGC 188, a pattern exhibited by other clusters of
MNRAS 513, 5387–5406 (2022) 
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Figure 8. Average [Fe/H] of the 29 member stars, cyan error bars are standard 
deviation σ , blue error bars are standard deviation of the mean σμ. The red 
discs are BM, blue discs are SM. 
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lightly younger age (Anthony-Twarog et al. 2020 ; Twarog et al.
020 ; Anthony-Twarog et al. 2021 ) 
To place the evolution of the progenitors of the NGC 188 giants

n context, it is important to realize that nearly all low mass
warfs deplete their surface Li abundance as the y evolv e during
he MS, and that evidence from a variety of angles suggests that
otational mixing induced by angular momentum loss (Endal & Sofia
976 ; Pinsonneault et al. 1989 , 1990 ) is the dominant Li-depleting
echanism. We briefly summarize some of that evidence here; for
ore thorough discussion see C17 and Deliyannis et al. ( 2019 ). Li,

eryllium (Be, this symbol shall refer to the only stable isotope,
 Be, in contradistinction to 7 Be, which shall al w ays be labelled
s 7 Be), and boron (B) survive to progressively greater depths, so
heir ratios provide especially sensitive and robust probes of physical
rocesses occurring in the outer layers of stars that may vary with
epth. The correlated depletion of Li and Be in F dwarfs in the field
Deliyannis, Boesgaard & Stephens 1998 ; Boesgaard et al. 2001 )
nd in six open clusters (Boesgaard & King 2002 ; Boesgaard et al.
004 ) is in excellent agreement with models of rotational mixing
Deliyannis & Pinsonneault 1993 , 1997 ; Charbonnel et al. 1994 ),
nd argues strongly against other mechanisms proposed to explain
he Li Dip. Similarly, the correlated depletion of Be and B in F
warfs (Boesgaard et al. 1998 ; Boesgaard, Deliyannis & Steinhauer
005b ) also agrees nicely with similar models (Boesgaard et al.
016 ). Furthermore, F dwarfs in young open clusters ( ∼ 100 Myr)
how no correlation between A(Li) and v sin i , but a tight correlation
orms as stars age, that becomes steeper with age, at least through
he age of the Hyades ( ∼ 650 Myr); this provides a direct correlation
etween Li depletion and spindown (Steinhauer & Deliyannis 2021 ).
NRAS 513, 5387–5406 (2022) 
he early formation of the Li Dip also fa v ours rotational mixing
ince other proposed mechanisms act later (Steinhauer & Deliyannis
004 ). But Li depletion due to rotational mixing is not confined
o F dwarfs. Contrary to long-held beliefs, late A dwarfs have been
isco v ered to spindown and deplete Li concurrently (Deliyannis et al.
019 ). Short-Period-Tidally-Locked-Binaries (SPTLBs), posited to
e at least partly immune to rotational mixing during MS evolution,
how higher A(Li) in normal, single late-F, G and K dwarfs, providing
vidence of rotationally induced Li depletion in these stars. This
echanism may be rele v ant to star 4705 (below), so we expound a bit

urther. The idea is that binaries observed today with orbital periods
ess than about 8 d were locked tidally and synchronized during the
arly pre-MS (Zahn & Bouchet 1989 ) before the stellar interior was
ufficiently hot to destroy Li. Therefore, they will not experience the
pindown, mixing, and Li depletion that single stars will experience
ater on, and thus SPTLBs could preserve their Li better than single
tars do, though other possible complications may mean that some
PTLBs do deplete Li (D90, Deliyannis et al. 1990 ). SPTLBs with
igher-than-normal Li are known in the Hyades, the turnoff of the
-Gyr-old M67, and the field (Soderblom et al. 1990 ; Thorburn et al.
993 ; Deliyannis et al. 1994 ; Ryan & Deliyannis 1995 ). Other effects
raced by Li may also be important for young, rapidly rotating G and
 dwarfs that have higher A(Li) than stars rotating more slowly: there

s evidence that such stars have inflated radii (Jackson et al. 2016 ;
ackson, Deliyannis & Jeffries 2018 ; Jackson et al. 2019 ), caused
y the rapid rotation and the action of magnetic fields (Feiden &
haboyer 2014 ; Somers & Pinsonneault 2015 ). So, uniformly, from

ate A dwarfs through K dwarfs, rotational mixing is the primary Li
epletion mechanism. Subgiants in NGC 188 evolved out of turnoff
tars that have A(Li) ∼ 2.4 dex, which is depleted nearly a factor
f 10 if the initial abundance was similar to meteoritic ( ∼ 3.3 dex),
ith rotational mixing the likely cause of the Li depletion. Then, the
i in the entire Li preservation region would also be depleted due

o rotational mixing, as evidenced directly by the declining subgiant
(Li). 
So what is ‘Li-rich’ in NGC 188? Two of the four stars with

etected Li (stars 4705 and 5027) already meet the canonical criterion
f A(Li) > 1.5 dex. The A(Li) = 1.17 dex of the yellow giant 4346 is
ar greater than our upper limits for RGB stars of similar luminosity
nd, in that sense, this star might be labelled ‘Li-rich’. Ho we ver, a
reat deal depends on how that star has reached this position in the
MD, as discussed below. Fig. 12 suggests that star 6353 is a RC

tar. (A low 
12 C/ 13 C ratio could support this suggestion but we are

na ware of an y C-ratio studies in giants of NGC 188.) Given that the
ubgiant A(Li) steadily declines to le vels belo w 1 dex as the stars
volve (Fig. 13 ), that our Li upper limits continue to decline with
ower T eff up the RGB to a level as low as as A(Li) < -1.2 dex, and
hat star 6353 not only has a higher A(Li) than these RGB progenitor
nalogs but also higher than four of the five other apparent RC stars,
e propose that star 6353 is ‘Li-rich’ even though its A(Li) is ‘only’
.60 dex. If the concept of Li-richness identifies stars that have more
i than they could have preserved following MS evolution, then this
tar qualifies. Rather than simply preserving its MS Li, it is more
ikely that this star has been enriched in Li, either through internal
r external means. 
By allowing for the possibility that some field stars with A(Li)
 1.5 dex are Li-rich in this expanded sense, the fraction of Li-rich

tars among the various red giant populations is likely to be higher
han indicated in the Introduction. In addition to the ongoing cluster
nalyses by Twarog et al. ( 2020 ), Anthony-Twarog et al. ( 2020 ),
nd Anthony-Twarog et al. ( 2021 ), support for a more malleable
efinition of Li-rich has emerged from a number of sources. Based on
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Table 4. Estimation of systematic errors on [Fe/H]. 

Parameter changes 1 4000 K 
2 4500 K 

2 5000 K 
2 NGC 188 cluster 3 

	 ( E ( B − V )) = + 0.01 mag 0 .035 − 0 .038 − 0 .017 − 0 .035 
	 ( T eff ) = + 100 K − 0 .060 − 0 .011 0 .058 0 .004 
	 (log g ) = + 0.2 0 .063 0 .010 − 0 .003 0 .005 
	 ( ξ ) = + 0.2 km s −1 0 .013 − 0 .048 − 0 .015 − 0 .043 
	 comb ( 	 ( E ( B − V )) = + 0.01 mag) 0 .023 − 0 .022 − 0 .035 − 0 .026 

Notes. 1 In the first four rows, we show changes in [Fe/H] when changing one parameter at a time and 
keeping the other parameters fixed. The last row shows changes in [Fe/H] when 	 ( E ( B − V )) = + 0.01 
mag and the other three parameters are also changed accordingly. 
2 [Fe/H] change for a star at T eff = 4000 K, 4500 K, 5000 K. 
3 [Fe/H] change for the whole NGC 188 cluster following the abo v e procedure. 

Table 5. Summary of past spectroscopic metallicity studies. 

[Fe/H] 1 (dex) number 1 star type 2 λ1 R 1 References and comments 

High resolution spectroscopic studies 

+ 0.064 ± 0.018 29 RC, RGB 6428–6847 Å 17 000 this study (weighted average is preferred); WIYN/Hydra 
+ 0.14 ± 0.03 13 ? 1.51–1.70 μm 22 500 Donor et al. ( 2018 ); APOGEE 
+ 0.02 ± 0.02 6 RC 4000–9000 Å > 65 000 Casamiquela et al. ( 2017 ); GALA reduction 
−0.05 ± 0.05 6 RC 4000–9000 Å > 65 000 Casamiquela et al. ( 2017 ); iSpec reduction 
+ 0.11 ± 0.04 4 – – – Netopil et al. ( 2016 ); homogenized reanalysis of previous studies, see also Heiter et al. ( 2014 ) 
+ 0.12 ± 0.04 4 RC/RGB 4800–8300 Å 28 000 Jacobson & Friel ( 2013 ); KPNO 4m, see also Friel, Jacobson & Pilachowski ( 2010 ) 
−0.03 ± 0.04 27 evolved 6130–6430 Å 18 000 Jacobson et al. ( 2011 ); WIYN/Hydra 
+ 0.01 ± 0.08 5 dwarf 5500–11000 Å 35 000-57 000 Randich et al. ( 2003 ) 
−0.12 ± 0.16 7 turnoff 5100–6900 Å 30 000 Hobbs, Thorburn & Rodriguez-Bell ( 1990 ) 

Medium/low resolution spectroscopic studies 

+ 0.08 ± 0.05 14 K giants 3700–6000 Å 1000 Worthey & Jowett ( 2003 ) 
+ 0.10 ± 0.09 21 ? 4000–6000 Å 1250 Friel et al. ( 2002 ) 
+ 0.05 ± 0.38 4 giants 4700–5650 Å 2060, 1200 Thogersen, Friel & Fallon ( 1993 , T93) 
−0.026 ± 0.012 10 giants 4700–5650 Å 2060, 1200 Twarog, Ashman & Anthony-Twarog ( 1997 ); reanalyzed T93 together with DDO photometry of 

Piatti, Claria & Abadi ( 1995 , P95) 

Notes. 1 [Fe/H], number of stars, wavelength range, and spectroscopic resolution of the given study. 
2 The kind of stars observed, ‘RC’ stands for ‘Red Clump’, ‘RGB’ stands for ‘Red Giant Branch’, ‘AGB’ stands for ‘Asymptotic Giant Branch’. 
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n e xtensiv e sample of GALAH giants, K umar et al. ( 2020 ) find that
(Li) in the RC phase is higher than in the RGB stage and propose

hat Li production is ubiquitous in low-mass stars. This hypothesis 
as been discussed in several recent publications. Magrini1 et al. 
 2021 ) derive Li abundances and upper limits for RC and RGB stars
hich are open cluster members and find that 35 per cent of RC stars
ave similar or higher A(Li) than the RGB stars. They suggested 
ossible Li production as the explanation but could not confirm 

hat Li production is ubiquitous. By using a larger sample of 1848
eld giants, Zhang, Shi & Yan ( 2021 ) find that zero-age sequence,
ore-helium-burning low mass stars have higher A(Li) than stars 
bo v e the RGB bump (Thomas Peak) by a value of ∼ 0.6 dex, and
uggest that the helium flash may produce moderate Li enhancement 
hile super Li-rich stars may require other mechanisms. Chaname 

t al. ( 2021 ) analyzed the GALAH Li field-star data, taking into
ccount the distribution of progenitor masses, and stressed the need 
o account for population effects when comparing field RC and RGB
tars. They find that standard models alone (no rotation, diffusion, 
agnetic fields, etc.) can account for the moderate A(Li) in RC

tars, without the need for a Li production mechanism. They predict 
hat higher mass RC stars should have higher A(Li), and cite some
upporting evidence. We stress that, in addition to consideration of 
he mass-dependence of the progenitor, the MS evolution of the Li
bundance prior to entering the subgiant branch must be considered, 
s we argue in Twarog et al. ( 2020 ) and again in this work. For
easons already noted, clusters, rather than field stars, are invaluable 
n this endea v our. 
.2 The origin of Lithium In our Li-rich stars 

ome properties of the RG sample in NGC 188 are striking, in
articular that 4 of 29 members (14 per cent) are Li-rich. This is
 much higher rate than in the field ( < 1 per cent) (Casey et al.
019 ; Deepak & Reddy 2019 ), even if we only count the two stars
7 per cent) with A(Li) > 1.5 dex. Assuming that our higher rate isn’t
erely an artefact of small number statistics, why would Li-rich stars

ccur at a higher rate in NGC 188? 
It is of interest to compare to the rate of Li-rich stars in other

pen clusters. In the current discussion, ‘Li-rich’ means A(Li) > 

.5 dex, but ‘Li-rich-in-context’ means A(Li) is less than 1.5 dex
ut abnormally high A(Li) compared to other rele v ant cluster stars,
s argued here for two of the giants in NGC 188. To minimize the
ossibility of confusing subgiants still undergoing Li dilution from 

ruly Li-rich giants, we also define ‘giants’ to be those stars on the
roper RGB, i.e. brighter than the reddest portion of the subgiant
ranch. F or e xample, this definition eliminates several subgiants in
GC 2506 that are clearly still undergoing dilution Anthony-Twarog 

t al. (Anthony-Twarog et al. 2018 ), star 87 of IC 2714 of Delgado
ena, Tsantaki & Sousa ( 2016 ) that has A(Li) = 1.54 dex but a

emperature of 5377 K on the subgiant branch, and so on. Table 6
ummarizes a number of previous studies. The number of giants 
ndicated corresponds to the number observed and reported in each 
tudy that meet the abo v e criterion, e xcept for Andrievsk y et al.
 1999 ) who report on only one star, a Li-rich giant. We estimate
hat the cluster may have about 10 giants, so at least 10 per cent are
MNRAS 513, 5387–5406 (2022) 
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Figure 9. Comparison of the syntheses of star 4756 using C17 line list (top panel) and our revised line list (bottom panel). The red line shows a synthesis with 
no Li, and the blue line shows a synthesis using a 3 σ upper limit A(Li). 
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i-rich. Delgado Mena et al. ( 2016 ) observed 67 subgiants/giants
n 12 open clusters, but only 32 giants as we defined them abo v e,
nd found no Li-rich giants but 3 Li-rich-in-context (0 per cent and
 per cent, respectively). The remaining studies in Table 6 attempted
o observe the vast majority of candidate giant members in each
luster. In total, these studies found 2 out of 139 giants to be Li-rich
1.4 per cent), a rate that is somewhat closer to those in the field
han that for NGC 188, and also 1 star that was Li-rich-in-context.
hus, 3 out of 139 giants (2.2 per cent) are either Li-rich or Li-rich-

n-context. In combining these statistics with the other two studies in
able 6 , we note that Delgado Mena et al. ( 2016 ) observed 3 giants

n NGC 3680, of which two are at the Thomas Peak and 1 is just a
it below. They also observed a few stars in IC 4756 that are too hot
o be labeled ‘giants’ by the abo v e criterion. It is possible, perhaps
ven likely, that these 3 stars were observed by Anthony et al. ( 2009 ),
ut we cannot be sure. The two studies find similar A(Li) for stars
t that specific phase of evolution which are neither Li-rich nor Li-
ich-in-context. We include the 3 stars of Delgado Mena et al. ( 2016 )
s distinct from the 9 in Anthony et al. ( 2009 ), which introduces a
isk of slightly underestimating the fraction of Li-rich or Li-rich-in-
ontext stars. Thus, adding together all the stars of Table 6 , there
re 3 Li-rich stars out of 181 (1.7 per cent), and 7 stars out of 181
3.9 per cent) that are either Li-rich or Li-rich-in-context. Adding the
resent statistics from NGC 188, the totals become 5 Li-rich giants
ut of 210 (2.4 per cent), and 11 stars out of 210 (5.2 per cent) that
re either Li-rich or Li-rich-in-context. By comparison, Deepak &
eddy ( 2019 , from the GALAH surv e y) found only 0.64 per cent of
op I red giants below 2 M � to be Li-rich while Gao et al. ( 2019 )
ound 1.29 per cent of all giants to be Li-rich. For completeness,
irby et al. ( 2016 ) found only 0.3 ± 0.1 per cent of globular cluster
iants to be Li-rich. 
Returning to a point of emphasis in the current analysis, note

hat the Li-rich giants and giants with measurable Li in other open
NRAS 513, 5387–5406 (2022) 
lusters discussed to date (for example, the ones in Table 6 or in
agrini et al. 2021 ) all come from MS turnoff stars abo v e (more
assive than) the Li Dip. By contrast, turnoff stars from NGC 188

ome from MS stars below (less massive than) the Li Dip, so the
echanism(s) controlling Li evolution before and on the RGB may

e distinctly different in NGC 188, i.e. the statistics and the Li-
enerating mechanism(s) may change dramatically with lower mass.
ompounding the complexity, the giants in M67 and the older super-
etal-rich clusters NGC 6253 (Cummings et al. 2012 ) and NGC

791 (Boesgaard, Lum & Deliyannis 2017 ) have no detectable Li,
ut come from MS stars that populate the Li Dip, placing them at a
e vere Li disadv antage well before leaving the main sequence and
ubstantially lowering the boundary for Li-rich-in-context. 

As noted earlier, Fig. 12 shows that the majority of NGC 188
tars define a precise RGB. Some stars lie slightly off of this
ducial (orange circles). This is not due to photometric error; the
ame stars are slightly off in the same way based upon either Gaia
hotometry or our own extended Stromgren photometry (Twarog
t al., in preparation). As expected, the RC is slightly to the blue of
he RGB for RGB stars of similar luminosity (blue circle). Strikingly,
one of the four Li-rich stars lies on the fiducial sequence. One is
lassified by CMD poisiton as an RC giant, just slightly fainter and
edder than the other presumed RC stars . All three of the others
re well to the blue of the RGB . We shall refer to these three as
yellow giants’ (YG). These unusual CMD positions may be telling
s something about the origin of the Li in these stars. Note that
hile the vast majority of Li-rich field stars are RC stars, only 1
f our 4 Li-rich stars in NGC 188 is a probable RC star. We use
he qualifier ‘probable’ to stress again that position in the CMD
oes not necessarily guarantee knowledge of evolutionary state, as
 x emplified by star WOCS 7017 in NGC 6819, a RC star fainter
han the normal RC and redder than the RGB. In fact, we cannot
ltogether rule out that this star might be on the RGB; observations
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Figure 10. Synthetic spectra for stars 6353, 4346, 5027, 4705 in the Li 
6707.8 Å region. The red line shows the no Li condition (A(Li) = −10.0 
dex). The green and blue lines show the A(Li) that are two times larger and 
smaller, respectively, than the best fit A(Li). 
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f the 12 C/ 13 C could help distinguish between RGB (high ratio) and
C (low ratio). We consider each of the four stars and their possible
rigins in turn. 

.2.1 RC star 6353 

ossible sources of Li for star 6353 as a single star include the
 Be transport mechanism occurring either at the He-core flash, with 
hermohaline mixing near the RGB tip, or at the Thomas Peak, and
ngulfment. Using Li depletion time-scales, Casey et al. ( 2019 ) 
rgue that neither engulfment at a random time on the RGB, nor
i production near the RGB tip or at the Thomas Peak can be
he dominant mechanism that explains the Li-rich RC stars. They 
cknowledge our lack of understanding of the complexities involved 
n a (likely turbulent) He-core flash, to which we add core rotation
nd asymmetry. None the less, they propose that tidal spin-up from
 binary companion (Fekel & Balachandran 1993 ) can explain most
f the Li-rich stars. While that may well be true, since star 6353
s only one star, any of the single-star mechanisms listed abo v e
ight apply. One inconvenient and confounding finding is that the 

arbon abundances and 12 C/ 13 C are very similar in Li-rich (with
(Li) up to 3.1 dex) and Li-poor K giants, and consistent with first
redge-up in both cases. It would be informative to learn how the
-ratio in this star compares to other RC and RGB members of the
luster. 

Among many other possibilities (Sun 2021 ) is the option that star
353 began life as a binary. One star evolved to create a HeWD and
he other star merged with the HeWD as it evolved up the RGB,
nding up on the RC. Following the merger, a hot helium shell
urrounds the hybrid/merged core and the SCZ deepens briefly and 
esults in surface 7 Li enhancement via the 7 Be-transport mechanism. 
or this to work requires appropriate masses for both stars, and
ignificant mass loss given star 6353’s location in the lower right
ortion of the RC, which could happen through ejection of the
ommon envelope. 

A number of observational tests exist that might distinguish 
etween engulfment and the mixing scenarios. Like Li, Be and B also
xperience depletion due to rotational mixing, subgiant dilution, and 
he 7 Be-transport mixing mechanism that creates Li. But engulfment 
rings to the star fresh unburnt Be and B. So stars that enriched Li
hrough engulfment should have higher Be and B than those that did
o via the 7 Be-transport mechanism. Be and B observations in giants
re difficult, but perhaps not impossible. 

.2.2 YG star 4705 

tar 4705 is the binary yellow giant. It might be tempting to assume
hat the system is composed of a red giant and white dwarf which
arlier had transferred mass, Li, and angular momentum to its now
ore luminous companion, especially given the absence of a second 

et of absorption lines due to the companion to the red giant among
ur Hydra spectra (See, e.g. Fig. 10 ). Ho we ver, this scenario is
 xcluded since Kaluzn y ( 1990 ) disco v ered the star to be a variable
V11). Based upon its CMD location blueward of the red giant branch
nd a V mag decline of almost 0.4 mag on one CCD frame, Kaluzny
 1990 ) presciently proposed that the star was an eclipsing binary
omposed of a normal red giant and a main sequence star near
he top of the turnoff. In later analysis of an expanded but still
ncomplete light curve, Mazur & Kaluzny ( 1990 ) demonstrated that
tar 4705 showed definite variability at the level of 0.06 mag o v er
 time-scale of just under two weeks, leading to classification as a
ossible RS CVn-type variable, in addition to its binary nature. This
lassification was enhanced by the detection of star 4705 as an X-
ay source by Gondoin ( 2005 ), implying magnetic activity triggered
y the combination of rotation with convection. Zhang et al. ( 2002 )
ound small amplitude variability in star 4705 but proposed a period
f 1.2433 d, now known to be an order of magnitude too small. The
inary nature of the system was confirmed by Geller et al. ( 2009 ,
 G09), who also found that the 0.4 mag drop in brightness detected

y Kaluzny ( 1990 ) coincided in time with the eclipse phase ( t ∼
.02) implied by their radial-velocity curve. With an orbital period 
nd eccentricity of 35.178 d and 0.487, respectively, the masses of the
MNRAS 513, 5387–5406 (2022) 
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Figure 11. A(Li) as a function of T eff (left-hand panel) and V magnitude (from H00, right-hand panel). 

Figure 12. A(Li) of member stars on the CMD. In the left-hand panel, the blue circle highlights the apparent red clump stars, while the orange circles highlight 
some other stars that lie slightly off of the well-defined fiducial sequence. 
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ystem members were calculated as 1.14 M � and 1.09 M �, placing
he two stars on the giant branch and the turnof f, respecti vely. A
imilar deconvolution is discussed in Vats, van den Berg & Wijnands
 2018 ) where impro v ed X-ray observations via Chandra again lead
o classification of the system as an active binary . Unfortunately , part
f the discussion placing star 4705 in the larger context of X-ray
ources is hampered by the inclusion of the flawed rotation period
erived by Zhang et al. ( 2002 ). 
NRAS 513, 5387–5406 (2022) 
To resolve some of the issues tied to the binary/rotational nature
f the system, we turn to the variable star data base compiled
y the All-Sky Automated Surv e y for SuperNo vae (ASAS-SN;
happee et al. 2014 ) variable stars data base ( https://asas-sn.
su.edu/variables ). Star 4705 is the cataloged star, ASASSN-V
004522.63 + 851238.2/NSV 15158, classed as R O T, meaning the
ariability is likely due to rotationally induced brightness modula-
ion, with an amplitude of 0.17 mag and a period of 17.66357 d
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Figure 13. Li depletion pattern of subgiants in NGC 188. The red discs are 
Li detections, the red downward triangles are 3 σ upper limits. 

(  

o
o  

v
c  

e  

t
d  

w  

t  

c
u
c  

e  

o  

p
c  

p
w  

t  

a

c
G  

b
n  

a
p
0
u  

e  

s  

r  

s  

w  

σ  

E

l  

h  

l  

s  

a  

t  

t  

l

a  

n  

c  

t  

v  

2  

(  

j  

i  

k
a  

f
 

t
t
T
C
s  

v  

o  

g
 

t
t  

t  

p
i  

A  

t  

q  

t  

A  

n
 

o  

t  

s  

g  

h  

t  

i  

A  

t  

w
(
t  

o
 

i  

t  

k  

o
i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5387/6582996 by Indiana U
niversity Libraries - Bloom

ington user on 08 June 2022
Jaysinghe et al. 2009 ). The rotation period is very close to 1 
2 of the

rbital period and obviously consistent with the original suggestion 
f Mazur & Kaluzny ( 1990 ). While the system is clearly a radial-
elocity binary, the only indication to date of a possible eclipse 
omes from the single data point noted by Kaluzny ( 1990 ). With the
 xtensiv e data available from ASAS-SN, we can attempt to remedy
his deficiency. g mag photometry for star 4705 collected over a 1000- 
 span was collated and refined by the removal of all observations
ith errors of 0.10 mag or larger. The variation in g due to rotation was

hen remo v ed from the data using a periodicity of 17.6636 d and the
orrected magnitudes phased using the periodicity and timing based 
pon the orbital information derived by G09. The resulting light 
urve is shown in Fig. 14 , where the data coupled to the predicted
clipse times are plotted in red. While one might question the reality
f the eclipse at phase t = 0.5957 due to the limited sequence of
oints obtained within only a single orbital cycle, the same argument 
annot be made of the eclipse at phase t = 0.0207, composed of
hotometry from three distinct orbital cycles, in excellent agreement 
ith the original claim of Kaluzny ( 1990 ). Based upon the limited

ime-span of the data points, the total eclipse times fall below 13 h
nd 5 h for the phase 0.02 and 0.60 eclipses, respectively. 

A possible solution to our lack of spectroscopic evidence for the 
ompanion lies in the derived binary orbits of NGC 188 (G09). 
iven the placement (by G09, described above) the stars on the giant
ranch and the turnoff, the luminosity of the secondary is hardly 
e gligible. G09 observ ed the star as an SB2 o v er multiple orbits
t multiple locations within the orbit, producing excellent orbital 
arameters. By coincidence, we acquired our Li data at orbital phase 
.52 ± 0.03, where nearly the entire error is propagated from the 
ncertainty in the period. This is close to phase 0.59 when the stars
clipse (Kaluzny 1990 ) and thus have the same radial velocity, but
ufficiently far from that specific point that it is likely our spectra
eceived the full (uneclipsed) light from both stars. It would thus
eem that our spectrum is a composite of the spectra from both stars,
ith no detected velocity shift. This also explains the oddity that the
μ in the [Fe/H] of this star is the second highest in our sample.
xcepting the first and third highest, all other stars have substantially 
ower σμ and 52 per cent of the stars have a σμ that is less than
alf of that of star 4705. Since we are deriving [Fe/H] from multiple
ines that may depend on T eff in different ways, a high σμ is not
urprising from a composite spectrum being treated as a spectrum of
 single star with incorrect parameters. Related to this, note also that
he syntheses of the non-Li lines for the three other stars of Fig. 10 fit
he data better than for star 4705. (The five most prominent non-Li
ines are Fe I lines.) 

What about the Li? We have explored various possibilities, 
ssuming one star is near the well-populated turnoff and one is
ear the lower part of the RGB. In each case, we have assumed
ombinations of V and B − V for the individual stars that reproduce
he observed combined V and B − V . Since this star is an X-ray
ariable and possibly an RS CVn system (Zhang et al. 2002 ; Gondoin
005 ), and since such stars are sometimes known to be red stragglers
Geller et al. 2017 ), we consider also the possibility that the giant is
ust slightly to the red of the RGB. At least one such star is known
n NGC 188 (star 1141 in our sample) and another red straggler is
nown but without detected X-ray emission (star 3118). Both stars 
re near the proposed location in the CMD for the red giant and, in
act, their V magnitudes straddle our proposed V for this star. 

For each combination, we synthesized a spectrum for each star and
hen combined the syntheses using luminosity ratios inferred from 

he stellar R magnitudes, which represent our spectral region well. 
he R magnitudes were taken from stars occupying the assumed 
MD positions of the proposed stars. The renormalized combined 

ynthetic spectrum could then be compared to the observed one. A
ariety of combinations was considered, and Table 7 shows a subset
f illustrativ e e xamples. Star 1 is the turnoff star and star 2 is the red
iant. 
Cases A and B employ a star at the brightest portion of the turnoff;

hen, the combined magnitude/colour restriction forces the red giant 
o be a red straggler. Cases C and D consider a fainter turnoff star; in
his case, the red giant falls right on the RGB fiducial. For each turnoff
osition, we assumed a Li abundance consistent with those observed 
n other turnoff stars, namely A(Li) ∼2.5 dex, and varied the giant’s
(Li) to match the observed spectrum (cases A and C). The question

hen becomes, is the giant’s A(Li) reasonable? We also reversed the
uestion and gave the giant an A(Li) = 0.8 dex, consistent with
he upper limits seen in the lower RGB, and varied the turnoff star’s
(Li) to match the observed spectrum (cases B and D). The question
ow becomes, is the turnoff star’s A(Li) reasonable? 
Fig. 15 shows the syntheses for these four cases compared to the

bserved spectrum. Note that the non-Li lines now fit much better
han in Fig. 10 , arguably as well as for the other three stars, which
upports the idea that one star is a turnoff star and the other is a red
iant. In cases A and C, even though the turnoff star is assumed to
ave A(Li) = 2.5 dex, a fainter star (case C) contributes less flux
o the combined spectrum so the giant must have higher A(Li) than
n case A to match the observed Li line. In both cases A and C, the
(Li) of the red giant appears to be marginally too high compared

o the giants at the base of the RGB; ho we ver, this is consistent
ith the argument that RS CVn stars have higher-than-normal A(Li) 

Randich, Giampapa & Pallavicini 1994 ). Another possibility is that 
his binary has some of the Li-preserving capability of SPTLBs (more
n this below). 
In cases B and D, the turnoff star has a higher A(Li) than is seen

n other turnoff stars. Could the turnoff star be a better Li preserver
han the other turnoff stars? As mentioned abo v e, some SPTLBs are
nown to be better preservers of Li than single stars, and the 4-Gyr-
ld M67, in particular, has a SPTLB with higher-than-normal A(Li) 
n both components of the binary (Deliyannis et al. 1994 ). At o v er 35
MNRAS 513, 5387–5406 (2022) 

art/stac1251_f13.eps


5402 Q. Sun et al. 

M

Table 6. Li-rich giants in Open Clusters. 

Cluster Number Number Number Reference 
of Li-rich Li-rich 

giants in context 

IC 4756 ∼ 10 1 0 Andrievsky et al. ( 1999 ) 
NGC 3680 9 0 0 Anthony et al. ( 2009 ) 
NGC 6253 17 0 0 Cummings et al. ( 2012 ) 
NGC 6819 40 1 0 Anthony-Twarog et al. ( 2013 ) 
NGC 2506 48 1 0 Anthon y-TwarogAnthon y-Twarog et al. ( 2018 ) 
NGC 2243 25 0 1 Anthony-Twarog et al. ( 2020 ), 

Anthony-Twarog et al. ( 2021 ) 
12 OCs 32 0 3 Delgado Mena et al. ( 2016 ) 

Figure 14. Light curve of Star 4705, with apparent eclipses indicated in red. 

d  

S  

t  

T  

w  

w  

r  

l  

c  

t  

b  

c
 

s  

r
 

a  

A  

p  

a

6

P  

c  

a  

f  

w  

a

 

o  

t  

a  

1  

s  

s  

b  

r  

o  

e  

B  

t  

m  

h  

(  

o  

t  

n
 

b  

t  

c  

(  

w  

s  

o  

p  

t  

t  

t
 

i  

g  

s  

t  

t  

i  

f  

n  

b  

r  

s  

4  

d  

F  

t  

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5387/6582996 by Indiana U
niversity Libraries - Bloom

ington user on 08 June 2022
, the orbital period of star 4705 is too high to classify it as a proper
PTLB. Ho we ver, the ratio of the orbital and rotational periods is 2:1

o at least two significant digits, suggesting some tidal interaction.
he eccentricity is high (0.487 ± 0.005, G09), so there are times
hen the two stars are closer than they would be in a circular orbit
ith the same period, allowing for greater tidal interaction. If the 2:1

atio was established during the early pre-MS when both stars were
arge, as opposed to recently, then, like SPTLBs, one or both stars
ould ha ve a v oided some or all of the spin-down and Li depletion
hat single stars experience. It is thus at least plausible that one or
oth components of star 4705 hav e preserv ed more Li than single
luster stars at similar evolutionary states. 

Note that all four cases rely on the presence of Li in the red giant
pectrum. If instead the giant is devoid of Li, the turnoff star would
equire an A(Li) higher than meteoritic, which seems unlikely. 

We thus fa v our plausible scenarios, such as the ones described
bo v e, where one or both stars have A(Li) near or a bit abo v e the
(Li) of single cluster stars in similar evolutionary states. Further
rogress might be possible by the acquisition of spectra obtained at
 point in the orbit when both stars are individually observable. 

.2.3 YG stars 4346 and 5027 

ositioned blueward of the RGB like star 4705, these stars are
lassified as yellow giants. Critically, however, stars 4346 and 5027
re spectroscopically tagged as single-star cluster members. Taken at
ace value and ignoring for now the option of anomalous evolution,
e can predict the masses of the individual stars. Fig. 16 shows the

ppropriate isochrones that can o v erlay each star. 
NRAS 513, 5387–5406 (2022) 
Star 5027, the brighter YG, is optimally matched by an isochrone
f age 0.8 Gyr, implying a mass of 2.34 M �, while star 4346 fits
he analogous parameters of 1.9 Gyr and 1.74 M �. Given a total
bsence of evidence for multiple generations of stars within NGC
88, the most plausible option is the formation of a higher mass
tar via the merger of a close main-sequence binary pair, a common
cenario linked to the presence of blue stragglers in open clusters. If
oth stars are evolved, merged BS, they both find themselves in the
apidly evolving giant stage (Sills, Karakas & Lattanzio 2009 ) when
nly 21 stars are known to be BS members of NGC 188 (Gosnell
t al. 2015 ). Furthermore, at least 17 (81 per cent) of the 21 known
S in NGC 188 are binaries, yet both yellow giants are single. Of

he 17 binaries, 15 are SB1 with 14 thought to have been formed by
ass transfer, and the other two are SB2 with unknown formation

istory. At least 7 of the mass-transfer BS are known to include WD
Gosnell et al. 2015 , 2019 ), both He and C/O WD, implying some
f the WD passed only through part of the RGB phase before mass
ransfer while others made it to the AGB phase. Again, the single-star
ature of these YG implies a merger scenario. 
Although the evolution of a BS originating from a merger will

e slightly different than that of a single star of similar mass,
he evolutionary similarities are sufficient to allow some possible
onclusions. In particular, the inferred masses are either less than
star 4346) or close to (star 5027) twice the current turnoff mass to
ithin the errors, consistent with the idea of a recent merger as one

tar begins to leave the MS and expands. Adopting the current mass
f the turnoff stars to constrain one of the original members of the
air, one finds for star 4346 and a composite mass of 1.74 M � that
he individual masses are 1.1 M � for the turnoff star and 0.64 M � for
he other star. For star 5027, both pre-merger stars must have been
urnoff stars with masses just abo v e 1.1 M �. 

How does this scenario affect the observed Li abundance? Keeping
n mind the multiple evolutionary pathways open to such a system
iven an array of possible orbital and rotational parameters, in the
implest case for star 4346, the fainter star with A(Li) = 1.17 dex,
he low mass secondary will have destroyed all of its Li quickly
hrough standard pre-MS destruction alone, which must occur even
n an SPTLB, so all the Li observed in the merged system must come
rom the turnoff star. If the merger process is sufficiently quiet so as
ot to destroy any Li, then there are two dilution factors that must
e taken into account: (i) the fact that a 1.74 M � merged star has the
eservoir of only a 1.1 M � MS star (dilution by ∼ 0.2 dex), and (ii)
ubgiant dilution (dilution by ∼ 1.5 dex by the current stage of star
346; Charbonnel & Lagarde 2010 ). This is a total dilution of 1.7
ex, implying a pre-merger A(Li) for the turnoff star of 2.85 dex.
or an SPTLB, such an A(Li) is possible! It is slightly higher than

he A(Li) ∼ 2.5 dex seen in current turnoff stars, and lower than
eteoritic. 
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Table 7. Possible combinations for Star 4705. 

Case V 1 ( B − V ) 1 V 2 ( B − V ) 2 A ( Li ) 1 A ( Li ) 2 Comment 

A 14.85 0.74 14.52 1.17 2.5 0.95 top of turnoff, red straggler giant 
B 14.85 0.74 14.52 1.17 2.6 0.8 top of turnoff, red straggler giant 
C 15.30 0.70 14.27 1.09 2.5 1.25 fainter turnoff, fiducial RGB 

D 15.30 0.70 14.27 1.09 3.1 0.8 fainter turnoff, fiducial RGB 
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Giv en the cav eats noted abo v e, for the brighter YG, star 5027 with
(Li) = 2.04 dex, both pre-merger stars must be turnoff stars and,

or optimistic Li preservation assumptions, both are allowed to have 
heir maximally preserved A(Li). This means a dilution factor on the 

S of 0.0 dex but subgiant dilution near maximum, or 1.8 dex, for
 total dilution of 1.8 dex. This implies a pre-merger A(Li) for each
urnoff star of ∼ 3.8 de x, prohibitiv ely high given it is 0.4–0.5 dex
bo v e the presumed initial cluster value, unless the cluster formed
ith an unexpectedly and correspondingly high A(Li). Ho we ver, 
oung clusters, whose initial A(Li) may be e v aluated more easily
ince some of their stars are minimally depleted in Li, show no
vidence of such large and supermeteoritic variations in initial Li 
C17). Thus, the simplest alternative for the high A(Li) remains the 
erger of two stars which individually have retained a higher than 
 verage Li ab undance after passing through the subgiant branch and
erging not long after this phase. The obvious candidate for such a

cenario is an SPTLB composed of two stars of very similar mass.
he evidence for anomalously high A(Li) for stars in such systems is
iscussed in detail in Deliyannis et al. ( 2019 ) and will not be repeated.
resumably, the merger process can occur in a variety of ways (e.g.
elson & Eggleton 2001 ), including short or long common envelope 
hases, mixing that dilutes or destroys Li, and various mass loss and
ngular momentum transport scenarios. Without significantly more 
etailed constraints on these two stars, further speculation seems 
nwarranted (see also Sun 2021 ). 
It should be noted for completeness that star 5027 (but not star

346) can also be fit by the RC portion of a P ado va isochrone (Bressan
t al. 2012 ) of ∼ 1 Gyr. If star 5027 is a RC star, this opens up the
ame Li-enchancement possibilities discussed abo v e for star 6353. 
n addition, perhaps the Zhang et al. ( 2020 ) HeWD + RGB merger
echanism can produce a yellow giant sufficiently to the red of the

urrent RC, keeping in mind the seemingly stringent constraint that 
f star 5027 is an RC star, it appears to have twice the turnoff mass.

hile this may be a possible explanation for star 5027, it is not so
or star 4346. 

Future observations could help clarify the origin of the Li in 
hese stars. For example, if dilution alone has changed the surface 
(Li), then there would be corresponding dilution of Be and B and
 decrease in the C-ratio. Ho we ver, if the Li was first mixed and
estro yed, destro ying also a corresponding amount of Be and B
arger than dilution alone, and then the 7 Be-transport mechanism has 
reated the observed Li (but not Be and B), then Be and B would
e lower. Asteroseismology could determine masses and distinguish 
etween RGB and RC internal structures. F or e xample, Leiner et al.
 2016 ) found a yellow straggler in M67 and used asteroseismic
nalysis to demonstrate that it is a helium burning giant with a mass
f approximately twice that found at the cluster turnoff. 

 SU M M A RY  

e present WIYN/Hydra spectra of 34 red giant stars that are 
roper-motion members or member candidates from P03 in the 
ld open cluster NGC 188. Observations were made on two nights
n one configuration. After considering our and G08’s V RAD and 
ultiplicity results, and combining with π , μα , μδ information from 

aia DR2, we find 23 single members, 6 binary members, 1 binary
on-member, and 4 single non-members, and a mean cluster V RAD 

 −42.89 ± 0.16 km s −1 ( σμ, σ = 0.93 km s −1 ). 
We adopted the average of H00 and S99 photometry ( BVRI , U
agnitude from S99), or the P03 photometry for stars not in S99 or
00, and used all ten possible colour combinations from UBVRI to
eriv e an ‘av erage’ B − V to reduce the scatter in the T eff derived
rom B − V . The log g values were initially derived from a Y 2 

sochrone with [Fe/H] = 0.00 dex and E( B − V ) = 0.09 mag and ξ
ere calculated using the relationship from Carretta et al. ( 2004 ) for
iants. We selected seven non-blended Fe I lines using the Arcturus
pectrum, measured equi v alent widths for each line for each star, and
dopted the Kurucz ( 1992 ) stellar atmosphere models to derive iron
bundances using the ABFIND task in MOOG for each line. After
xcluding outlying lines and lines that are T eff , log g , or ξ dependent,
e used the surviving lines to calculate [Fe/H] strictly relative to the
un (using solar gf-values) for each line for each star. We then derived

inear weighted [Fe/H] in linear space for each star and for the whole
luster, [Fe/H] 188 = + 0.084 ± 0.016 dex ( σμ, and σ = 0.162 dex).
e then iterated to refine these values, which led to our final cluster

verage [Fe/H] = + 0.064 ± 0.018 de x ( σμ, and σ = 0.177 de x). 
The cluster’s well-defined parameters and cool giants with the 

owest gravities provided an opportunity to refine the line list near
he Li 6707.8 Å, which clearly showed too much absorption in these
tars. We adjusted the gf-values of a few lines to match the stellar
pectra at various T eff , under the conservative assumption that these
tars have no Li; the presence of Li would imply that these gf-values
hould be even lower. This revised line list will enable more confident
etection of Li in G- and K-dwarfs with extremely weak Li lines,
nd such detections may help elucidate the physical mechanisms 
esponsible for Li depletion in low-mass stars. 

Application of MOOG to the member giants using the revised 
ine list led to Li detections in four giants, namely stars 5027 (A(Li)
 2.04 dex), 6353 (A(Li) = 0.60 dex), 4346 (A(Li) = 1.17 dex),

nd 4705 (A(Li) = 1.65 dex), with 3 σ upper limits for the rest.
anonically, field stars with A(Li) > 1.5 dex are called Li-rich
ecause of the expectation of ∼ 1.8 dex subgiant Li dilution from
 presumed initial A(Li) = 3.3 dex. Ho we ver, rotational mixing
epletes the surface Li of dwarf stars during the MS and possibly
eyond. In the case of NGC 188, since the stellar A(Li) at the turnoff
re ∼ 2.5 dex and then vanish to much lower levels than 1.5 dex as
ubgiants evolve to the base of the RGB, all four stars are Li-rich in
his cluster’s context. An incidence of 4 (or even just 2) Li-rich stars in
 sample of 29 stars is far higher than what recent large surv e ys hav e
ound in the field. All four stars lie either slightly or substantially
way from the cluster fiducial sequence, possibly providing clues 
bout their Li-richness. 

Our only Li-rich star that is a binary, star 4705, is composed of
 turnoff star and a star at the base of the RGB. By misfortune we
bserved this SB2 near eclipse so the unobstructed spectra of both
MNRAS 513, 5387–5406 (2022) 
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Figure 15. Syntheses for star 4705 under the four cases in Table 7 . The same 
symbols are used as in Fig. 10 . 
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Figure 16. Yale-Yonsei isochrones with [Fe/H] = + 0.06 for stars 4346 and 
5027. 
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tars appear combined in our data. Composite synthesis suggests a
ossible simple solution where the RGB component has a low A(Li)
hat is approximately consistent with the upper limits seen in single
GB stars at the same evolutionary stage, and the turnoff star has
NRAS 513, 5387–5406 (2022) 
lightly higher A(Li) than is seen in single turnoff stars, where tidal
nteractions might have helped preserved more Li in this star during
he MS. 

Star 6353 appears to be a RC star, although it is slightly redder
nd fainter than the other RC stars. This could indicate a more
evere mass loss at or near the tip of the RGB, as was clearly the
ase for star WOCS 7017 of NGC 6819, and is consistent with
he appearance of surface Li from the 7 Be transport mechanism
ollowing a He-core flash. We cannot rule out other possibilities
uch as planet engulfment, and discuss how future studies of the star’s
NO abundances, 12 C / 13 C isotope ratio, and Be and B abundances
ay help distinguish between possible scenarios. 
Stars 4346 and 5027 are yellow giants. Since only 21 stars are

nown to be blue stragglers of NGC 188, evolutionary time-scales
nd other arguments suggest it is unlikely that these two stars are
volved blue stragglers. Besides, BS in other clusters are Li-poor, and
o mechanism has been proposed where BS can create Li, although
e speculate about a few such possibilities. A more promising sce-
ario might be the recent merger of a contact binary, where at least one
tar originates at the well-populated turnoff. Under optimistic but not
ecessarily unrealistic Li preservation assumptions, both during the
S and the merger event, it might be possible to explain star 4346, but

ot star 5027. On the other hand, star 5027 (but not star 4346) might
e a RC star, in which case the possible scenarios for star 6353 may
pply here also. We again propose potentially helpful observations. 
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ission Gaia (Gaia Collaboration et al. 2016, Gaia Collaboration 
t al. 2018, ht tps://www.cosmos.esa.int /gaia ), processed by 
he Gaia Data Processing and Analysis Consortium (DPAC, 
t tps://www.cosmos.esa.int /web/gaia/dpac/consort ium ). Funding 
or the DPAC has been provided by national institutions, in particular 
he institutions participating in the Gaia Multilateral Agreement. 
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ncluded or obtained from published studies as referenced in the 
rticle. 

EFER ENCES  

guilera-Gomez C., Chaname J., Pinsonneault M. H., Carlberg J. K., 2016,
ApJ , 829, 127 

lexander J. B., 1967, Observatory, 87, 238 
nders E., Grevesse N., 1989, Geochim. Cosmochim. Acta , 53, 197 
ndrievsky S. M., Gorlova N. I., Klochkova V. G., Kovtyukh V. V., Panchuk

V. E., 1999, AN , 320, 35 
nthony-Twarog B. J., Deliyannis C. P., Rich E., Twarog B. A., 2013, ApJ ,

767, L19 
nthony-Twarog B. J., Deliyannis C. P., Twarog B. A., 2020, AJ , 160, 75 
nthony-Twarog B. J., Deliyannis C. P., Twarog B. A., 2021, AJ , 161, 159 
nthony-Twarog B. J., Deliyannis C. P., Twarog B. A., Croxall K. V.,

Cummings J. D., 2009, AJ , 138, 1171 
nthony-Twarog B. J., Lee-Brown D. B., Deliyannis C. P., Twarog B. A.,

2018, AJ , 155, 138 
shwell J. F. et al., 2005, MNRAS , 363, L81 
lanco-Cuaresma S., Soubiran C. Jofr ́e P. Heiter U. 2014, A&A, 566, 98 
oesgaard A. M. et al., 2016, ApJ , 830, 49 
oesgaard A. M., Armengaud E., King J. R., Deliyannis C. P., Stephens A.,

2004, ApJ , 613, 1202 
oesgaard A. M., Budge K. G., 1988, ApJ , 332, 410 
oesgaard A. M., Deliyannis C. P., King J. K., Stephens A., 2001, ApJ , 553,

754 
oesgaard A. M., Deliyannis C. P., Steinhauer A., 2005b, ApJ , 621, 991 
oesgaard A. M., Deliyannis C. P., Stephens A., Lambert D. L., 1998, ApJ ,

492, 727 
oesgaard A. M., King J. R., 2002, ApJ , 565, 587 
oesgaard A. M., Lum M. G., Deliyannis C. P., 2017, IAUS, 316, 338 
oesgaard A. M., Lum M. G., Deliyannis C. P., 2020, ApJ , 888, 28 
oesgaard A. M., Stephens A., Deliyannis C. P., 2005a, ApJ , 633, 398 
oesgaard A. M., Tripicco M. J., 1986, ApJ , 302, 49 
ressan A. et al., 2012, MNRAS , 427, 127 
rown J. A., Sneden C., Lambert D. L., Dutcho v er E., Jr, 1989, ApJS , 71,

293 
ameron A. G. W., Fowler W. A., 1971, ApJ , 164, 111 
antat-Gaudin T. et al., 2018, A&A, 618, 93 
arlberg J. K. et al., 2015, ApJ , 802, 7 
arlsson M., Rutten R. J., Bruls J. H. M. J., Shchukina N. G., 1994, A&A,

288, 860 
arretta E., Bragaglia A., Gratton R. G., Tosi M., 2004, A&A , 422, 991 
asamiquela L., Carrera R., Blanco-Cuaresma S., 2017, MNRAS , 470, 4363
asey A. R. et al., 2016, MNRAS , 461, 3336 
asey A. R. et al., 2019, ApJ , 880, 125 
haname J., Pinsonneault M. H., Aguilera-Gomez C., Zinn J. C., 2021,

preprint ( arXiv:2109.13955 ) 
harbonnel C., Balachandran S. C., 2000, A&A, 359, 563 
harbonnel C., Lagarde N., 2010, A&A , 522, 10 
harbonnel C., Vauclair S., Maeder A., Meynet G., Shaller G., 1994, A&A,

283, 155 
oc A., Uzan J., Vangioni E., 2014, J. Cosmol. Astropart. Phys. , 10, 050 
ummings J. D., 2011, PhD thesis, 192 
ummings J. D., Deliyannis C. P., Anthony-Twarog B., Twarog B., Maderak
R. M., 2012, AJ , 144, 193 

ummings J. D., Deliyannis C. P., Maderak R. M., Steinhauer A., 2017, AJ ,
153, 128 (C17) 

eepak, Lambert D. L., Reddy B. E., 2020, MNRAS , 494, 1348 
eepak, Reddy B. E., 2019, MNRAS , 484, 2000 
elgado Mena E., Tsantaki M., Sousa S. G., 2016, A&A, 587, 66 
eliyannis C. P., 1990, PhD thesis, Yale University 
eliyannis C. P., Anthony-Twarog B. J., Lee-Brown D. B., Twarog B. A.,

2019, AJ , 158, 163 
eliyannis C. P., Boesgaard A. M., Stephens A., 1998, ApJ, 498, 147 
eliyannis C. P., Demarque P., Kawaler S. D., 1990, ApJS , 73, 21 (D90) 
eliyannis C. P., King J. R., Boesgaard A. M., Ryan S. G., 1994, ApJ , 434,

L71 
eliyannis C. P., Pinsonneault M. H., 1993, in Weiss W. W., Baglin A., eds,

ASP Conf. Ser. Vol. 40, IAU Colloquium 137, Inside the Stars. Astron.
Soc. Pac., San Francisco, p. 174 

eliyannis C. P., Pinsonneault M. H., 1997, ApJ , 488, 836 
eliyannis C. P., Pinsonneault M. H., Duncan D. K., 1993, ApJ , 414, 740 
emarque P., 1987, in Bernard R. D., Sabatino S., eds, Astrophysics and

Space Science Library, Vol. 137, The Internal Solar Angular Velocity 
(The Solar-Stellar Connection: Internal Rotation in Low-Mass Stars). 
Springer-Verlag, Berlin, p. 121 

emarque P., Woo J.-H., Kim Y.-C., Yi S. K., 2004, ApJS , 155, 667 
enissenkov P. A., 2012, ApJ, 755, L3 
onor J., Frinchaboy P. M., Cunha K. et al., 2018, AJ , 156, 142 
ndal A. S., Sofia S., 1976, ApJ , 210, 184 
eiden G. A., Chaboyer B., 2014, ApJ , 789, 53 
ekel F. C., Balachandran S., 1993, ApJ , 403, 708 
riel E. D. et al., 2002, AJ , 124, 2693 
riel E. D., Jacobson H. R., Pilachowski C. A., 2010, AJ , 139, 1942 
aia Collaboration, 2016, A&A , 595, A2 
aia Collaboration, 2018, A&A, 616, 1 (DR2) 
ao Q. et al., 2019, ApJS , 245, 33 
eller A. M. et al., 2017, ApJ , 840, 66 
eller A. M., Mathieu R. D., Harris H. C., McClure R. D., 2008, AJ , 135,

2264 (G08) 
eller A. M., Mathieu R. D., Harris H. C., McClure R. D., 2009, AJ , 137,

3743 (G09) 
ondoin P., 2005, A&A , 438, 291 
osnell N. M. et al., 2015, ApJ , 814, 163 
osnell N. M. et al., 2019, ApJ , 885, 45 
uiglion G. et al., 2019, A&A, 623, 99 
ainline L. J., Deliyannis C. P., Sarajedini A., Bailyn C., 2000, Bull. Am.

Astron. Soc., 196, 4208 (H00) 
andberg R. et al., 2017, MNRAS , 472, 979 
eiter U., Soubiran C., Netopil M., Paunzen E., 2014, A&A , 561A,

93 
inkle K., Wallace L., Valenti J., Harmer D., 2000, Visible and Near Infrared

Atlas of the Arcturus Spectrum 3727-9300 Å. Astron. Soc. Pac., San
Francisco 

obbs L. M., Pilachowski C., 1988, ApJ , 334, 734 
obbs L. M., Thorburn J. A., Rodriguez-Bell T., 1990, AJ , 100, 710 

ackson R. J. et al., 2016, A&A, 586, 52 
ackson R. J., Deliyannis C. P., Jeffries R. D., 2018, MNRAS , 476, 3245 
ackson R. J., Jeffries R. D., Deliyannis C. P., Sun Q., Douglas S. T., 2019,

MNRAS , 483, 1125 
acobson H. R., Friel E. D., 2013, AJ , 145, 107 
acobson H. R., Pilachowski C. A., Friel E. D., 2011, AJ , 142, 59 
aysinghe T. et al., 2009, MNRAS , 486, 1907 
effries R. D., Jackson R. J., Sun Q., Deliyannis C. P., 2021, MNRAS , 500,

1158 
ose J., Hernanz M., 1998, ApJ , 494, 680 
aluzny J., 1990, Acta Astron., 40, 61 
ing J. R. et al., 1997, AJ , 113, 1871 
irby E. N. et al., 2016, ApJ , 819, 135 
umar Y. B. et al., 2020, Nat. Astron. , 4, 1059 
umar Y. B., Reddy B. E., Lambert D. L., 2011, ApJ , 730, L12 
MNRAS 513, 5387–5406 (2022) 

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
http://dx.doi.org/10.3847/0004-637X/829/2/127
http://dx.doi.org/10.1016/0016-7037(89)90286-X
http://dx.doi.org/10.1002/1521-3994(199903)320:13.0.CO;2-F
http://dx.doi.org/10.1088/2041-8205/767/1/L19
http://dx.doi.org/10.3847/1538-3881/ab9ca2
http://dx.doi.org/10.3847/1538-3881/abe0b7
http://dx.doi.org/10.1088/0004-6256/138/4/1171
http://dx.doi.org/10.3847/1538-3881/aaad66
http://dx.doi.org/10.1111/j.1745-3933.2005.00090.x
http://dx.doi.org/10.3847/0004-637X/830/1/49
http://dx.doi.org/10.1086/423194
http://dx.doi.org/10.1086/166665
http://dx.doi.org/10.1086/320949
http://dx.doi.org/10.1086/427687
http://dx.doi.org/10.1086/305059
http://dx.doi.org/10.1086/324436
http://dx.doi.org/10.3847/1538-4357/ab4fdb
http://dx.doi.org/10.1086/444607
http://dx.doi.org/10.1086/184635
http://dx.doi.org/10.1111/j.1365-2966.2012.21948.x
http://dx.doi.org/10.1086/191375
http://dx.doi.org/10.1086/150821
http://dx.doi.org/10.1088/0004-637X/802/1/7
http://dx.doi.org/10.1051/0004-6361:20047142
http://dx.doi.org/10.1093/mnras/stx1481
http://dx.doi.org/10.1093/mnras/stw1512
http://dx.doi.org/10.3847/1538-4357/ab27bf
http://arxiv.org/abs/2109.13955
http://dx.doi.org/10.1051/0004-6361/201014432
http://dx.doi.org/10.1088/1475-7516/2014/10/050
http://dx.doi.org/10.1088/0004-6256/144/6/193
http://dx.doi.org/10.3847/1538-3881/aa5b86
http://dx.doi.org/10.1093/mnras/staa729
http://dx.doi.org/10.1093/mnras/stz128
http://dx.doi.org/10.3847/1538-3881/ab3fad
http://dx.doi.org/10.1086/191439
http://dx.doi.org/10.1086/187577
http://dx.doi.org/10.1086/304747
http://dx.doi.org/10.1086/173120
http://dx.doi.org/10.1086/424966
http://dx.doi.org/10.3847/1538-3881/aad635
http://dx.doi.org/10.1086/154817
http://dx.doi.org/10.1088/0004-637X/789/1/53
http://dx.doi.org/10.1086/172242
http://dx.doi.org/10.1086/344161
http://dx.doi.org/10.1088/0004-6256/139/5/1942
http://dx.doi.org/10.1051/0004-6361/201629512
http://dx.doi.org/10.3847/1538-4365/ab505c
http://dx.doi.org/10.3847/1538-4357/aa6af3
http://dx.doi.org/10.1088/0004-6256/135/6/2264
http://dx.doi.org/10.1088/0004-6256/137/4/3743
http://dx.doi.org/10.1051/0004-6361:20052732
http://dx.doi.org/10.1088/0004-637X/814/2/163
http://dx.doi.org/10.3847/1538-4357/ab4273
http://dx.doi.org/10.1093/mnras/stx1929
http://dx.doi.org/10.1051/0004-6361/201322559
http://dx.doi.org/10.1086/166874
http://dx.doi.org/10.1086/115553
http://dx.doi.org/10.1093/mnras/sty374
http://dx.doi.org/10.1093/mnras/sty3184
http://dx.doi.org/10.1088/0004-6256/145/4/107
http://dx.doi.org/10.1088/0004-6256/142/2/59
http://dx.doi.org/10.1093/mnras/stz844
http://dx.doi.org/10.1093/mnras/staa3141
http://dx.doi.org/10.1086/305244
http://dx.doi.org/10.1086/118399
http://dx.doi.org/10.3847/0004-637X/819/2/135
http://dx.doi.org/10.1038/s41550-020-1139-7
http://dx.doi.org/10.1088/2041-8205/730/1/L12


5406 Q. Sun et al. 

M

K  

L
L  

L  

M
M
M  

 

M
N
N
P
P
P  

P  

P
R
R
R
R
S  

S
S

S
S
S
S  

S
S
S
S
S
S
S  

T
T
T  

T
T  

T
V
W
Z
Z
Z
Z

T

3

urucz R. L., 1992, in Barbuy B., Renzini A., eds, Proc. IAU Symp. 149,
The Stellar Populations of Galaxies. Kluwer, Dordrecht, p. 225 

attanzio J. C. et al., 2015, MNRAS , 446, 2673 
einer E., Mathieu R. D., Stello D., Vanderburg A., Sandquist E., 2016, ApJ,

832, 13 
odders K., Palme H., Gail H.-P., 2009, Solar System, Landolt-B ̈ornstein -

Group VI Astronomy and Astrophysics. Springer-Verlag, Berlin, p. 712 
agrini L. et al., 2021, A&A, 655, A23 
artell S. L., Shetrone M. D., 2013, MNRAS , 430, 611 
athieu R. D., 2000, in Pallavicini R., Micela G., Sciortino S., eds, ASP Conf.

Ser. Vol. 198, Stellar Clusters and Associations: Convection, Rotation, and
Dynamos. Astron. Soc. Pac., San Francisco, p. 517 

azur B., Kaluzny J., 1990, Acta Astron., 40, 361 
elson C. A., Eggleton P. P., 2001, ApJ , 552, 664 
etopil M., Paunzen E., Heiter U., Soubiran C., 2016, A&A , 585, 150 
iatti A. E., Claria J. J., Abadi M. G., 1995, AJ , 110, 2813 (P95) 
insonneault M. H., Kawaler S. D., Demarque P., 1990, ApJS , 74, 501 
insonneault M. H., Kawaler S. D., Sofia S., Demarque P., 1989, ApJ , 338,

424 
latais I., Kozhurina-Platais V., Mathieu R. D., Girard T. M., van Altena W.

F., 2003, AJ , 126, 2922( P03) 
roffitt C. R., Michaud G., 1989, ApJ , 346, 976 
am ́ırez I., Mel ́endez J., 2005, ApJ , 626, 465 
andich S., Giampapa M. S., Pallavicini R., 1994, A&A, 283, 893 
andich S., Sestito P., Pallavicini R., 2003, A&A , 399, 133 
yan S. G., Deliyannis C. P., 1995, ApJ , 453, 819 
arajedini A., von Hippel T., Kozhurina-Platais V., Demarque P., 1999, AJ ,

118, 2894( S99) 
happee B. J. et al., 2014, ApJ , 788, 48 
iess L., Livio M., 1999, MNRAS , 308, 1133 
NRAS 513, 5387–5406 (2022) 
ills A., Deliyannis C. P., 2000, ApJ , 544, 944 
ills A., Karakas A., Lattanzio J., 2009, ApJ , 692, 1420 
neden C. A., 1973, ApJ , 184, 839 
oderblom D. R., Oey M. S., Johnson D. R. H., Stone R. P. S., 1990, AJ , 99,

595 
omers G., Pinsonneault M. H., 2015, MNRAS , 449, 4131 
oubiran C. et al., 2013, A&A, 552, 64 
teinhauer A., 2003, PhD thesis, 252 
teinhauer A., Deliyannis C. P., 2004, ApJ , 614, 65S 
teinhauer A., Deliyannis C. P., 2022, submitted to AJ 
un Q., 2021, PhD thesis, Indiana University 
un Q., Deliyannis C. P., Steinhauer A., Twarog B. A., Anthony-Twarog B.

J., 2020, AJ , 159, 220 
hogersen E. N., Friel E. D., Fallon B. V., 1993, PASP , 105, 1253 (T93) 
homas H. C., 1967, ZAp, 67, 420 
horburn J. A., Hobbs L. M., Deliyannis C. P., Pinsonneault M. H., 1993,

ApJ , 415, 150 
ravaglio C. et al., 2001, ApJ , 559, 909 
warog B. A., Anthony-Twarog B. J., Deliyannis C. P., Steinhauer A., 2020,

Mem. Soc. Astron. Ital., 91, 74 
warog B. A., Ashman K. M., Anthony-Twarog B. J., 1997, AJ , 114, 2556 
ats S., van den Berg M., Wijnands R., 2018, MNRAS , 481, 3708 
orthey G., Jowett K. J., 2003, PASP , 115, 96 

ahn J.-P., Bouchet L., 1989, A&A, 223, 112 
hang J., Shi J. R., Yan H. L., 2021, ApJ , 919, L3 
hang X. B., Deng L., Tian B., Zhou X., 2002, AJ , 123, 1548 
hang X. B., Jeffery C. S., Li Y., Bi S., 2020, ApJ , 889, 33 

his paper has been typeset from a T E 
X/L A T E 

X file prepared by the author. 
D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5

87/6582996 by Indiana U

niversity Libraries - Bloom
ington user on 08 June 2022

http://dx.doi.org/10.1093/mnras/stu2238
http://dx.doi.org/10.1093/mnras/sts661
http://dx.doi.org/10.1086/320560
http://dx.doi.org/10.1051/0004-6361/201526370
http://dx.doi.org/10.1086/117731
http://dx.doi.org/10.1086/191507
http://dx.doi.org/10.1086/167210
http://dx.doi.org/10.1086/379677
http://dx.doi.org/10.1086/168079
http://dx.doi.org/10.1086/430102
http://dx.doi.org/10.1051/0004-6361:20021780
http://dx.doi.org/10.1086/176444
http://dx.doi.org/10.1086/301149
http://dx.doi.org/10.1088/0004-637X/788/1/48
http://dx.doi.org/10.1046/j.1365-8711.1999.02784.x
http://dx.doi.org/10.1086/317258
http://dx.doi.org/10.1088/0004-637X/692/2/1411
http://dx.doi.org/10.1086/152374
http://dx.doi.org/10.1086/115353
http://dx.doi.org/10.1093/mnras/stv630
http://dx.doi.org/10.1086/424689
http://dx.doi.org/10.3847/1538-3881/ab83ef
http://dx.doi.org/10.1086/133304
http://dx.doi.org/10.1086/173152
http://dx.doi.org/10.1086/322415
http://dx.doi.org/10.1086/118667
http://dx.doi.org/10.1093/mnras/sty2290
http://dx.doi.org/10.1086/345107
http://dx.doi.org/10.3847/2041-8213/ac224c
http://dx.doi.org/10.1086/338846
http://dx.doi.org/10.3847/1538-4357/ab5e89

	1 INTRODUCTION
	2 OBSERVATIONS AND DATA REDUCTIONS
	3 RADIAL VELOCITIES AND MEMBERSHIP
	4 STELLAR PARAMETERS AND IRON ABUNDANCES
	5 LITHIUM ABUNDANCES
	6 DISCUSSION
	7 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

