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Abstract In the fourth paper of this series, we present the metallicity-dependent Sloan Digital Sky Survey
(SDSS) stellar color loci of red giant stars, using a spectroscopic sample of red giants in the SDSS Stripe
82 region. The stars span a range of 0.55 – 1.2 mag in colorg − i, −0.3 – −2.5 in metallicity [Fe/H], and
have values of surface gravity logg smaller than 3.5 dex. As in the case of main-sequence (MS) stars, the
intrinsic widths of loci of red giants are also found to be quite narrow, a few mmag at maximum. There are
however systematic differences between the metallicity-dependent stellar loci of red giants and MS stars.
The colors of red giants are less sensitive to metallicity than those of MS stars. With good photometry,
photometric metallicities of red giants can be reliably determined by fitting theu − g, g − r, r − i, and
i − z colors simultaneously to an accuracy of 0.2 – 0.25 dex, comparable to the precision achievable with
low-resolution spectroscopy for a signal-to-noise ratio of 10. By comparing fitting results to the stellar loci
of red giants and MS stars, we propose a new technique to discriminate between red giants and MS stars
based on the SDSS photometry. The technique achieves completeness of∼70 per cent and efficiency of
∼80 per cent in selecting metal-poor red giant stars of [Fe/H]≤ −1.2. It thus provides an important tool to
probe the structure and assemblage history of the Galactic halo using red giant stars.
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1 INTRODUCTION

Red giants are intrinsically luminous objects, thus excel-
lent tracers to probe the Galaxy, especially the Galactic
halo. However, it is a challenging task to select red giants
based on optical photometry alone, due to the severe
contamination from the foreground red dwarfs.

A number of earlier surveys of red giants select the
targets based on the Mg Ib triplet and MgH band around
5200Å, detected in low-resolution objective prism spectra
(Ratnatunga & Freeman 1985; Flynn & Morrison 1990),
or by intermediate-band photometry (Morrison et al.
2000). The feature is more prominent in dwarfs than in
giants, but also in metal-rich stars than in metal-poor stars
(see fig. 3 ofMorrison et al. 2000). The Sloan Extension
for Galactic Understanding and Exploration (SEGUE;
Yanny et al. 2009) selects candidates of red giants on the
basis that they are metal-poor in the halo. However, the
efficiency of selection is quite low (e.g., forg = 17–18,
0.5<(g − r)0<0.6, their success rate is 45%; forg = 17–
18, 0.6<(g − r)0<0.8, the success rate decreases to only
28%).

Stellar colors depend mainly on the effective temper-
ature, but also to the modest degree on the metallicity
and surface gravity, in particular the blue colors. With
precise color measurements from modern digital sky
surveys, such as the Sloan Digital Sky Survey (SDSS;
York et al. 2000), the Two Micro All-Sky Survey (2MASS;
Skrutskie et al. 2006), and the Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010), and basic atmo-
spheric parameters (effective temperatureTeff , surface
gravity log g, and metallicity [Fe/H]) available from
large scale stellar spectroscopic surveys, such as the
SEGUE (Yanny et al. 2009) and Large Sky Area Multi-
Object Fiber Spectroscopy Telescope (LAMOST) Galactic
surveys (Deng et al. 2012; Liu et al. 2014), for large
numbers of stars of various types, we are now in a position
to (re-)investigate the dependence of stellar colors on the
basic stellar parameters in unprecedented precision and
quantitatively.

The repeatedly scanned equatorial Stripe 82 (|Dec| <
1.266◦, 20h34m < RA < 4h00m) of SDSS has delivered
accurate photometry internally consistent at the 1 per
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cent level for about one million stars inu, g, r, i, z bands
(Ivezić et al. 2007), as well as precise stellar parameters
for over 40 000 stars with the SDSS Data Release 9 (DR9;
Ahn et al. 2012). Using about 20 000 spectroscopically
observed stars in the region as color standards,Yuan et al.
(2015d) have further re-calibrated the Stripe 82 with
the stellar color regression (SCR) method, achieving an
unprecedented internal accuracy of about 0.005, 0.003,
0.002, and 0.002mag in colorsu − g, g − r, r − i,
and i − z, respectively. By combining the re-calibrated
photometric data and the spectroscopic parameters of
SDSS Stripe 82,Yuan et al.(2015a, hereafter Paper I) build
a large, clean sample of main sequence (MS) stars with
accurate colors (about 1 per cent) and well-determined
metallicities (about 0.1 dex) to investigate the metallicity
dependence and intrinsic widths of SDSS stellar color
loci. They demonstrate that the intrinsic widths of loci
of MS stars, after being corrected for the effects of
metallicity, are only a few mmag at most. They also
find that outliers of the metallicity-dependent stellar loci
are mainly contributed by binaries.Yuan et al. (2015c,
hereafter Paper II) proposes a Stellar Locus OuTlier
(SLOT) method to estimate the binary fraction for field
stars and find interesting trends of the fraction with
stellar colors and metallicity.Yuan et al.(2015b, hereafter
Paper III) further use the metallicity-dependent stellar loci
to determine state-of-the-art photometric metallicitiesfor
about 0.5 million FGK stars in the Stripe 82 region. A
precision of 0.1 – 0.2 dex is achieved for most of the stars.

In this paper, we focus on red giant stars. The paper
is organized as follows. In Section2, we introduce the
spectroscopic and photometric data used. In Section3, we
investigate the metallicity dependence and intrinsic widths
of stellar loci of red giant stars, following Paper I. The
photometric metallicities of red giants are presented and
examined in Section4, following Paper III. In Section5, we
propose and test a new technique to discriminate red giant
stars from red dwarfs based on the SDSS photometry. The
summary is given in Section6.

2 DATA

Following Paper I, we first select stars from the SDSS
DR9 in the Stripe 82 region that have been observed
spectroscopically with a spectral signal-to-noise ratio S/N
> 10 and are listed in the re-calibrated photometric
catalogs of Stripe 82 (Ivezić et al. 2007; Yuan et al. 2015d)
This yields 34 906 stars. The stars are then dereddened
using the reddening values given by the dust map
of (Schlegel et al. 1998, hereafter SFD). The empirical
reddening coefficients ofYuan et al. (2015d), derived
using a star pair technique (Yuan et al. 2013), are used.
Although the SFD map suffers some calibration issue
that it may over-estimate reddening, such effect can be

corrected for by using our empirical reddening coefficients.
Finally, stars of a line-of-sight extinctionE(B − V ) ≤
0.15 mag, surface gravity logg ≤ 3.5 dex, dereddened
color1 0.55 ≤ g − i ≤ 1.2mag, effective temperature
Teff ≥ 4300 K, and metallicity−2.5 ≤ [Fe/H] ≤
−0.3, are selected. Here the basic stellar parameters,
effective temperature, surface gravity, and metallicity,are
determined with the SEGUE Stellar Parameter Pipeline
(SSPP;Lee et al. 2008a,b). The final red giant sample
contains 2252 stars. The distribution of the stars in the
g − i and [Fe/H] plane is shown in the top left panel of
Figure1. Compared to 24 492 MS sample stars of Paper I,
the number of red giants of the current sample is much
smaller. Their metallicities extend however to [Fe/H]=–
2.5, representing some of the very metal-poor red giants
in the Galactic halo. The photometric errors as a function
of the observed magnitudes before reddening corrections
are also shown in Figure1. The behaviors are very similar
to those of the MS sample of Paper I. Foru band, the
photon counting noises start to dominate the errors atu >∼
19mag. The errors are about 0.01 mag atu = 19.0mag
and 0.05 mag atu = 21.5mag. Forg, r, and i bands,
the errors are dominated by the calibration uncertainties
and thus essentially constant, at a level of0.006 ± 0.001,
0.005 ± 0.001, and0.005 ± 0.001 mag, respectively, for
the three bands. For thez band, the photon counting noises
dominate atz >∼ 18mag, and the errors are about 0.01 mag
at z = 18.2mag and 0.02 mag atz = 19.0mag.

3 METALLICITY-DEPENDENT STELLAR LOCI

Using the sample above, we have carried out a global two-
dimensional polynomial fit to colorsu − g, g − r, r − i,
and i − z as a function of colorg − i and metallicity
[Fe/H]. Again we have neglected possible effects of logg
on the colors. In all cases, a 3rd-order polynomial of 10
free parameters is used. Two-sigma clipping is performed
to reject outliers when fitting the data. The resultant fit
coefficients are listed in Table1. Note that the sums of the
corresponding coefficients for colorsg − r andr − i are
exactly zero or one. The fit residuals as a function ofg− i,
[Fe/H] and logg are shown in Figure2. The median values
and standard deviations are delineated by red lines. Note
that the fit residuals in coloru− g show a weak systematic
variation with logg.

Figure3 compares the stellar loci of MS stars and red
giants at different metallicities ranging from –2.5 – 0.0.
Note that in this figure the stellar loci of MS stars at [Fe/H]
= –2.5 and those of red giants at [Fe/H]= 0. are calculated
by extrapolating the fits, and might suffer some systematic
errors. However, considering that metallicities of our giant
stars are up to−0.3, those of the MS stars are down to –2.0,

1 All colors and magnitudes quoted in the current paper referred to
dereddened values unless specified otherwise.
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Fig. 1 Top left panel: Values of [Fe/H] plotted against color
g − i for the selected red giant sample.The remaining
panels: Photometric errors as a function of the observed
magnitudes before reddening corrections.

and the smooth variations of the loci with respect to [Fe/H],
the systematic errors should be very small. Similar to MS
stars,u−g is the color most sensitive to metallicity for red
giants as well. Colorsg−r, r−i, andi−z also show some
modest sensitivity to metallicity. The variations are larger
in metal-rich stars than in metal-poor ones. However, in
general, the variations of colors in giants as [Fe/H] varies
are much lower than in MS stars. At [Fe/H]= –1.0, one
dex decrease in [Fe/H] leads to only modest 0.2 and small
0.017 mag decrease in colorsu− g andg− r, respectively,
and only marginal 0.01 mag increase in colori − z. For
the sameg − i color and metallicity [Fe/H], the predicted
colorsu−g, g−r, r−i, andi−z of giants and dwarfs differ
significantly, particularly inu−g. For instance, at [Fe/H]=
–2.0 andg − i = 1.0, the color differences between giants
and dwarfs are 0.10 foru − g, and about 0.01 in colors
g − r, r − i, andi− z. Giants of a given metallicity show
colors very similar to MS stars but with lower metallicities
(seeYuan et al. 2015b, fig. 6 for a qualitative comparison).

To investigate the intrinsic widths of stellar loci of
red giant stars, we divide the sample into bins of color
and metallicity. For each bin, a Gaussian is used to fit
the distribution of fit residuals. To minimize the effects
of photometric errors, only stars of errors smaller than

Table 1 Fit Coefficients

Coeff. u− ga g − ra r − ia i− za

a0 1.4630 0.0957 −0.0957 −0.0551
a1 0.3132 0.0370 −0.0370 −0.0229
a2 −0.0105 0.0120 −0.0120 −0.0165
a3 −0.0224 0.0020 −0.0020 −0.0033
a4 −1.5851 0.5272 0.4728 0.0762
a5 −0.2423 −0.0026 0.0026 −0.0365
a6 −0.0372 0.0019 −0.0019 −0.0006
a7 2.8655 0.1645 −0.1645 0.1899
a8 0.0958 0.0057 −0.0057 0.0244
a9 −0.7469 −0.0488 0.0488 −0.0805

Notes: af(x, y) = a0 + a1y + a2y
2 + a3y

3 + a4x + a5xy +
a6xy

2 + a7x
2 + a8yx

2 + a9x
3, wherex ≡ g − i andy ≡ [Fe/H].

0.01 mag inu are used in the case of coloru − g, and
likewise inz in the case of colori− z. The results for two
typical color bins (centered atg − i = 0.7 and 1.0 mag)
and two metallicity bins (centered at[Fe/H] = −0.8 and
−1.5) are plotted in Figure4.

The average photometric errors are0.008 ± 0.002
0.006± 0.001,0.005± 0.001,0.005± 0.001, and0.006±
0.001mag inu, g, r, i, andz bands, respectively, very close
to those found for MS stars in Paper I. The color calibration
uncertainties are about 0.005, 0.003, 0.002, and 0.002 mag
for colorsu − g, g − r, r − i, and i − z, respectively
(Yuan et al. 2015d). The typical uncertainties of [Fe/H]
yielded by the SSPP are about 0.13 dex (Lee et al. 2008b).
Given the above uncertainties, one expects dispersion of
0.028, 0.0086, 0.0078, and 0.0085mag in colorsu − g,
g − r, r − i, andi − z, respectively. Here the dispersion
is computed using the polynomial equation in the footnote
of Table 1 and the corresponding coefficients, along with
previously known errors in the photometry, calibration,
and spectroscopic metallicity. The dispersion yielded by
the above Gaussian fits to the residuals of the whole
selected sample is 0.031, 0.0071, 0.0071, and 0.0105mag,
respectively, very close to the expected values, suggesting
that, similar to what we find in Paper I for MS dwarfs,
the intrinsic widths of SDSS stellar loci of red giant stars,
similar to those of MS stars, are also very narrow and
at maximum a few mmag. Unlike in the case of MS
stars, the residual distributions are well fitted by Gaussian
function, suggesting that binaries composed of two red
giants are rare. The large dispersion in coloru − g is
mainly contributed by the uncertainties in [Fe/H] and by
some unaccounted for dependence of the color on logg.
The dispersion in other colors is dominated by photometric
errors. The dispersion shows very small variations among
individual bins of color and metallicity. As in Paper I, in
the above analysis, we have neglected the possible effects
of variations in the [α/Fe] abundance ratio, of variable
stars, and uncertainties in the reddening corrections. As
argued in Paper I and also shown in Paper II, these effects
are ignorable.

As a further test of the above results, we examine the
intrinsic width of stellar loci of red giant branch stars in
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Fig. 2 Fit residuals as a function of colorg − i (left), metallicity [Fe/H] (middle), and surface gravity logg (right). Lines
delineating the median and standard deviation of the residuals are over-plotted inred.

four globular clusters (GCs) M 92, M 13, M 3, and M 5.
For each GC, we select a sample of red giant branch stars
in the color range of0.55 < g − i < 1.2mag from
the photometric catalogs ofAn et al.(2008), deduced with
the DAOPHOT/ALLFRAME (Stetson 1987, 1994) suite
of programs for crowded field photometry. Note that the
standard SDSS photometric pipelines (Lupton et al. 2002)
cannot deal with crowded fields properly. To remove stars
that have poor values of goodness-of-fit, we filter the data
based on the sharpness andχ values from DAOPHOT,
excluding stars of|sharpness| > 1 or χ > 1.5 + 4.5 ×
10−0.4×(m−m0), wherem0 = 15.5 mag foru, 16.0 mag
in gri, and 15.0 mag inz (An et al. 2008). The remaining
stars are reddening corrected using the SFD extinction map
and the reddening coefficients ofYuan et al.(2013). Their

u−g, g−r, r−i, andi−z colors are fitted as a function of
g − i color using third-order polynomials. The histogram
distributions of fit residuals are shown in Figure5. The
dispersion of fit residuals range between 0.032 – 0.06,
0.009 – 0.015, 0.009 – 0.015, and 0.016 – 0.022 mag in
colorsu − g, g − r, r − i, and i − z, respectively. The
random errors of the DAOPHOT photometry ofAn et al.
(2008) are about 0.02 mag inu and 0.01 mag ingriz
bands at the bright ends. The dispersion is thus comparable
to the photometric errors, consistent with the fact that
the intrinsic widths of SDSS stellar color loci of red
giants must be very small, at maximum a few mmag. The
relatively large dispersion seen inu − g color is likely
caused by the calibration errors, or the presence of multiple
populations in those GCs (Lardo et al. 2011), or both.
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Fig. 3 Stellar loci of MS stars (solid lines) and red giants (dashed lines) of different metallicities of ranging from−2.5 to
0.0.

4 PHOTOMETRIC METALLICITY

In Paper III, we develop a minimumχ2 technique to
estimate the photometric metallicity of MS stars by fitting
the reddening corrected colors inu − g, g − r, r − i,
andi − z with the corresponding values predicted by the
metallicity-dependent stellar loci presented in Paper I, for
a given set of intrinsicg − i color and metallicity [Fe/H].
The optimal intrinsicg−i color and [Fe/H], corresponding
to the minimumχ2 value,χ2

min, is obtained by a brute-
force algorithm. The one-sigma error of [Fe/H] is also
estimated. Here we use the same technique to estimate the
photometric metallicities of our sample red giants. For a
given star, we vary [Fe/H] value from−2.5 – 0.0, stepping
0.01 at a time.

We first apply the technique to the sample of red
giant stars of Stripe 82 presented in the previous section.
A few stars of [Fe/H] richer than−0.3 are also included
here. The left panel of Figure6 shows the histogram
distribution ofχ2

min values of the sample. Only 13.5, 6.3,
and 2.8 per cent stars show aχ2

min value larger than
3, 5, and 10, respectively. The right panel of Figure6
compares the photometric metallicities thus derived with
the spectroscopic values of SDSS DR9. The distribution of

differences shows a negligible offset and has a dispersion
of 0.27 dex.

To understand what contributes to the above disper-
sion, 1344 duplicate observations of comparable spectral
SNRs of stars that fall in the parameter ranges of the
selected giant sample are selected from the SDSS DR9 to
estimate the random errors of [Fe/H] yielded by the SSPP
pipeline. Following Paper II, considering the relatively
narrow range of effective temperature of red giants, the
random errors of [Fe/H], estimated from those duplicate
observations, are fitted as a function of SNR and [Fe/H] of
the following form:

σran([Fe/H]) = a0 + a1 × [Fe/H] + a2 × ([Fe/H])2

+ a3 × SNR+ a4 × SNR× [Fe/H]

+ a5 × SNR2 .
(1)

Only stars of SNRs between 10 – 50 are used in the
fitting. The resultant fit coefficientsa0 – a5 are 0.28,
−0.0040, 0.0018,−0.0096,1.4 × 10−4, and9.5 × 10−5,
respectively. For SNR= 10, the random errors of [Fe/H]
yielded by the SSPP are thus about 0.20, 0.20, and 0.21 dex
for [Fe/H] = 0, −1, and−2, respectively. For SNR=
50, the corresponding values are 0.04, 0.05, and 0.07 dex
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Fig. 4 Histograms of fit residuals for all the sample stars (ofu band photometric errors less than 0.01 mag in the case
u− g and ofz band photometric errors less than 0.01 mag in the case ofi− z), and for some selected bins of colorg − i
and metallicity [Fe/H]. The central values ofg − i and [Fe/H] of the bin are labeled at the top of each panel. The bin
widths are 0.4 mag ing − i and 0.4 in [Fe/H], respectively.Over-plotted in red are Gaussian fits to the distributions. The
mean and dispersion of the fitted Gaussian are labeled.

for [Fe/H] = 0, −1, and−2, respectively. The random
errors of the test sample range from 0.04 to 0.22 dex,
with a median value of 0.11 dex. These results suggest
that the photometric metallicities for red giant stars have
a typical error between 0.2 – 0.25 dex. The median and
mean uncertainties of photometric metallicities deduced
by the method for the selected giant sample are 0.15 and
0.18 dex, respectively, suggesting that the random errors
of metallicity of those red giants may have been slightly
underestimated.

The top panels of Figure7 plot differences between
the spectroscopic metallicities of SDSS DR9 and the
photometric values estimated above for the sample as a
function of [Fe/H], g − i, and log g, respectively. No
systematic dependence of the differences on [Fe/H] or
g − i is found. However, some weak dependence on logg

is seen, clearly a consequence of the weak systematic
dependence of the fit residuals inu − g on logg (the top
right panel of Fig.2). The scatter increases slightly for
stars of lower metallicities, bluer colors, and lower surface
gravities. The bottom panels of Figure7 plot the estimated
uncertainties of photometric metallicity as a function of
error of coloru − g, [Fe/H], andg − i. A good linear
correlation is seen between the uncertainties of [Fe/H] and
the errors of coloru− g. A linear fit yields

σ([Fe/H]) = 7.8× σ(u − g) + 0.03 . (2)

Compared to MS stars, the uncertainties of photometric
metallicities of red giant stars are more sensitive to the
errors of coloru − g, due to the fact that theu − g
colors of giants are less sensitive to [Fe/H] than for
MS stars. Similarly, the uncertainties of [Fe/H] estimates
are larger for metal-poor stars than for metal-rich stars.
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Fig. 5 Histograms of fit residuals for selected samples of red giantbranch stars of GCs M 92, M 13, M 3, and M 5. The
name of each GC is marked at the top of each panel. Gaussian fitsto the distributions are over-plotted inred. The mean
and dispersion of the Gaussian are labeled.

Fig. 6 Histogram distributions ofχ2
min values of the test

sample (left) and the differences between the photometric
metallicities derived in the current work and spectroscopic
values from SDSS DR9 (right). Thered curve is a Gaussian
fit to the distribution, with the mean and dispersion
marked.

The values are about 0.14 dex at [Fe/H]> −1.7 and
increase to 0.24 dex at lower metallicities. The metallicity
uncertainties show only a weak dependence on color in the
range considered in the current work.

We have also tested the accuracy of photometric
metallicities using the same sets of red giant stars in
the four GCs M 92, M 13, M 3, and M 5 selected in the
previous Section. Their distributions in the (g − i, r)

color-magnitude diagram are shown in the first column
of panels of Figure8. The second column of panels of
Figure8 plot photometric metallicities againstg− i colors.
For comparison, member red giants spectroscopically
observed by the SDSS are also over-plotted in red in the
first and second columns. The third and fourth columns
of panels show histogram distributions of photometric
and spectroscopic metallicities, as deduced here and from
SDSS DR9, respectively. Over-plotted are Gaussian fits
to the distributions, with the centers and dispersion of
the fits labeled. The photometric metallicities deduced for
M 92, M 13, M 3, and M 5 show no obvious dependence
on g − i color, and are−1.51 ± 0.26, −1.28 ± 0.29,
−1.28 ± 0.37, and −0.94 ± 0.23, respectively. The
relatively small dispersion suggests that good photometry
such as the SDSS can deliver reasonably precise estimates
of metallicities of red giant stars. Note that the larger
dispersion of M 3 is caused by the larger photometric errors
of coloru− g.

The mean photometric metallicities deduced here
are found to be systematically higher than those from
high-resolution spectroscopy as well as those from the
SDSS DR9. The metallicities of M 92, M 13, M 3, and
M 5 from high-resolution spectroscopy are−2.38,−1.6,



319–8 R.-Y. Zhang et al.: Stellar Loci IV. Red Giant Stars

Fig. 7 Top panels: Differences of spectroscopic and photometric metallicities plotted as a function of spectroscopic
metallicity (left), g − i color (middle) and logg (right). The sample is divided into bins of [Fe/H],g − i, and logg
of widths 0.25, 0.1 mag, and 0.25 dex, respectively. For eachbin, the median and dispersion values are over-plotted in
red. Bottom panels: Uncertainties of photometric [Fe/H] of the test sample plotted against error in coloru − g (left),
spectroscopic [Fe/H] from the SDSS DR9 (middle), and colorg − i (right), respectively. The sample is divided into bins
of σ(u − g), [Fe/H], andg − i of widths 0.005 mag, 0.25 dex, and 0.1 mag, respectively. Foreach bin, the median and
dispersion values are over-plotted inred. Thered line in the left panel is a linear fit to the data.

−1.5, and−1.26, respectively (Kraft & Ivans 2004). The
spectroscopic metallicities of M 92, M 13, and M 3 from
the SDSS DR9 are−2.32 ± 0.08, −1.55 ± 0.11, and
−1.53 ± 0.16, respectively (M 5 was not targeted by the
SDSS). The discrepancies between the photometric and
spectroscopic metallicities are thus about 0.9, 0.3, 0.2 and
0.3 dex for M 92, M 13, M 3, and M 5, respectively.

The discrepancies can be caused by problems related
to (1) The SDSS calibration of [Fe/H] for giant stars;
(2) The values of [Fe/H] from high resolution spectroscopy
of Kraft & Ivans (2004); (3) The reddening corrections;
(4) The metallicity-dependent stellar loci of the current
work; and (5) The color calibrations of SDSS photometry
of the four GCs. Given the good agreement between the
metallicities given by the SDSS DR9,Harris (1996), and
Kraft & Ivans (2004) as well, Possibilities 1) and 2) are
very unlikely. TheE(B − V ) values of the four GCs as
given by the SFD extinction map are 0.02, 0.02, 0.04,
and 0.01 mag, respectively, too small to have a big effect
on the photometric metallicities presented here. Given the
small fit residuals when deriving the metallicity-dependent
stellar loci, Possibility 4) is unlikely either. We are now
left with Possibility 5). To account for the photometric
and spectroscopic metallicity discrepancy of M 92, one
only needs a color calibration error of 0.045 mag inu −
g, or 0.06 mag ing − i, or 0.025 mag inu − g and
0.03 mag ing − i, or some other combinations. Similarly

to account for the discrepancies of M 13, M 3, and M 5,
one only needs a color calibration error of 0.03 mag in
u − g, or 0.04 mag ing − i, or 0.015 mag inu − g
and 0.02 mag ing − i, or some other combinations.
Here the calibration errors refer to those relative to the
calibration of Stripe 82, and could be caused by errors
in the photometric zero point, flat-fielding, unaccounted
fast variations of the atmospheric extinction, and/or non-
linearity of the detectors. Corroborative evidence that the
SDSS photometric calibration of the four clusters is to
blame is presented in the next Section (c.f. Fig.12).
An et al.(2013) compare the SDSS photometry for several
clusters fromAn et al.(2008), including the four GCs used
in the current work, based on the SDSS ubercal calibra-
tion (Padmanabhan et al. 2008). The comparison reveals
significant photometric zero-points of those clusters and
the trends are consistent with what expected in order to
reconcile the photometric and spectroscopic metallicity
estimates, as described above. However, it is likely that a
constant zero-point correction just serves as the zero order
approximation. Future work is needed to investigate and
correct for the calibration errors as functions of spatial
position, magnitudes, and colors.

5 SELECTION OF RED GIANTS

There are systematic differences between the stellar loci
of MS stars and red giant stars. With this in mind, we
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Fig. 8 Photometric metallicities of red giant stars of GCs M 92, M 13, M 3, and M 5, and comparison with other estimates.
The name of the GC concerned is marked on the top of each panel.Col. (1): (g − i) versusr color-magnitude diagram
of the selected red giant stars in the four GCs.Red pluses denote member stars spectroscopically targeted by the SDSS.
Col. (2): Photometric metallicities derived plotted against colorg − i. Red pluses denote member stars spectroscopically
observed by the SDSS. Theblack, red, andblue lines in panels of the second column denote the mean photometric
metallicities, the mean spectroscopic metallicities fromSDSS DR9, and the average metallicities from high-resolution
spectroscopy (Kraft & Ivans 2004), respectively. Col. (3): Histogram distributions of photometric metallicities. Col. (4):
Histogram distributions of spectroscopic metallicities from SDSS DR9. In the 3rd and 4th columns, also over-plotted are
Gaussian fits to the distributions, and the central values and dispersion of the fits are labeled. Note that no member stars
of M 5 have been spectroscopically targeted by the SDSS.

propose in this Section a way to discriminate between red
giants and red dwarfs using the stellar loci as a tool. For a
given target star, we determine its optimal value of [Fe/H],
assuming it is a dwarf or giant, denoted as [Fe/H] (SLD)
and [Fe/H] (SLG), and the associatedχ2

min, denoted as
χ2
min(SLD) andχ2

min(SLG), respectively. Ifχ2
min(SLD)

is larger thanχ2
min(SLG), then the target star is likely a

red giant and vice versa.

To test this idea, we select a sample of 16 375 stars
from the SDSS DR9 in the Stripe 82 region that have
been observed spectroscopically with a spectral SNR>
10, and are listed in the re-calibrated photometric catalogs
of Stripe 82 (Ivezić et al. 2007; Yuan et al. 2015d), and
having ag − i color between 0.55 – 1.2 mag, an [Fe/H]
value between−2.5 – 0.0, and anE(B − V ) value
smaller than 0.15 mag. The sample includes 2263 red
giants (logg < 3.5 dex) and 14 112 MS stars (logg >

3.5 dex). The photometric metallicities of the sample stars

are then estimated using the two sets of stellar loci, one for
giants and another for dwarfs, respectively. The results are
presented in Figure9.

The top panels of Figure9 compare the photometric
metallicities derived using the loci of either MS stars or
red giants with the spectroscopic values from SDSS DR9.
The black and red dots denote MS stars and red giants in
the sample, respectively. It is evident that when the correct
set of stellar loci is used then the photometric metallicities
agree well with the spectroscopic values. However, when
the wrong set of stellar loci is used instead, the photometric
metallicities deviate systematically from the spectroscopic
values. The deviations are quite large for giants as well
as dwarfs at very low or high metallicities. The bottom
left panel of Figure9 compares values ofχ2

min(SLD) and
χ2
min(SLG). The majority of giants show a lower value

of χ2
min(SLG) and the majority of dwarfs show a lower

value ofχ2
min(SLD), thus providing a way to effectively
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Fig. 9 Top panels: Comparisons of spectroscopic metallicities from the SDSSDR9 with those estimated photometrically,
using the stellar loci of dwarfs, [Fe/H] (SLD), or using the loci of red giants, [Fe/H] (SLG). The latter two sets of
photometric estimates are also compared against the other.The bottom left panel plots values ofχ2

min(SLD) against
χ2
min(SLG); In the above four panels, theblack and red dots denote MS dwarfs and red giants in the test sample,

respectively. Thediagonal lines denote equal values of the two quantities in comparison. Thebottom middle panel plots
[Fe/H] against logg from SDSS DR9. The bottom right panel plotsg − i against logg. Black andpurple dots in the
bottom middle and bottom right panels denote stars falling outside and inside thepurple triangle delineated in the bottom
left panel, respectively.

select giants against dwarfs. Stars falling in the purple
triangle region are red giant candidates thus selected. Their
distributions in the [Fe/H] (DR9) – logg and g − i –
log g planes are shown in the bottom middle and bottom
right panels, respectively. The selection efficiency is very
high at low metallicities and insensitive to colors. Most
contamination are from MS stars of [Fe/H] between−1.0
– −0.3. In this metallicity, the stellar loci of MS stars of
a given metallicity mimic those of red giants of a slightly
different metallicity.

We divide the test sample into two-dimensional bins of
g−i and [Fe/H]. Here the [Fe/H] values refer to those from
the SDSS DR9. The ranges are 0.55 – 1.15 mag and−2.5
– 0.0 and the steps 0.1 mag and 0.1, respectively. For each
bin, the selection completeness, defined as the ratio of the
number of red giants selected as candidates to the number
of all red giants in the bin, and the selection efficiency,
defined as the ratio of the number of red giants selected
to the number of all red giant candidates in the bin, are
calculated. The two-dimensional distributions of selection
completeness and efficiency as a function ofg − i and
[Fe/H] are shown in Figure10. The distributions integrated
over color are plotted as a function of [Fe/H] in Figure11.
Note that some bins, mostly of [Fe/H] higher than−0.3

or g − i redder than 1.05 mag, have no red giants. For

those bins, the completeness and efficiency are assigned
to be zero. For the remaining bins, the efficiency shows a
strong dependence on [Fe/H] but only weakly on color. The
efficiency is nearly 100 per cent for metal-poor giants of
[Fe/H]≤ −1.2, decreasing slightly to 70 per cent for more
metal-rich stars. Above [Fe/H]≥ −1.2, the efficiency
decreases rapidly with [Fe/H], from 60 per cent at−1.1,
40 per cent at−1.0, to below 10 per cent at−0.5. The
completeness shows some small variations, with a typical
value of 70 per cent. The above results show that the
method proposed here is capable of selecting metal-poor
red giants with a very high level of efficiency as well as
completeness.

To further test the efficiency and completeness of
the method, we select a subsample of metal-poor stars
of [Fe/H] ≤ −1.2 and plot their HR diagram in
Figure 12. The parallaxes are from theGaia EDR3
(Gaia Collaboration et al. 2021). The black and purple
dots represent candidates of MS stars and red giant
stars, respectively. The red line in Figure12 is used
to separate red giant stars from dwarfs. It can be seen
that most candidates of red giant stars are above the red
line, and most stars above the red line are purple dots.
Quantitatively, under the new criterion, the method has
efficiency and completeness of 63 per cent and 71 per
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Fig. 10 Selection efficiency (left panel) and completeness
(right panel) of red giants as a function ofg − i color and
[Fe/H].

Fig. 11 Integrated completeness (black line) and efficiency
(red line) as a function of [Fe/H].

cent, respectively. The numbers are slightly smaller than
previous results, due to different criterion of red giant
stars adopted. Note that the efficiency and completeness of
the method depend not only on the photometric errors of
the data used but also on the spatial position (particularly
the Galactic latitude) of the sample. The method is most
suitable for high Galactic latitude regions.

The method is also tested using the same samples
of red giant stars in the four GCs M 92, M 13, M 3, and
M 5 described in the previous two Sections. Completeness
of 67, 72, 40, and 74 per cent is achieved for M 92,
M 13, M 3, and M 5, respectively, consistent with the
results above for field stars. Details of the results are
illustrated in Figure13. For M 92, M 13, and M 5, there
is a well-defined boundary in the plane ofχ2

min (SLD)
versusχ2

min (SLG). If we loose the criterion slightly, then
almost all the giants will be selected. With the current
criterion, i.e.,χ2

min (SLD) > χ2
min (SLG), those missed

are mostly outliers in the color – color diagrams. The
spatial distributions of stars selected and those missed
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Fig. 12 HR diagram for stars of [Fe/H]≤ −1.2. Theblack
andpurple dots represent candidates of MS stars and red
giant stars, respectively. Thered line is used to separate red
giant stars from dwarfs.

are different, suggesting spatially-dependent (calibration)
errors. For M 3, stars missed distribute tightly in the color
– color diagrams, but in regions quite different from those
selected, suggesting large systematic errors. The spatial
distributions of stars selected and those missed in M 3 are
also different. Note that M 3 was imaged by the SDSS with
the 3rd and 4th columns of CCDs, for neither of those
non-linearity of detectors in thez band has not been fully
corrected for (Yuan et al. 2015d). This may partly explain
the large deviations of stars relative to the stellar loci in
the direction of bluerg − i colors (fainter magnitudes)
in the (g − i) – (i − z) diagram. With better calibration
in the future, one can expect much higher completeness
than possible for the moment, especially for M 3. For
example, after correcting for the photometric zero-point
differences between the photometry ofAn et al. (2008)
and the SDSS ubercal calibration (An et al. 2013), the
completeness increases to 89, 67, and 79 per cent for M 92,
M 3, and M 5, respectively, but slightly decreases to 67 per
cent for M 13.

6 SUMMARY

In this paper, by combining spectroscopic information and
re-calibrated imaging photometry of the SDSS Stripe 82,
we have built a sample of red giant stars with accurate
colors and well-determined metallicities to study the
metallicity dependence and intrinsic widths of the SDSS
stellar loci of red giant stars. As in Paper I, we perform
two-dimensional polynomial fits of colorsu−g, g−r, r−i,
andi−z as a function of colorg−i and metallicity [Fe/H].
We find that colorsu−g, g−r, r− i, andi−z of red giant
stars can be accurately predicted by theirg − i colors and
metallicities. The fit residuals, at the level of 0.032, 0.007,
0.007, and 0.011 mag foru − g, g − r, r − i, andi − z,
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Fig. 13 From left to right, the panels display distributions of the red giant stars in different GCs in theχ2
min (SLD) versus

χ2
min (SLG), RA versus Dec,g − i versusu − g, g − i versusg − r, andg − i versusi − z planes, respectively. The

black andred dots denote candidates of MS stars and red giant stars, respectively. Their numbers are labeled in black and
red, respectively. Thered andblue lines in the 3rd, 4th, and 5th columns denote the stellar loci at theaverage photometric
metallicities and spectroscopic metallicities from the literature, respectively.

respectively, are consistent with the photometric errors,
metallicity determination uncertainties, and calibration
errors, suggesting that the intrinsic widths of loci of red
giant stars are also at maximum a few mmag. The results
are further supported by analysis of red giant stars in four
GCs, M 92, M 13, M 3, and M 5.

Systematic differences exist between the metallicity-
dependent stellar loci of red giants and MS dwarfs. The
colors of giants are less sensitive to metallicity than
MS dwarfs. The metallicity-dependent stellar loci of red
giant stars can be used to estimate their photometric
metallicities by simultaneously fitting theu − g, g − r,
r − i, andi − z colors. A precision of 0.2 – 0.25 dex is
achieved with the SDSS photometry, comparable to that
achievable by low-resolution spectroscopy at SNR of 10.
Tests with red giant stars in the four GCs M 92, M 13,
M 3, and M 5 show consistent results. The systematic
discrepancies seen between the mean photometric and
spectroscopic metallicities are probably caused by the

calibration errors in the photometric data used. It suggests
that color calibration accurate to a few mmag, achievable
with the SCR method ofYuan et al.(2015d), is preferred to
obtain robust photometric metallicities, especially for very
metal-poor red giant stars.

Based on the systematic differences between the
stellar loci of red giant stars and MS stars, we have
further proposed a new technique to discriminate red giant
stars from MS stars using the SDSS photometry only.
The method achieves completeness of∼ 70 per cent and
efficiency of ∼ 80 per cent in selecting metal-poor red
giant stars of [Fe/H]≤ −1.2 with good photometry.
Photometric metallicities of the selected candidates of
red giant stars are yielded simultaneously. With the
technique, we expect to identify a large number of metal-
poor red giant stars from in the Stripe 82 region as
well as other regions imaged by the SDSS, and future
surveys including the Vera Rubin Observatory (LSST;
LSST Science Collaboration et al. 2009) and the China
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Space Station Telescope (CSST;Zhan 2011), enabling
us to probe the structure and assemblage history of the
Galactic halo.
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