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Abstract: We present colour transformations for the conversion of Wide-Field Survey Explorer W1, W2, and
W3 magnitudes to the Johnson—Cousins BV, Sloan Digital Sky Survey gri, and Two Micron All Sky Survey
JHK photometric systems, for red clump (RC) stars. RC stars were selected from the Third Radial Velocity
Experiment Data Release. The apparent magnitudes were collected by matching the coordinates of this
sample with different photometric catalogues. The final sample (355 RC stars) was used to obtain metallicity-
dependent and free-of-metallicity transformations. These transformations combined with known absolute
magnitudes at shorter wavelengths can be used in space density determinations for the Galactic (thin and
thick) discs at distances larger than the ones evaluated with JHK photometry alone, hence providing a

powerful tool in the analysis of Galactic structure.
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1 Introduction

Red clump (RC) stars are core helium-burning stars, in an
identical evolutionary phase to that of stars on the
horizontal branch in globular clusters. However, in
intermediate- and higher-metallicity systems only the red
end of the distribution is seen, forming a clump of stars in
the colour-magnitude diagram. In recent years much
work has been devoted to studying the suitability of RC
stars as a distance indicator. Their absolute magnitude in
the optical ranges from My =+0.70mag for those of
spectral type G8 III to My, = +1.0 mag for the K2 III ones
(Keenan & Barnbaumet 1999). The absolute magnitude
of these stars in the K band is Mg, — 1.54 £ 0.04 mag with
negligible dependence in metallicity (Groenewegen
2008). The optical and infrared colour ranges for these
starsare 0.8 = (B—V)p=13and0.29 = (J— H), = 0.65,
respectively, and they have a limited surface gravity,
ie. 2.1 =logg=2.7cms > (Puzeras et al. 2010).

It should be added that RC stars are different in
structure than the ones in late transitional phases of
evolution off the main sequence or immediately before
a supernova, which have circumstellar material, i.e. red
supergiants, yellow hypergiants, luminous blue variables,
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BJ[e] supergiants and equatorial rings, interacting binaries
and Wolf—Rayet stars.

In a former paper (Bilir et al. 201 1a, hereafter Paper I)
we presented the transformation equations from Wide-
Field Survey Explorer WISE to Two-Micron All-Sky
Survery (2MASS), Sloan Digital Sky Survey (SDSS)
and Johnson—Cousins photometric systems for dwarf
stars. Here, our aim is to obtain similar transformations
between the same photometric systems but for RC stars.
The galactic model parameters can be obtained more
precisely using WISE absolute magnitudes calculated
from these transformations. In the next paragraphs, we
give a short definition for the mentioned photometric
systems and the Wide-Field Survey Explorer (WISE)
survey, which provides the data used in our study.
However, we refer the reader to Paper I for a more
complete information.

The SDSS obtains images almost simultaneously in
five broad bands (u, g, r, i, and z) centered at 3560, 4680,
6180, 7500 and 8870 A, respectively, (York et al. 2000).
The magnitudes derived from fitting a point spread
function (PSF) are currently accurate to about 1% in
g, r, i, z and 2% in u for point sources (Padmanabhan
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et al. 2008). The data have been made public in a series of
yearly data release where the eighth data release (DRS,
Aihara et al. 2011) covers 14 555 deg® of imaging area.
The limiting magnitudes are (u, g, 7, i, z) = (22,22.2,22.2,
21.3, 20.5).

The 2MASS (Skrutskie et al. 2006) provides the most
complete data base of near infrared (NIR) Galactic point
sources available to date. Observations cover 99.998%
(Skrutskie et al. 2006) of the sky with simultaneous
detections in J (1.25 pm), H (1.65 pm), and K, (2.17 pm)
bands up to the limiting magnitudes of 15.8, 15.1, and
14.3, respectively. Bright source extractions have lo
photometric uncertainty of <0.03 mag and astrometric
accuracy on the order of 100 mas.

The WISE (Wright et al. 2010), an up-to-date infrared
(IR) satellite, began surveying the sky on 2010 January 14
and completed its first full coverage of the sky on 2010
July 17 with much higher sensitivity than comparable
previous IR survey missions. WISE has four IR filters W1,
W2, W3, and W4 centered at 3.4, 4.6, 12, and 22 um, and
with the angular resolutions 6.1, 6.4, 6.5, and 12 arcsec,
respectively and has a 40-cm telescope feeding array with
a total of four million pixels. WISE has achieved 5¢ point-
source sensitivities better than 0.08, 0.11, 1 and 6 mJy at
3.4, 4.6, 12, and 22 pm, respectively. These sensitivities
correspond to the Vega magnitudes 16.5, 15.5, 11.2, and
7.9. Thus WISE will go a magnitude deeper than the
2MASS K data in W1 for sources with spectra close to
that of an AO star, and even deeper for moderately red
sources like K stars or galaxies with old stellar
populations.

The RAVE (Steinmetz et al. 2006) measures radial
velocities and stellar atmospheric parameters from
spectra using the 6dF multi-object spectrometer on the
Anglo—Australian Astronomical Observatory’s 1.2-m
UK Schmidt Telescope. The survey looks in the
Ca-triplet region (8410-8795 A), has a resolution of
~7500, and is magnitude limited. The targets chosen
are Southern Hemisphere stars taken from the Tycho-2,
SuperCOSMOS and the Deep Near Infrared Survey of the
Southern Sky (DENIS, Fouque et al. 2000) surveys with
I-band magnitudes between 9 and 13. The average
internal errors in radial velocity are ~2kms ™', and the
approximate radial velocity offset between the RAVE and
the literature is smaller than ~1kms ', The catalogue
also includes 2MASS photometry and proper motions
from Starnet 2.0, Tycho-2, SuperCOSMOS, and UCAC2
(for more information about RAVE, see Zwitter et al.
2008).

The passband profiles for the Johnson—Cousins, SDSS,
2MASS, and WISE photometric systems are shown in
Figure 1. With respect to the same figure in Paper I, we
omitted here the passband for R which is not used in our
transformations but we added the DENIS passband /4 with
which we evaluated the Cousins optical magnitudes (/).
W3 and W4 could not be used in Paper I in the transforma-
tions for dwarfs due to the faintness of dwarfs in both
bands. In this study of RC stars, the /3 magnitudes could
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be used but the 4 magnitudes were too faint. Hence, as
in the inverse transformations for dwarfs, the J — H colour
of the 2MASS photometric system is used as a second
colour combined linearly with W1 — W2. Figure 2 plots
the fields available with the WISE and RAVE surveys.

In Section 2 we present the sources of our sample and
the criteria applied to the chosen stars. The transformation
equations are given in Section 3 and finally, we give a
summary and conclusions in Section 4.
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Figure 1 Normalised passbands of the Johnson—Cousins-DENIS
filters (a), the SDSS filters (b), the 2MASS filters (c), and the WISE
filters (d).
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Figure 2 Equatorial coordinates of the stars observed in WISE
(grey regions) and RAVE (black squares) surveys.
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2 The Data

2.1 RAVE Sample with Tycho-2, DENIS,
and 2MASS Data

The main source of our data is the RAVE Data Release
(DR3) catalogue (Siebert et al. 2011). The advantage of
the RAVE catalogue is that it includes the atmospheric
parameters (7o, log g, [M/H]) with high accuracy. This
is important, as the surface gravity is used to separate
the dwarfs and the RC stars and the transformations are
derived for different metallicity bins. We initially applied
two constraints: 2 <logg (cms 2)=3 and J— H> 0.4,
and obtained a sample of 8003 stars from the RAVE DR3.
The reason of these constraints is due to the fact that most
of the RC stars lie in this log g interval and that they are
much larger in number in the J — H > 0.4 colour interval
(Bilir et al. 2011b). We then included the following
additional but necessary constraints.

1. We selected stars for which Tycho-2 (Br, V), DENIS
(1), and 2MASS (JHK,) magnitudes were available
(3103 stars).

2. We matched the reduced RAVE DR3 catalogue with
the WISE Preliminary Data Release (PDR) Catalogue'
and chose the stars which were available with W1, W2,
W3, and W4 magnitudes (954 stars).

3. Weused magnitudes, labeled with ‘AAA’ flags, which
means S/N =10, i.e. they have the highest quality
measurements, for the 2MASS and WISE magnitudes
(918 stars).

4. Welimited Bt — Vycolours with0.8 < (Bt — V)= 1.7
and excluded the stars with B — V1 error larger than
0.2. Thus the complete sample reduced to 355 stars.
The (J — H), — (B — V), two colour diagram and the
spectral distribution of the final sample in three metal-
licity categories are given in Figure 3.
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Figure 3 Two colour diagram of the sample stars. The symbols
give: (O) [M/H]>—04, (+) —1<[M/H]=-0.4, and (A) [M/
H] = —1 dex.

1http://irsa.ipac.caltech.edu/cgi—bin/Gator/nph—
scan?mission=irsa&submit=Select&projshort=WISE_
PRELIM
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2.2 Evaluating the BV1,. Magnitudes

The RAVE survey does not involve any star observed
in the Johnson—Cousins (BV1) system. Hence, we have to
use the following procedure to obtain B, V, and / magni-
tudes for our sample: We revealed that 370 stars in the
Landolt’s (2009) UBVRI Photometric Standard Stars
catalogue were observed in the DENIS survey (Fouque
etal.2000). We excluded stars with errors in /4 larger than
0.1 mag, thus the sample reduced to 355. We matched this
sample with the 2MASS catalogue and used magnitudes,
labeled with ‘AAA’ flags, for obtaining the magnitudes of
highest quality. This constraint reduced the number of
stars to 344.

Finally, we plotted the /" magnitudes of Johnson versus
the J magnitudes of 2MASS in a two magnitude diagram
and eliminated the dwarfs from the sample in Figure 4
(see Bilir et al. 2006, for a description of the elimination
method). By doing this, the final giant sample consists of
128 stars.

Figure 4b compares the optical magnitudes of DENIS
(14) and Cousins (/) supplied from Landolt (2009). After
rejecting four stars which showed large scattering, we
obtained the following equation which is used for evalua-
tion of the / (hereafter /) magnitudes of the sample:

I = 1.040(£0.007)I5 — 0.501(£0.085). (1)

The V' magnitudes and B — V' colours were evaluated by
the following equations taken from the Hipparcos and
Tycho catalogue (ESA 1997):

V = Vr+0.0036 — 0.1284(Bt — Vr)
+0.0442(By — V1)* — 0.015(Br — 77)°,  (2)

where
(Br — V1) —0.113 — 0.258z + 0.402°,
(B—V): if 0.65<(BT—VT)<1.1
(Br — V1) —0.173 — 0.220z — 0.012°,
if 1.1<(Br—Vr)
3)
and

z =

{ (Br — Vp) — 095, if 0.65<(By — Vr)<l.1
(BT — VT) — 120, if 1.1 <(BT — VT)
(4)

2.3 Reddening and Metallicity

The E(B — V) colour excess of the stars has been evalu-
ated in two steps. First, we used the maps taken from
Schlegel, Finkbeiner & Davis (1998) and evaluated a
E_(B— V) colour excess for each star. We then reduced
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Figure 4 The J versus V two-magnitude diagram for 344 stars observed by Landolt (2009) and the 2MASS survey (panel a) and the two
magnitude diagram of Johnson’s and DENIS optical magnitudes, / and /g, for the 124 giants (panel b) identified in panel (a).

them using the following procedure (Bahcall & Soneira
1980):

Aq(b) = Ao (b) [1 —exp (W)} .5

Here, b and d are the Galactic latitude and distance of the
star, respectively. H is the scaleheight for the interstellar
dust, which is adopted as 125 pc (Marshall et al. 2006) and
Aso(b) and A4(b) are the total absorptions for the model
and for the distance to the star, respectively. 4..(b) can be
evaluated by means of the following equation:

Ao (b) =3.1E(B—V). (6)

E (B — V) is the colour excess for the model taken from
the Schlegel et al. (1998). Then, E4(B — V), i.e. the colour
excess for the corresponding star at the distance d, can be
evaluated by Equation 7 adopted for distance d,

EqB-V) = A;‘Ff) . (7)

As explained in Section 2.1, our sample consists of RC
stars. Hence, we adopted the absolute magnitude My, =
—1.54 +0.04 cited by (Groenewegen 2008) and substi-
tuted it into the following equation to obtain the distances
of the sample stars:

(Ky — M), = 5logd — 5 (8)

This value has also a small dependence on metallicity and
age, hence it can be used accurately in determining the
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Figure 5 Distribution of colour excess E(B — V).

distances to the sources (see Cabrera-Lavers et al. (2007)
and references therein for a complete description about
using the red clump sources as distance estimators). As
the total absorptions for the model and distance to a star
are different, 44(b), and colour excess, Eq(B — V'), could
be evaluated by iterating Equations 6 to 8.

We have omitted the indices co and d from the colour
excess E(B — V) in the equations. However, we use the
terms model for the colour excess of Schlegel et al. (1998)
and ‘reduced’ the colour excess corresponding to distance
d. The total absorption 44 used in the section and classical
total absorption 4y have the same meaning.

We de-reddened the colours and magnitudes by using
the E4(B — V') colour excesses of the stars evaluated using
the procedures explained above and the equations of Fan
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Table 2. Mean errors and standard deviations

Filter Mean error (mag) N Photometry

B 0.1155 0.0370 Johnson—Cousins
14 0.0604 0.0161

1 0.0349 0.0531

J 0.0246 0.0044 2MASS

H 0.0382 0.0123

K 0.0244 0.0046

w1 0.0246 0.0043 WISE

w2 0.0216 0.0032

w3 0.0393 0.0098

(1999) and Fiorucci & Munari (2003) for V' — I colour and
for the 2MASS photometry:

Vo=V —3.1E4B - V),
(B=V)y=(B=V)—Es«B-V),
(V—1), = (V —1) = 1.250E4(B - V),

Jo=J —0887E4(B—V),
(J—H)y=(J —H)—0322E4(B— V),

(H— K, = (H —K,) — 0.183E4(B — V).

©)

As the intrinsic gri magnitudes were transformed from
the equations of Yaz et al. (2010), no de-reddening was
necessary. For de-reddening the magnitudes W1, W2 and
W3, we adopted the corresponding total absorptions
cited by Bilir et al. (2011a) ie. Ay/Ay = 0.051,
Awyr /Ay = 0.030, and Ay3/Ay = 0.028, evaluated by
means of a spline function fitted to the data of Cox (2000)
which cover a range of 0.002 <A =250 um. Figure 5
shows that the colour excess, E(B — V), is less than 0.1 for
most of the stars, and that their distribution peaks at
E(B —V)=0.05mag.

The complete data for the sample of 355 stars are given
in Table 1, while the errors for the magnitudes and colours
for BVI, JHK,, and W1W2W3 photometric systems are
given in Table 2 and Figure 6. As the SDSS magnitudes
were transformed from Yaz et al. (2010), we have not
shown the corresponding errors in this study. The metal-
licities are the calibrated values of RAVE DR3. Figure 7
shows that our sample consists mostly of thin and thick
disc stars, that present mean metallicities of —0.4 dex
(Rocha-Pinto et al. 2006), and —0.7 dex (Cabrera-Lavers,
Garzén & Hammersley 2005), respectively. There are
only very few stars with [M/H]<-—1 and [M/H|>
0.2 dex, and the mode is at [M/H] = —0.35 dex.

3 Results
3.1 Metallicity-Dependent Transformations

We adopted the procedure in Yazetal. (2010) and used the
following general equations to derive nine sets of trans-
formations from WISE to Johnson—Cousins, SDSS and
2MASS photometries. As explained in Yaz et al. (2010),
this approach, that includes a metallicity term instead
of deriving transformations for a set of stars with a
metallicity range but omitting the metallicity term, can be
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explained by the fact that stars change their positions in
two colour diagrams by shifting an amount proportional to
their metallicities. The general equations are as follows:

V=Wl)y=ai(B=V),+bi(V —1I),
+c[M/H] + 4,

(V=W2)y=a(B—V)y+b(V—1),
+ e[M/H] +d>,

(V=W3)y=a3(B=V),+bs(V —1),
+ e3[M/H] +ds,

(g = W)y =as(g —r)y+ balr — i),
+ ca[M/H| + da,

(g—=W2)y=as(g—r)y+bs(r—i),
+cs|M/H] +ds,

(g = W3)y=as(g —r)y+ bs(r — i)
+ c6[M/H| +ds,

(/= W1)y =ar;(J —H)y+ by (H — Ks),
+c7[M/H] + dy,

(J—=W2)y =as(J — H), + bs(H — Ks),
+ cg[M/H| + ds,

(J = W3)y =ao(J —H)y+ bo(H — Ks),
+co[M/H] + dy.

(10)

The first three sets correspond to the Johnson—Cousins
photometry, while the second three and third three sets
were derived for SDSS and 2MASS photometries. The
numerical values of the coefficients in Equations 10 are
given in Table 3.

3.2 Metal-Free Transformations

We also derived metal-free transformations from WISE to
Johnson—Cousins, SDSS and 2MASS photometries.
These can be used to transform the BV1, gri, and JHK; data
of RC stars with unknown metallicities. Thus we give the
chance to the researchers to transfer their BVI, gri, and
JHK data with lack of metallicities for RC stars to the
W1W2W3 ones. The general equations are as follows:

V=wl)y=u(B=V)y+B(V—1)y+ 71,
(V=mW2)y=0(B=V)y+ BV —1)y+ 72,
(V=W3)yg=03(B=V)y+ Bs(V —1)y + 73,

(&= W)y =ou(g —r)g+ Ba(r —i)o + 74,

(8= W2)y = as(g—r)y+ Bs(r —i)y +7s, (11)
(&= W3)y =0(g = 7)o+ Bs(r —i)o + 76

= W1)y=07(J = H)y+ B7(H — Ks)g + 77,

(= W2)y=os(J — H)y+ Bs(H — K)o + 75,

(J = W3)y=o09(J — H)y+ Bo(H — Ks)y + 79-

The numerical values of the coefficients in Equations
11 are given in Table 3. The comparison between the
correlation coefficients R and the standard deviations s for
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Equations 10 and 11 show that the metallicity dependent
transformations are the preferred ones.

3.3 Metallicity-Dependent Inverse Transformations

As was explained before, W4 magnitudes cannot be used
for the RC star sample. Hence, we adapted the procedure
used for dwarfs (Bilir et al. 2011a) to get the metallicity
dependent inverse transformations with two colours: By
combining linearly the near and mid-infrared colours,
(J— H)o and (W1 — W2),, we transformed them to the
optical colours: (B—V)y and (V—1)y, (g—7)y and
(r — i)o. The general equations are as follows:

(B—W1)y=a\(J —H)y+ b (W1 —W2),

+c[M/H| +d),
(V= W)y =ay(J — H)y+ by(W1 — W2),

+ e2[M/H| + da,
(I— W)y =as(J — H)y+ bs(W1 — W2),

+ c3[M/H] + d, (12)
(g=Wl)y=as(J —H)y+ bs(W1 = W2),

+ c4|M/H| + dg,

(r— W), = as(J — H), + bs(W1 — W2),
+ cs[M/H] + ds,
(i—=W1)y=as(J —H)y+ bs(W1 - W2),
+ c6|[M /H] + dg.

The numerical values of the coefficients in Equations 12
are given in Table 4.

3.4 Metal-Free Inverse Transformations

We adapted the procedure explained in Section 3.3 and
derived metal-free inverse transformations between
WISE and Johnson—Cousins, SDSS photometries. The
general equations are as follows, and the numerical values
of the coefficients in these equations are given in Table 4:

(B—=W1)y=o(J —H)y+ (W1 = W2)y + 1,
V' =Wl)y =/ - H), +/32(W1 W2),+ 72,
(= W)y =2 = H)y + B VL= WDy b5,
(g— W1)0:“4(J_H)o+ﬁ4(W1 W2) + 74,
(r=w1)y=as(J —H)y+ Bs(W1 = W2), +ys,
(i=Wl)y=0s(J — H)y+ Bs(W1 = W2),+ 76.

Comparison of the correlation coefficients and the stan-
dard deviations for Equations 12 and 13 show that the
inverse transformations are recommended especially
when they are used with a metallicity term as in the direct
transformations.

3.5 Residuals

We compared the observed colours with those evaluated
by means of the transformations. The residuals corre-
sponding to the Equations 10 and 11 are plotted versus
observed colours (B — V), (g —r)o, and (J — H), in the
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same figure (Figure 8) with different symbols. For the
observed optical colours, the residuals corresponding to
the equations just cited are different and they favour the
ones with the metallicity term. Whereas for the observed
near-infrared colour, i.e. (J — H)o, the two sets of residuals
overlap, diminishing the effect of the metallicity term.
The same result can be deduced from comparison of the
metallicity term ¢; (i=1,...,9) in Table 3, where c;
decreases from 0.179+0.031 for (V—W3), to
—0.003 £0.007 for (J— W2)y. The residuals corre-
sponding to the Equations 12 and 13 are plotted versus
observed (W1 — W2), in the same figure with different
symbols (Figure 9). The difference between the residuals
of two sets are much larger for the ones corresponding to
the BV magnitudes relative to the residuals for gri. The
numerical values of the metallicity term, ¢; (i=1, ..., 06),
in Table 4 confirm this suggestion. Actually, ¢; =0.452
+0.037 for (B— W1), whereas it is only cg=0.102
+0.011 for (i — W1),. Hence, we conclude that the
metallicity term provides more accurate inverse trans-
formations for BV magnitudes, but that its contribution to
gri is rather limited.

4 Summary and Conclusions

We have obtained colour transformations for the conversion
of WISE (W1W2W3) magnitudes to the Johnson—Cousins
(BVI), SDSS (gri), and 2MASS (JHK;) photometric sys-
tems, for RC stars. The sample was selected by applying two
constraints to the RAVE DR3 data (resulting a sample of
8003 giants): 1) 2 <logg<3cms > and 2) J— H>0.4.
Matching the coordinates of this sample with the Tycho-2,
DENIS, 2MASS, and WISE catalogues we produced a re-
duced sample with available magnitudes that is the one used
in the transformations. In order to obtain the most accurate
transformations, we included four additional constraints: 3)
the data were de-reddened, 4) only the stars with high
quality were selected, 5) a metallicity term was added to the
transformation equations and 6) transformation equations
are two-colour dependent; that reduced the total sample to
355 stars.

The transformation equations, and the inverse ones,
were designed in two sheets: one with a metallicity term
and the other metallicity-free. Comparison between the
correlation coefficients and the standard deviations for the
two sets promotes the use of the metallicity dependent
transformation equations. It is noticeable that even when
the procedure used for the transformations for dwarfs was
different in Bilir et al. (2008, 2011a), we separated
the dwarf sample into different metallicity sub-samples
instead of adding a metallicity term to the transformation
equations, we obtained here the same result, that is they
were metallicity dependent. This dependence of the
transformations on metallicity had been also confirmed
in Yaz et al. (2010).

As in the case of dwarfs, WISE has an advantage
relative to the 2MASS photometric system due to its
deeper magnitudes. Actually, W1 is a magnitude deeper
than K for sources with spectra close to an A0 star and
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Figure 9 Colour residuals for the metallicity dependent (O) and metal free (A) inverse transformations. The notation used is A(colour) =
(evaluated colour) — (observed colour). The horizontal dashed lines correspond to 1o residuals. (a) — (c) for BVI., and (d) — (f) for SDSS

photometric system.

even deeper for K and M spectral stars. The present
transformations can be applied to stars with known abso-
lute V, g, or J magnitudes, when absolute magnitudes for
W1 can be also provided. These two advantages can be
used to investigate the RC stars in the thin and thick discs
more accurately, and combining this study with the one
carried out for dwarfs would be even more fruitful.
A possible interesting application of the transformations
presented here would be the comparison of the (new)
Galactic model parameters and the ones estimated in situ,
but the transformations also can be used in a wide variety
of research fields.
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