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ABSTRACT
We present a method to estimate distances to stars with spectroscopically derived stellar parameters. The

technique is a Bayesian approach with likelihood estimated via comparison of measured parameters to a grid of
stellar isochrones, and returns a posterior probability density function for each star’s absolute magnitude. This
technique is tailored specifically to data from the Large Sky Area Multi-object Fiber Spectroscopic Telescope
(LAMOST) survey. Because LAMOST obtains roughly 3000 stellar spectra simultaneously within each ∼ 5◦-
diameter “plate” that is observed, we can use the stellar parameters of the observed stars to account for the
stellar luminosity function and target selection effects. This removes biasing assumptions about the underlying
populations, both due to predictions of the luminosity function from stellar evolution modeling, and from
Galactic models of stellar populations along each line of sight. Using calibration data of stars with known
distances and stellar parameters, we show that our method recovers distances for most stars within ∼ 20%, but
with some systematic overestimation of distances to halo giants. We apply our code to the LAMOST database,
and show that the current precision of LAMOST stellar parameters permits measurements of distances with
∼ 40% error bars. This precision should improve as the LAMOST data pipelines continue to be refined.
Subject headings: Galaxy: stellar content, Galaxy: structure, stars: distances, surveys (LAMOST)

1. INTRODUCTION
The Large Sky Area Multi-object Fiber Spectroscopic

Telescope (LAMOST) survey (Cui et al. 2012; Deng et al.
2012; Luo et al. 2012; Zhao et al. 2012) has thus far obtained
medium-resolution (R ∼ 2000) spectra for over 3 million
stars, on its way to a goal of acquiring some 6-8 million stellar
spectra over a planned 5-year survey. Such a vast survey pro-
vides an invaluable resource for studies of Milky Way stellar
dynamics. LAMOST data have been used to explore kine-
matical asymmetries in the nearby disk (Carlin et al. 2013),
nearby stellar moving groups (Zhao et al. 2014; Xia et al.
2015), high-velocity (Zhong et al. 2014) and hyper-velocity
stars (Zheng et al. 2014), and stellar kinematics in the so-
lar neighborhood (Tian et al. 2015). More distant halo struc-
ture is also accessible via red giant branch (RGB) stars ob-
served by LAMOST. However, RGB stars can be difficult to
identify among the much more numerous foreground dwarfs.
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Liu, C., et al. (2014a) developed a method to select K-type gi-
ants from their LAMOST spectra, and a technique to identify
M giants (which are not processed in the main LAMOST stel-
lar parameters pipeline) has been developed by Zhong et al.
(2015); see also the study of the Sagittarius tidal stream M
giants by Li et al., in preparation). All of these studies re-
quire an estimate of the distances to the stars involved in order
to place them within the structure of the Galaxy. To use the
LAMOST data to understand the dynamics of the Milky Way,
it is thus vitally important to devise a method for determining
stellar distances.

One of the main outputs of a survey such as LAMOST
is the spectroscopically derived line of sight (radial) veloc-
ity (RV) for each star. In order to exploit this velocity in-
formation as a probe of Galactic dynamics, one must know
the three-dimensional position of each star within the Galaxy.
The position on the sky is, of course, well known, but estimat-
ing the third dimension of each star’s position (its distance) is
non-trivial. Furthermore, even if reliable proper motions are
known for each star, combining these with the RVs to derive a
three-dimensional space motion for each star requires know-
ing its distance. A survey such as LAMOST inevitably con-
tains numerous nearby (mostly disk) dwarfs, with a smaller
fraction of intrinsically bright RGB stars (e.g., K giants; see
Liu, C., et al. 2014a) that can be used to study more distant
structures in the halo of the Milky Way. Thus, in order to
fully exploit LAMOST data for studies of Galactic structure,
we require not only reliable estimates of stellar parameters,
but a robust estimate of the distance to each star, based on
available photometry and information gleaned from its spec-
trum.

For each star whose spectrum has sufficient signal-to-
noise (S/N), the LAMOST pipeline (see, e.g., Wu et al. 2011;
Luo et al. 2012; Wu et al. 2014) derives effective temperature
(Teff), surface gravity (logg), and metallicity ([Fe/H]). When
these stellar parameters are known for a single star, it is typical
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2 C ar li n et al.

t o c o m p ar e t h e m e as ur e d p ar a m et er s t o t h e or eti c al is o c hr o n es,
a n d u s e t h e b est t h e or eti c al m at c h t o esti m at e t h e a b s ol ut e
m a g nit u d e of t h e st ar i n q u esti o n. T his is f airl y str ai g htf or-
w ar d f or a si n gl e st ar, b ut t o r o b u stl y d et er mi n e dist a n c es b y
t his t e c h ni q u e f or l ar g e n u m b er s of st ar s i n a n a ut o m at e d w a y
pr es e nts a c h all e n g e.

R e c e ntl y, a v ari et y of t e c h ni q u es h a v e b e e n pr es e nt e d
f or d eri vi n g dist a n c es t o l ar g e n u m b er s of st ar s wit h st el-
l ar p ar a m et er s r es ulti n g fr o m s p e ctr o s c o pi c s ur v e y s s u c h as
R A di al Vel o cit y E x p eri m e nt ( R A V E; St ei n m et z et al. 2 0 0 6;
K or d o p atis et al. 2 0 1 3), S D S S/ S E G U E ( Ya n n y et al. 2 0 0 9),
a n d S D S S/ A P O G E E. T h es e i n cl u d e a χ 2 mi ni mi z ati o n r o u-
ti n e t h at c o m p ar es R A V E st ell ar p ar a m et er s t o a gri d of
is o c hr o n es ( Br e d d els et al. 2 0 1 0), a n d a m o dific ati o n of t his
t e c h ni q u e ( Z witt er et al. 2 0 1 0) t o a c c o u nt f or t h e st ell ar l u-
mi n o sit y f u n cti o n of t h e is o c hr o n es. B a y esi a n m et h o d s t h at
i n cl u d e m o d els of G al a cti c st ell ar p o p ul ati o n s as pri or s ( e. g.,
B ur n ett et al. 2 0 1 1; Bi n n e y et al. 2 0 1 4) h a v e als o b e e n a p pli e d
t o R A V E d at a. Dist a n c es pr es e nt e d b y t h e S E G U E St ell ar P a-
r a m et er s Pi p eli n e ( S S P P; L e e et al. 2 0 0 8) ar e b as e d o n e m-
piri c al fits fr o m B e er s et al. ( 2 0 0 0) t o gl o b ul ar cl u st er fi d u-
ci al s e q u e n c es, a n d r e q uir e s e p ar at e c ali br ati o n s f or st ar s i n
diff er e nt e v ol uti o n ar y st a g es. A n alt er n at e m et h o d t h at h as
b e e n a p pli e d t o S E G U E h al o K- gi a nts u s es a B a y esi a n a p-
pr o a c h t o a c c o u nt f or t h e l u mi n o sit y f u n cti o n a n d m et alli cit y
distri b uti o n ( X u e et al. 2 0 1 4). Dist a n c es f or st ar s o b s er v e d
b y A P O G E E h a v e t h u s f ar b e e n li mit e d t o w ell- c h ar a ct eri z e d
st ar s s u c h as r e d- cl u m p st ar s ( B o v y et al. 2 0 1 4) a n d r e d gi a nts
i n t h e K e pl er fiel d t h at h a v e ast er o s eis mi c s urf a c e gr a viti es
( R o dri g u es et al. 2 0 1 4).

O ur m et h o d of d eri vi n g dist a n c es fr o m L A M O S T s p e ctr o-
s c o pi c p ar a m et er s w as c h o s e n t o a v oi d i ntr o d u ci n g ass u m p-
ti o n s a b o ut st ell ar p o p ul ati o n s a n d t h eir distri b uti o n i n t h e
G al a x y. We si m pl y w a nt t h e b est e m piri c al esti m at e of t h e
dist a n c e, s o t h at w e c a n u s e t his t o e x pl or e t h e distri b uti o n of
st ell ar p o p ul ati o n s i n t h e Mil k y Wa y. T h e distri b uti o n of o b-
s er v e d st ell ar p ar a m et er s will b e bi as e d b y t h e m et h o d u s e d t o
s el e ct t ar g ets ( e. g., t h e c ol or a n d m a g nit u d e s el e cti o n crit eri a),
t h e i ntri n si c pr o p erti es (i n cl u di n g t h e st ell ar p ar a m et er s a n d
l u mi n o sit y f u n cti o n) of t h e G al a cti c s u b- p o p ul ati o n s s a m pl e d
i n e a c h o b s er v e d r e gi o n, a n d p er h a p s e v e n t h e o b s er vi n g c o n-
diti o n s u n d er w hi c h e a c h s p e ctr u m w as o bt ai n e d. O n e b e n efit
of L A M O S T is t h at e a c h st ar is o b s er v e d as p art of a “ pl at e ”
o n w hi c h ∼ 3 0 0 0 st ar s ar e si m ult a n e o u sl y t ar g et e d. E a c h pl at e
c o v er s a n arr o w m a g nit u d e r a n g e a n d h as a si m pl e t ar g et s e-
l e cti o n f u n cti o n ( s e e, e. g., C arli n et al. 2 0 1 2; Li u, X- W., et al.
2 0 1 4), m a ki n g it p o ssi bl e f or u s t o u s e t h e o b s er v ati o n s t h e m-
s el v es t o a c c o u nt f or b ot h t h e s el e cti o n f u n cti o n a n d t h e st ell ar
l u mi n o sit y f u n cti o n i n o ur dist a n c e esti m at es. I n pr a cti c e, t h e
s el e cti o n f u n cti o n h as n ot r e m ai n e d t h e s a m e t hr o u g h o ut t h e
L A M O S T s ur v e y, m a ki n g it i m p o ssi bl e t o b a c k o ut t h e pr o b-
a bilit y of o b s er vi n g a st ar wit h gi v e n pr o p erti es e x pli citl y. We
a c c o u nt f or t h e eff e cts of t ar g et s el e cti o n b y u si n g t h e e m-
piri c all y m e as ur e d distri b uti o n of st ell ar p ar a m et er s o n e a c h
pl at e as a pri or f or t h e li k eli h o o d of fi n di n g a st ar of a gi v e n
s urf a c e gr a vit y at a gi v e n c ol or a n d m a g nit u d e. I n t his w a y,
w e ar e e x pli citl y i n cl u di n g t h e o b s er v e d l o g g f or all st ar s o n
a pl at e t o d eri v e a n esti m at e of o ur e x p e ct ati o n s al o n g e a c h
li n e of si g ht, t h u s r e m o vi n g s el e cti o n bi as es a n d t h e eff e cts of
diff er e ntl y s a m pl e d Mil k y Wa y p o p ul ati o n s al o n g e a c h li n e of
si g ht.

T his p a p er is o utli n e d as f oll o ws. S e cti o n 2 dis c u ss es t h e
t e c h ni q u es w e h a v e d e v el o p e d f or d eri vi n g dist a n c es t o st ar s

wit h L A M O S T st ell ar p ar a m et er s. I n S e cti o n 3 w e v erif y t h e
eff e cti v e n ess of o ur t e c h ni q u e u si n g s e v er al c at al o g s fr o m t h e
lit er at ur e, as w ell as si m ul at e d d at a s ets. We f oll o w wit h a
bri ef ill u str ati o n of t h e r es ults fr o m a p pl yi n g o ur al g orit h m s
t o t h e e ntir e L A M O S T d at a s et of ∼ 1 .8 milli o n st ell ar s p e ctr a
i n S e cti o n 4. Fi n all y, w e c o n cl u d e wit h s o m e r e m ar k s a b o ut
t h e utilit y of t his m et h o d f or G al a cti c str u ct ur e s ci e n c e wit h
L A M O S T.

2. DI S T A N C E D E T E R MI N A TI O N M E T H O D S

We d eri v e dist a n c es t o st ar s b y c o m p ari n g m e as ur e d st ell ar
p ar a m et er s t o a gri d of s y nt h eti c is o c hr o n es. I niti all y, a si m pl e
χ 2 m et h o d is t est e d. T h o u g h t h e r es ults fr o m t his al g orit h m
s e e m r e as o n a bl e, it is diffic ult t o d eri v e r e as o n a bl e u n c ert ai n-
ti es. We t h u s t ur n t o a B a y esi a n t e c h ni q u e, w hi c h als o h as t h e
a d v a nt a g e of all o wi n g t h e pri or s t o b e e asil y a dj u st e d i n t h e
f ut ur e as d esir e d.

2. 1. A d o pt e d I s o c h r o n es

We b e g a n b y cr e ati n g a gri d of is o c hr o n es fr o m t h e D art-
m o ut h St ell ar E v ol uti o n D at a b as e ( D ott er et al. 2 0 0 8). T his
p arti c ul ar s et of is o c hr o n es w as c h o s e n i n p art b e c a u s e it
m or e a c c ur at el y r e pr o d u c es t h e l o w er m ai n s e q u e n c e i n
S D S S c ol or s t h a n ot h er s y st e m s ( F ei d e n & C h a b o y er 2 0 1 2;
F ei d e n et al. 2 0 1 4), a n d i n p art si m pl y f or t h e c o n v e ni e n c e
wit h w hi c h o n e c a n g e n er at e a c u st o m gri d of is o c hr o n es i n
t h e D art m o ut h s y st e m.1 1 We t est e d o ur pr o gr a m s wit h P a d o v a
is o c hr o n es ( Gir ar di et al. 2 0 0 2), a n d f o u n d t h at t h e diff er-
e n c es i n d eri v e d dist a n c es ar e l ess t h a n a f e w p er c e nt, wit h
m o st of t h e dis cr e p a n ci es at t h e c o ol er e n d of t h e m ai n s e-
q u e n c e. O ur a d o pt e d gri d c o nt ai n s is o c hr o n es r a n gi n g fr o m
2 .5 < [ F e/ H] < + 0 .5 i n 0. 1 d e x i n cr e m e nts, a n d 1- 1 5 G yr i n

li n e arl y s p a c e d 1 G yr i n cr e m e nts. All is o c hr o n es w er e g e n er-
at e d wit h [ α / F e] = 0. 0. I s o c hr o n e gri d s w er e g e n er at e d f or t h e
S D S S u g riz a n d t h e U B V RI J H K s K p p h ot o m etri c b a n d s, i n or-
d er t o all o w f or t h e u s e of a v ari et y of i n p ut m a g nit u d es t o d e-
ri v e dist a n c es. We r e m o v e d l o w- m ass st ar s (M < 0 .4 M ⊙ ) a n d
all e v ol uti o n ar y st a g es ot h er t h a n m ai n s e q u e n c e, s u b gi a nt,
a n d R G B. Ot h er e v ol uti o n ar y st a g es ( e. g., h ori z o nt al br a n c h)
ar e n ot w ell cl assifie d at pr es e nt b y L A M O S T s p e ctr a, a n d
ar e als o n ot w ell r e pr es e nt e d i n t h e is o c hr o n es, s o w e c h o s e t o
e x cis e t h e m a n d k e e p o nl y “ n or m al,” w ell- b e h a v e d st ar s.

B ef or e u si n g t h e gri d of is o c hr o n es f or d eri v ati o n of dis-
t a n c es, it w as i nt er p ol at e d o nt o a r e g ul arl y s p a c e d distri b u-
ti o n i n a b s ol ut e m a g nit u d e. B e c a u s e w e n e e d a n a b s ol ut e
m a g nit u d e t h at c orr es p o n d s t o e a c h m et alli cit y, a g e, s urf a c e
gr a vit y, a n d t e m p er at ur e i n t h e gri d, w e b e gi n b y cr e ati n g
a d u m m y arr a y of a b s ol ut e m a g nit u d es s p a n ni n g t h e r el e-
v a nt r a n g e ( 8 > M K S > 8 f or 2 M A S S c ol or s/ m a g nit u d es,
a n d 1 2 > M r > 4 f or S D S S), i n i n cr e m e nts of 0. 0 2 m a g ni-
t u d es. F or e a c h c o m bi n ati o n of t h e 1 5 a g e st e p s a n d 3 1 st e p s
i n [ F e/ H] m a ki n g u p o ur gri d, w e t h e n u s e a c u bi c s pli n e i n-
t er p ol ati o n t o m a p t h e eff e cti v e t e m p er at ur e (T eff ) a n d s urf a c e
gr a vit y (l o g g ) b e h a vi or as a f u n cti o n of a b s ol ut e m a g nit u d e.
I n t his w a y, w e cr e at e a gri d wit h i d e nti c al v al u es of a b s ol ut e
m a g nit u d e f or e a c h a g e/ m et alli cit y c o m bi n ati o n, w hi c h t h e n
si m pl y r efle cts t h e T eff a n d l o g g of a t h e or eti c al st ar at t h at
a g e/ m et alli cit y t h at w o ul d h a v e e a c h v al u e of a b s ol ut e m a g ni-
t u d e i n t h e arr a y. I n ot h er w or d s, at e a c h a b s ol ut e m a g nit u d e,

1 1 U nli k e m ost a v ail a bl e is o c hr o n e s yst e m s, t h e D art m o ut h is o c hr o n es i n-
cl u d e at o mi c diff usi o n (s e e D ott er et al. 2 0 0 8 a n d r ef er e n c es t h er ei n), a n d ar e
t h us m or e r eli a bl e f or a g e esti m at es. W hil e m e as uri n g st ell ar a g es is n ot a
c urr e nt c o n c er n of o urs, w e m a y wis h t o us e t h e gri d f or t his p ur p os e i n t h e
f ut ur e.
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w e c r e at e arr a y s wit h all c o m bi n ati o n s of a g e, [ F e/ H], t e m p er-
at ur e, a n d s urf a c e gr a vit y t h at ar e pr e di ct e d b y t h e is o c hr o n e
gri d.

2. 2. C hi- s q u a r e d Te c h ni q u e

T h e g o al is t o t a k e t h e m e as ur e d st ell ar p ar a m et er s T eff ,
l o gg , a n d [ F e/ H], al o n g wit h k n o w n p h ot o m etri c m a g nit u d es
a n d c ol or s, a n d d eri v e a dist a n c e t o e a c h st ar. We e m pl o y
n e ar-i nfr ar e d 2 M A S S ( S kr uts ki e et al. 2 0 0 6) m a g nit u d es a n d
c ol or s fr o m h er e o n w ar d, b ut t h es e c a n b e r e pl a c e d wit h
m a g nit u d es fr o m a n y ot h er s y st e m ( e. g., S D S S) f or w hi c h
t h e D art m o ut h is o c hr o n es h a v e b e e n c al c ul at e d. We c h o s e
2 M A S S b e c a u s e ∼ 9 7 % of t h e o bj e cts i n t h e L A M O S T c at a-
l o g h a v e m at c h es i n 2 M A S S, t h u s pr o vi di n g a u nif or m i n p ut
c at al o g ( n ot e t h at t h e m aj orit y of t h e o bj e cts t h at d o n ot h a v e
2 M A S S c o u nt er p arts ar e at t h e f ai nt est m a g nit u d es r e a c h e d b y
L A M O S T). T h e u s e of 2 M A S S als o si m plifies c o m p aris o n s
t o ot h er c at al o g s t h at m a y n ot o v erl a p t h e S D S S f o ot pri nt or
m a g nit u d e r a n g e.

Ass u mi n g w e h a v e m e as ur e d i n p ut p ar a m et er s ( “ o b s er v-
a bl es ”) T eff , l o gg , [ F e/ H], a n d (J K S ) ( or a n y ot h er i n p ut
c ol or), a n d ass o ci at e d err or s σ T eff , σl o g( g), σ[ F e/ H] , a n d σ (J K S ),

w e c a n d efi n e a χ 2 st atisti c:

χ 2 =

n

i= 1

(O i O i,m o d )2

σ 2
O i

, ( 1)

w h er e t h e O i ar e t h e o b s er v a bl es ( n = 4 i n t his e x a m pl e) wit h
a ss o ci at e d err or s σ O i , a n d O i,m o d ar e t h e is o c hr o n e m o d el p a-
r a m et er s c orr es p o n di n g t o e a c h o b s er v a bl e. T o d et er mi n e t h e
b est v al u e f or o ur d at a, w e fi n d t h e m o d el p oi nt at w hi c h χ 2

is a mi ni m u m. T h e dist a n c e m o d ul u s t h e n si m pl y c o n sists of
t h e diff er e n c e b et w e e n t h e m o d el st ar’s a b s ol ut e m a g nit u d e at
t his b est-fit p oi nt a n d t h e i n p ut ( m e as ur e d) m a g nit u d e.

T o a c c o u nt f or err or s o n t h e o b s er v a bl es, w hil e als o d eri v-
i n g a n u n c ert ai nt y o n o ur d eri v e d dist a n c e, w e r es a m pl e N
ti m es ( w e a d o pt e d N = 1 0 0 p er st ar aft er c o nfir mi n g t h at t his
r el ati v el y s m all n u m b er of s a m pl es pr o d u c es n e arl y i d e nti-
c al r es ults as N = 1 0 0 0 p er st ar, w hil e k e e pi n g c o m p ut ati o n
ti m es r e as o n a bl e) fr o m wit hi n G a u ssi a n- distri b ut e d err or s o n
e a c h of t h e p ar a m et er s, t h e n mi ni mi z e χ 2 f or e a c h s a m pl e.
T h e m e a n a n d st a n d ar d d e vi ati o n of t h e pr o b a bilit y distri b u-
ti o n f u n cti o n ( P D F) f or t h e a b s ol ut e K S m a g nit u d e ( M K ) fr o m
t his M o nt e C arl o pr o c ess ar e m e as ur e d f or e a c h st ar. We t h e n
c o m bi n e t h es e wit h t h e o b s er v e d K S m a g nit u d e t o d eri v e t h e
dist a n c e a n d its err or. At t his p oi nt, t h e u n c ert ai nti es o n m a n y
of t h e dist a n c es w er e f o u n d t o b e u nr e alisti c all y hi g h ( oft e n
gr e at er t h a n 1 0 0 % f or st ar s fr o m L A M O S T); t his is li k el y b e-
c a u s e t h e err or s o n t h e st ell ar p ar a m et er s q u ot e d i n t h e L A M-
O S T c at al o g ar e o v er esti m at e d ( as f o u n d b y L e e et al. 2 0 1 5
vi a c o m p aris o n t o S D S S s p e ctr a of st ar s i n c o m m o n b et w e e n
t h e s ur v e y s). Alt h o u g h t h e gri d s p a ci n g of 0. 1 d e x i n [ F e/ H]
is h alf t h e s m all est m et alli cit y u n c ert ai nt y w e h a v e c o n si d er e d
(σ [ F e/ H] = 0 .2), it m a y als o b e t h at fi n er gri d s p a ci n g (i n b ot h
a g e a n d m et alli cit y) w o ul d r e d u c e t h e s c att er i n M o nt e C arl o-
r es a m pl e d dist a n c e esti m at es. F urt h er m or e, t h o u g h w e t est e d
r es a m pli n g N = 1 0 0 a n d 1 0 0 0 ti m es a n d f o u n d littl e eff e ct o n
t h e d eri v e d dist a n c es a n d t h eir err or s, it is als o p o ssi bl e t h at
e v e n l ar g er s a m pl es ar e r e q uir e d t o f ull y r e pr o d u c e t h e c or-
r e ct P D F of M K f or e a c h st ar; t his w as n ot e x pl or e d f urt h er
b e c a u s e of t h e c o m p ut ati o n all y pr o hi biti v e c o st of r es a m pli n g
1 0, 0 0 0 or m or e ti m es p er st ar.

2. 3. B a y esi a n Te c h ni q u e

I n or d er t o o bt ai n a p o st eri or P D F f or t h e dist a n c e r at h er
t h a n a si m pl e dist a n c e esti m at e wit h ass o ci at e d err or b ar, w e
a d o pt a B a y esi a n m et h o d. T his m or e r e a dil y all o ws f or st atis-
ti c al st u di es of G al a cti c p o p ul ati o n s t h at r e q uir e t h e f ull P D F.
We c h o o s e t o k e e p t h e pri or s i n o ur m et h o d e xtr e m el y si m pl e,
u nli k e m et h o d s ( e. g., B ur n ett et al. 2 0 1 1; Bi n n e y et al. 2 0 1 4)
t h at c o n si d er pri or s b as e d o n m o d els of Mil k y Wa y st ell ar
p o p ul ati o n s. B e c a u s e w e i nt e n d t o u s e t h e d eri v e d dist a n c es t o
st u d y t h e ki n e m ati cs a n d d e n sit y distri b uti o n s of Mil k y Wa y
st ell ar p o p ul ati o n s a n d t h eir m et alli cit y distri b uti o n f u n cti o n s,
w e wis h t o a v oi d pri or s t h at ass u m e a n y u n c ert ai n pr o p erti es
of t h es e p o p ul ati o n s. It is si m pl e t o i n c or p or at e m or e c o m pl e x
pri or s i nt o o ur al g orit h m i n t h e f ut ur e, s h o ul d w e wis h t o d o
s o.

C o n si d er a v e ct or of o b s er v e d st ell ar p ar a m et er s O =
(T eff ,l o g g ,[ F e/ H]) ≡ (T ,G ,Z ) wit h m e as ur e m e nt err or s σ O .
Ass u m e t h at t h es e c a n b e m a p p e d vi a st ell ar m o d els
o nt o a v e ct or of i ntri n si c pr o p erti es X = ( a g e, m ass,
m et alli cit y) ≡ (A ,M 0 ,Z 0 ) t h at t o g et h er d et er mi n e t h e e v ol u-
ti o n of e a c h st ar.1 2 T h es e i ntri n si c pr o p erti es c o m bi n e d wit h
t h e st ell ar m o d els gi v e t h e a b s ol ut e m a g nit u d e distri b uti o n
M a bs (A ,M 0 ,Z 0 ). T h e m a p pi n g fr o m o b s er v a bl es O t o M a bs

r e pr es e nts a c o n v ol uti o n of t h e i ntri n si c l u mi n o sit y f u n cti o n
a n d t h e w a y s i n w hi c h t h e s el e cti o n f u n cti o n h as s a m pl e d t his
l u mi n o sit y f u n cti o n. We will d e n ot e t h e s el e cti o n f u n cti o n
as S . St ell ar m o d els r el at e A t o O ; w e d o n ot i n cl u d e a n y
e x pli cit d e p e n d e n c e of m o d el p ar a m et er s o n A b e c a u s e w e d o
n ot k n o w a n yt hi n g a b o ut t h e a g es of o b s er v e d st ar s i n a d v a n c e
(i. e., w e t a k e a u nif or m pri or p (A ) = 1). Gi v e n a s et of st ell ar
m o d els, o b s er v e d st ell ar p ar a m et er s, a n d t h e s el e cti o n f u n c-
ti o n, a P D F f or a b s ol ut e m a g nit u d e c a n b e d eri v e d. T h e f ull
P Df is:

p (M a bs ,O , σO ,S ) = p (M a bs |O , σO ,S ) p (O , σO ,S ) ( 2)

T his c a n b e r e writt e n as:

p (M a bs ,O , σO ,S ) = p (M a bs |O , σO ,S ) p (O , σO ,S )

= p (O |M a bs , σO ) p (σ O |M a bs ) p (M a bs |S ) p (S ),
( 3)

w h er e i n t h e fir st t er m o n t h e ri g ht- h a n d si d e, w e h a v e r e-
m o v e d t h e d e p e n d e n c e o n S , b e c a u s e o n c e t h e st ar h as b e e n
o b s er v e d, t h e li k eli h o o d p (O |M a bs , σO ) n o l o n g er d e p e n d s o n
t h e s el e cti o n f u n cti o n. R e arr a n gi n g, w e o bt ai n:

p (M a bs |O , σO ,S ) =
p (O |M a bs , σO ) p (σ O |M a bs ) p (M a bs |S ) p (S )

p (O , σO ,S )
( 4)

We ass u m e t h at t h e m e as ur e d err or s σ O ar e i n d e p e n d e nt of
M a bs . T his m a y n ot stri ctl y b e tr u e – t h e err or s m a y i n dir e ctl y
d e p e n d o n i ntri n si c pr o p erti es of t h e st ar ( e. g., l o w- m et alli cit y
st ar s m a y h a v e l ar g er σ Z , or gi a nts n e ar t h e R G B ti p m a y
h a v e hi g h er σ G ), w hi c h i n t ur n aff e ct t h e M a bs . H o w e v er,
t his s h o ul d b e a mi ni m al eff e ct f or o ur p ur p o s es, s o w e t a k e
p (σ O |M a bs ) t o b e i n d e p e n d e nt of M a bs (i. e., t his t er m b e c o m es

1 2 T h e D art m o ut h is o c hr o n es ar e gi v e n e x pli citl y i n [ F e/ H] r at h er t h a n Z .
H o w e v er, t h e v al u es of Z a n d Y (t h e h eli u m fr a cti o n; c al c ul at e d as Y = 0 .2 4 5 +
1 .5 4 Z ) ar e gi v e n i n t h e h e a d er of e a c h is o c hr o n e, wit h d et ails a b o ut t h e i niti al
c o m p ositi o ns of t h e m o d els gi v e n i n D ott er et al. ( 2 0 0 8). T h us, if d esir e d, o n e
c a n us e t h e st a n d ar d d efi niti o n of [ F e/ H] = l o g ( Z / X )/ (Z / X )⊙ , wit h st a n d ar d
s ol ar v al u es fr o m Gr e v ess e & S a u v al ( 1 9 9 8) of ( Z / X )⊙ = 0 .0 2 6 7 (i niti al) a n d
(Z / X )⊙ = 0 .0 2 2 9 at t h e c urr e nt s ol ar a g e, t o fi n d Z .
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F I G. 1. — E x a m pl es of t h e p ost eri or P D F v al u es fr o m t h e B a y esi a n dist a n c e
c o d e. E a c h p a n el s h o ws t h e li k eli h o o d distri b uti o n d eri v e d fr o m t h e st ell ar
p ar a m et ers f or a r a n d o ml y c h os e n st ar fr o m t h e B es a n ç o n ( R o bi n et al. 2 0 0 3)
m o d el c at al o g. R e d s q u ar es r e pr es e nt t h e 1 5 %, 5 0 %, a n d 8 5 % v al u es i n t h e
c u m ul ati v e P D F, w hi c h w e t a k e as t h e b est esti m at e ( 5 0 %) a n d err or b ars
f or t h e a bs ol ut e m a g nit u d e. D as h e d bl u e li n es i n e a c h p a n el s h o w t h e “tr u e ”
a bs ol ut e m a g nit u d e gi v e n b y t h e B es a n ç o n m o d el.

p (σ O )). We als o n e gl e ct t h e d e n o mi n at or, p (O , σO ,S ), w hi c h
c o ntri b ut es o nl y a n or m ali z ati o n f a ct or. T h e t er m p (M a bs |S ) is
t h e a b s ol ut e m a g nit u d e distri b uti o n gi v e n t h e s el e cti o n f u n c-
ti o n. If t h er e is n o s el e cti o n f u n cti o n, t his t er m w o ul d b e t h e
l u mi n o sit y f u n cti o n. T his l e a v es u s wit h a fi n al e x pr essi o n f or
t h e p o st eri or P D F of M a bs :

p (M a bs |O , σO ,S ) ∝ p (O |M a bs , σO ) p (M a bs |S ) p (σ O ) p (S ) ( 5)

We t a k e t h e li k eli h o o d p (O |M a bs , σO ) t o b e G a u ssi a n i n e a c h
of T ,G , a n d Z , i. e.,

p (O |M a bs , σO ) ∝

3

i= 1

e x p [ (O i O m o d )2 / 2 σ 2
O ,i], ( 6)

w h er e i = 1 3 t o i n di c at e t h e i n cl u si o n of T ,G , a n d Z i n t h e
pr o d u ct, a n d O m o d i n di c at es t h e c orr es p o n di n g p ar a m et er s f or
t h e m o d el is o c hr o n e gri d ( a n d t h u s i m pli citl y M a bs ). I n pr a c-
ti c e, t his is a c c o m plis h e d b y c al c ul ati n g t his G a u ssi a n r esi d u al
f or t h e i n p ut st ar r el ati v e t o e v er y p oi nt i n t h e m o d el is o c hr o n e
gri d. B e c a u s e e v er y p oi nt o n t h e gri d wit h its p ar a m et er s O m o d

h as a n ass o ci at e d M a bs , t h e li k eli h o o d gi v e n b y t his pr o d u ct of
G a u ssi a n s c a n b e m a p p e d t o a li k eli h o o d distri b uti o n i n M a bs .

T h e t er m p (M a bs |S ) i n E q u ati o n 5 e n c o d es t h e r el ati v e n u m-

b er s of st ar s as a f u n cti o n of M a bs , gi v e n t h e s el e cti o n f u n c-
ti o n S n e ar e a c h st ar’s li n e of si g ht; i. e., h o w li k el y a st ar of
a c ert ai n M a bs is t o h a v e m a d e it i nt o t h e s a m pl e gi v e n t h e
c at al o g of o b s er v e d st ar s. T his t er m is n e c ess ar y b e c a u s e t h e
e ntir e l u mi n o sit y f u n cti o n is n ot s a m pl e d b y a gi v e n r e gi o n
of c ol or- m a g nit u d e s p a c e. T o a c c o u nt f or t his s el e cti o n ef-
f e ct ( w hi c h d e p e n d s o n c ol or a n d m a g nit u d e, b ut m or e i m-
p ort a ntl y o n p o siti o n i n t h e s k y), w e d eri v e a n e m piri c al c or-
r e cti o n b as e d o n t h e st ar s a ct u all y o b s er v e d i n a gi v e n L A M-
O S T pl at e. T o d o s o, w e s el e ct st ar s fr o m t h e s a m e L A M O S T
pl at e t h at ar e wit hi n 0. 2 5 m a g nit u d es i n c ol or a n d m a g nit u d e
( e. g., K S ,0 a n d ( J K S )0 , or w h at e v er c ol or- m a g nit u d e s y st e m
is b ei n g u s e d t o d eri v e dist a n c es) of t h e st ar of i nt er est. F or
e a c h n e ar b y st ar, w e g e n er at e a G a u ssi a n c e nt er e d at its m e a-
s ur e d l o g g wit h wi dt h e q u al t o its ass o ci at e d err or, σ l o g g , a n d
t h e n n or m ali z e its s u m t o u nit y t o cr e at e a P D F. We cr e at e a
g e n er ali z e d hist o gr a m b y s u m mi n g t h es e P D Fs f or all of t h e
c ol or- m a g nit u d e s el e ct e d st ar s i n t h e pl at e, t h e n n or m ali z e t h e
r es ulti n g l o g g distri b uti o n t o yi el d t h e pr o b a bilit y of fi n di n g a
st ar at a gi v e n l o g g v al u e i n t h e vi ci nit y (i n b ot h p o siti o n a n d
c ol or- m a g nit u d e) of t h e st ar of i nt er est. T his l o g g distri b uti o n
is t h e n m a p p e d o nt o e a c h i n p ut is o c hr o n e vi a i nt er p ol ati o n of
t h e l o gg M a bs r el ati o n of t h e is o c hr o n e its elf. T h e r es ulti n g
hist o gr a m i n a b s ol ut e m a g nit u d e is n or m ali z e d t o pr o vi d e t h e
pr o b a bilit y of fi n di n g st ar s of a gi v e n M a bs b as e d o n t h e m e a-
s ur e d l o g g distri b uti o n. We i n c or p or at e t his pr o b a bilit y distri-
b uti o n as p (M a bs |S ) i n E q u ati o n 5 t o pr o p erl y a c c o u nt f or t h e
u n d erl yi n g l u mi n o sit y f u n cti o n al o n g e a c h li n e of si g ht, a n d
t h e s el e cti o n eff e cts of t h e s ur v e y ( w hi c h c orr e cts f or b ot h t h e
fr a cti o n of st ar s t h at w er e s el e ct e d as a f u n cti o n of c ol or a n d
m a g nit u d e as w ell as t h e v ol u m e of t h e G al a x y s a m pl e d b y
t h e s el e ct e d st ar s).

I n t h e a b s e n c e of a s el e cti o n f u n cti o n, p (M a bs |S ) c o ul d
b e r e pr es e nt e d b y t h e t h e or eti c al l u mi n o sit y f u n cti o n of t h e
is o c hr o n es. F or g e n er al u s a g e, w e i n cl u d e t his f e at ur e i n t h e
c o d e f or i n st a n c es w h er e t h e p ar a m et er s of n e ar b y st ar s ar e
n ot k n o w n. I n t h e D art m o ut h is o c hr o n es, t h e d e n sit y of p oi nts
al o n g e a c h is o c hr o n e as gi v e n e n c o d es e q u al st e p s i n “ e q ui v a-
l e nt e v ol uti o n ar y p h as e ” ( B ert elli et al. 1 9 9 0). Ass u mi n g t h at
t his r o u g hl y mi mi cs t h e l u mi n o sit y f u n cti o n, w e c al c ul at e t h e
n or m ali z e d d e n sit y of p oi nts as a f u n cti o n of a b s ol ut e m a g ni-
t u d e f or e a c h is o c hr o n e i n hist o gr a m bi n s of 0. 2 m a g nit u d es,
a n d u s e t his as t h e st arti n g esti m at e f or p (M a bs |S ) w h e n t h er e
ar e n ot s uffici e nt n e ar b y, si m ult a n e o u sl y o b s er v e d st ar s t o u s e
f or t h e s el e cti o n f u n cti o n c orr e cti o n. I n t ests of t h e eff e ct of
t h e s el e cti o n f u n cti o n c orr e cti o n u si n g 2 0, 0 0 0 st ar s, w e f o u n d
t h at t h e fr a cti o n al c h a n g e i n dist a n c e b et w e e n m e as ur e m e nts
wit h/ wit h o ut t his c orr e cti o n w as l ess t h a n 1 0 % f or 9 3 % of t h e
st ar s, a n d l ess t h a n 2 0 % f or 9 7 % of t h e st ar s. H o w e v er, a
s m all n u m b er of st ar s ( 1. 4 %; m o stl y r e d gi a nts) h a d t h eir dis-
t a n c es c h a n g e b y m or e t h a n 3 0 % b et w e e n t h es e t w o m et h o d s.
As e x p e ct e d, t h e n, t h e c orr e cti o n is i m p ort a nt f or t h e m u c h
r ar er R G B st ar s t h a n f or t h e u bi q uit o u s n e ar b y d w arf s i n t h e
L A M O S T d at a b as e.

T h e al g orit h m t o e v al u at e e a c h of t h e t hr e e t er m s o n t h e
ri g ht si d e of E q u ati o n 5 pr o d u c es a n arr a y of p oi nts c orr e-
s p o n di n g t o all of t h e t h e or eti c al st ar s i n t h e is o c hr o n e gri d.
E a c h of t h es e p oi nts h as a n ass o ci at e d M a bs a n d a li k eli h o o d
v al u e. T h u s E q u ati o n 5 als o pr o d u c es a n arr a y of p o st eri or
P D Fs f or a l ar g e gri d of a b s ol ut e m a g nit u d es. We s u m t h e
P D F f or e a c h M a bs v al u e t o pr o d u c e a m ar gi n ali z e d P D F i n
M a bs f or t h e i n p ut st ar. T his is n or m ali z e d t o pr o d u c e t h e fi-
n al P D F p (M a bs |O , σO ,S ); s o m e e x a m pl es ar e s h o w n i n Fi g-
ur e 1. We t a k e t h e m e di a n (i. e., 5 0t h p er c e ntil e) of t his P D F
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F I G. 2. — C o m p aris o n of dist a n c es d eri v e d b y o ur t w o al g orit h m s f or B es a n ç o n m o d el g al a x y st ars i n a si m ul at e d fiel d at (l, b ) = ( 1 8 0 ◦ , 6 0 ◦ ). T h e l eft p a n el
s h o ws t h e r esi d u als fr o m c o m p aris o n of t h e B es a n ç o n m o d el dist a n c es, d B es a n c o n , t o dist a n c es d eri v e d fr o m t h e m o d el st ell ar p ar a m et ers usi n g o ur c o d e, d L A M O S T .
T h e s oli d bl a c k li n e is t h e o ut p ut fr o m t h e χ 2 al g orit h m, a n d t h e d as h e d gr a y hist o gr a m is fr o m t h e B a y esi a n c o d e. T h e r es ults fr o m t h e B a y esi a n m et h o d h a v e
sli g htl y l ar g er s c att er t h a n t h os e fr o m t h e χ 2 al g orit h m, b ut littl e s yst e m ati c offs et is s e e n i n eit h er m et h o d. T h e ri g ht p a n el dir e ctl y c o m p ar es t h e i n p ut ( B es a n ç o n)
dist a n c es t o t h os e r e c o v er e d b y t h e c o d e ( d L A M O S T ). O p e n s y m b ols ar e χ 2 dist a n c es, a n d fill e d s y m b ols ar e r es ults fr o m t h e B a y esi a n c o d e. T h e a gr e e m e nt is
g o o d o ut t o d ∼ 1 5 k p c. B e y o n d t his dist a n c e, o ur al g orit h m s s yst e m ati c all y o v er esti m at e t h e dist a n c es b y ∼ 2 0 % f or t h e m aj orit y of st ars. We b eli e v e t his
dis cr e p a n c y is d u e t o o ur us e of is o c hr o n es wit h s ol ar [ α / F e]; b e c a us e m et al- p o or h al o gi a nts ar e t y pi c all y al p h a- e n h a n c e d r el ati v e t o Mil k y Wa y dis k st ars, a
m or e a p pr o pri at e al p h a- e n h a n c e d is o c hr o n e gri d m a y r e m e d y t his d efici e n c y f or h al o st ars (s e e S e cti o n 4. 2 a n d Fi g ur e 7 f or f urt h er e x pl or ati o n of t his eff e ct).

as t h e b est esti m at e f or M a bs , wit h u n c ert ai nti es d eri v e d u si n g
t h e M a bs c orr es p o n di n g t o t h e 1 5t h a n d 8 5t h p er c e ntil e v al u es
fr o m t h e c u m ul ati v e P D F. We als o r et ai n t h e f ull P D Fs s o t h at
t h e y c a n b e u s e d i n st e a d of si n gl e esti m at es of dist a n c es a n d
t h eir err or s.

Fi g ur e 2 s h o ws a c o m p aris o n of t h e r es ults fr o m r u n ni n g
t h e t w o v er si o n s (χ 2 a n d B a y esi a n) of t h e c o d e o n st ar s fr o m
a m o c k g al a x y fiel d g e n er at e d b y t h e B es a n ç o n ( R o bi n et al.
2 0 0 3) m o d el. 1 3 U n c ert ai nti es o n t h e st ell ar p ar a m et er s f or all
st ar s i n t h e m o c k c at al o g w er e s et t o σ Teff = 1 0 0 K, σ l o g g =
0 .3 d e x, a n d σ [ F e/ H] = 0 .2 d e x. T h e l eft p a n el c o m p ar es t h e
r esi d u als (i n t h e s e n s e (d L A M O S T d B e s a n c o n )/ d B e s a n c o n ) of m e a-
s ur e d dist a n c es t o t h e i n p ut ( m o d el) dist a n c es. B ot h m et h o d s
r e c o v er t h e i n p ut dist a n c es f airl y w ell, wit h a n as y m m etri c t ail
t o hi g h ( o v er esti m at e d) r esi d u als. T h e ri g ht p a n el of Fi g ur e 2
c o m p ar es t h es e dist a n c e m e as ur e m e nts dir e ctl y. It is cl e ar
fr o m t his p a n el t h at t h e l ar g e p o siti v e r esi d u als ar e m o stl y f or
dist a nt, m et al- p o or gi a nts, w h o s e dist a n c es ar e o v er esti m at e d
b y ∼ 2 0 %. H a vi n g n o w v erifie d t h at t h e χ 2 a n d B a y esi a n
m et h o d s pr o d u c e si mil ar r es ults, w e h e n c ef ort h u s e o nl y t h e
B a y esi a n m et h o d t o o bt ai n t h e f ull dist a n c e P D F.

3. V E RI FI C A TI O N O F T H E M E T H O D S

T o t est t h e c o d e, w e n e e d a s a m pl e of st ar s wit h k n o w n
s p e ctr o s c o pi c p ar a m et er s a n d dist a n c es. F or t his, w e u s e t h e
Gr a y et al. ( 2 0 0 3, 2 0 0 6) m e as ur e m e nts of st ell ar p ar a m et er s
f or Hi p p ar c o s st ar s wit hi n 4 0 p c of t h e S u n as p art of t h e
N St ar s pr o gr a m. T h es e n e ar b y st ar s h a v e g o o d- q u alit y p ar al-
l a x es (σ π / π 0 .0 5), a n d ar e all f o u n d i n t h e 2 M A S S c at al o g.
U n c ert ai nti es o n t h e st ell ar p ar a m et er s f or i n di vi d u al st ar s ar e
n ot pr o vi d e d i n t h e c at al o g; w e c h o o s e t o s et t h e m t o σ Teff =

1 3 T hr o u g h o ut t his w or k, w e us e t h e n ot ati o n d L A M O S T t o r ef er t o dist a n c es
d eri v e d b y t h e al g orit h m dis c uss e d i n t his p a p er. N ot e t h at t his d o es n ot
m e a n t h at t h es e dist a n c es ar e d eri v e d usi n g L A M O S T d at a, b ut r at h er t h at
o ur L A M O S T dist a n c e c o d e is b ei n g a p pli e d.
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F I G. 3. — R es ults of r u n ni n g t h e dist a n c e c o d e o n 1 1 9 9 st ars fr o m t h e
G r a y et al. ( 2 0 0 3, 2 0 0 6) c at al o gs. T h e hist o gr a m s h o ws fr a cti o n al r esi d u als
fr o m c o m p aris o n of t h e Hi p p ar c os p ar all a x dist a n c es, d Hi p p ar c os , t o dist a n c es
d eri v e d fr o m t h e Gr a y et al. st ell ar p ar a m et ers, d L A M O S T . F or r ef er e n c e, t h e
d as h e d v erti c al li n e is o n e-t o- o n e a gr e e m e nt. O ur dist a n c es s h o w n o s yst e m-
ati c offs et wit h r es p e ct t o t h e p ar all a x dist a n c es, wit h ∼ 1 7 % s c att er.

1 0 0 K, σ l o g g = 0 .3 d e x, a n d σ [ F e/ H] = 0 .2 d e x. F urt h er m or e, w e
c a n n ot r el y o n t h e m et h o d u s e d f or L A M O S T d at a, w h er e w e
s el e ct e d st ar s fr o m t h e s a m e o b s er v e d pl at e t o d eri v e t h e s e-
l e cti o n a n d l u mi n o sit y f u n cti o n s. F or t his a n d all s u b s e q u e nt
t ests of o ur c o d e, w e o bt ai n t h e u n d erl yi n g l u mi n o sit y distri-
b uti o n u si n g o nl y t h e c ol or- m a g nit u d e s el e cti o n fr o m t h e al-
g orit h m o utli n e d i n S e cti o n 2. 3, w hi c h w e a p pl y t o all st ar s i n
t h e t est c at al o g wit h o ut r e g ar d t o p o siti o n o n t h e s k y. Fi g ur e 3
s h o ws t h e r es ults of r u n ni n g o ur dist a n c e c o d e u si n g t h e Gr a y
et al. st ell ar p ar a m et er s pl u s 2 M A S S m a g nit u d es a n d c ol or s
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F I G. 4. — L eft p a n el: r es ults of r u n ni n g t h e dist a n c e c o d e o n ∼ 1 6 , 0 0 0 st ars fr o m R A V E i n t h e Br e d d els et al. ( 2 0 1 0) c at al o gs. As i n Fi g ur e 3, t h e p a n els
r e pr es e nt t h e fr a cti o n al r esi d u als r el ati v e t o t h e c at al o g v al u es fr o m t h e B a y esi a n m et h o d. O ur dist a n c es ar e s yst e m ati c all y s hift e d b y ∼ 2 6 % r el ati v e t o t h os e of
Br e d d els et al. ( 2 0 1 0), wit h ∼ 2 3 % s c att er. Ri g ht p a n el: as i n t h e l eft p a n el, b ut f or t h e R A V E s a m pl e fr o m Z witt er et al. ( 2 0 1 0). O ur dist a n c es ar e s yst e m ati c all y
s m all er b y ∼ 1 2 %, wit h ∼ 1 6 % s pr e a d a b o ut t his v al u e. T h er e ar e d e ci d e dl y n o n- G a ussi a n t ails i n t h es e r esi d u als o n t o w ar d l ar g e r el ati v e u n d er esti m at es.
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F I G. 5. — R es ults fr o m r u n ni n g t h e dist a n c e c o d e o n t w o r e ali z ati o ns of t h e B es a n ç o n G al a x y m o d el. T h e l eft p a n el is f or a fiel d at l = 1 8 0 ◦ , b = 3 0 ◦ , a n d t h e
ri g ht p a n el s h o ws a fiel d at l = 1 8 0 ◦ , b = 6 0 ◦ .

f or st ar s wit h t e m p er at ur e i n t h e r a n g e 3 5 0 0 K< T eff < 9 0 0 0 K.
T his t e m p er at ur e c ut r e d u c es t h e s a m pl e fr o m a t ot al of 1 5 2 5
st ar s t o 1 1 9 9 u s e d f or Fi g ur e 3. T h e hist o gr a m c o m p ar es t h e
k n o w n dist a n c es, d Hi p p ar c os (fr o m t h e tri g o n o m etri c p ar all a x es)
t o t h e d eri v e d dist a n c es, d L A M O S T , e x pr ess e d as a r esi d u al:
(d L A M O S T d Hi p p ar c os )/ d Hi p p ar c os . T h e r esi d u als ar e c e nt er e d o n
z er o (i. e., n o s y st e m ati c off s et is pr es e nt), wit h a s c att er of
∼ 1 7 % ( m e di a n a b s ol ut e d e vi ati o n of t h e d at a; w e u s e t his i n-
st e a d of fitti n g a G a u ssi a n b e c a u s e t h e r esi d u als ar e o b vi o u sl y
a s y m m etri c a n d n o n- G a u ssi a n). B e c a u s e of t h eir l o c ati o n i n
t h e S ol ar n ei g h b or h o o d, t h e m aj orit y of t h es e st ar s ar e m et al-
ri c h m ai n- s e q u e n c e st ar s ( 1 1 5 1 ar e d w arf s wit h l o g g < 3 .5,
a n d 4 8 ar e gi a nts). T h u s, w hil e t h es e st ar s ar e a u s ef ul t est,
t h e y d o n ot e x pl or e t h e v ari et y of st ell ar p o p ul ati o n s w e e x-
p e ct t o fi n d i n a s ur v e y s u c h as L A M O S T.

T o e x a mi n e o ur al g orit h m’s b e h a vi or o n a m or e h et er o-
g e n e o u s d at a s et, w e t est o ur c o d e o n t w o s a m pl es of
R A V E D R 2 st ar s. T h e fir st s a m pl e is t h e R A V E- 6 D c at-
al o g: h t t p : / / w w w . a s t r o . r u g . n l / ~ r a v e / , w hi c h is
fr o m Br e d d els et al. ( 2 0 1 0). We u s e t h e R A V E st ell ar p ar a m-

et er s fr o m t his t a bl e as i n p uts t o t h e dist a n c e c o d e. U n c er-
t ai nti es o n t h e st ell ar p ar a m et er s w er e s et t o σ Teff = 1 0 0 K,
σ l o g g = 0 .3 d e x, a n d σ [ F e/ H] = 0 .2 d e x t o a p pr o xi m at e t h e t y pi-
c al err or s i n R A V E. T h e l eft p a n el of Fi g ur e 4 s h o ws r esi d u als
fr o m a c o m p aris o n of o ur r es ults t o t h o s e fr o m Br e d d els et al.
( 2 0 1 0). T h er e is a s y st e m ati c s hift of ∼ 2 6 % b et w e e n o ur
dist a n c es a n d t h o s e of Br e d d els et al. ( 2 0 1 0), wit h s c att er of
∼ 2 3 %. O n cl o s e e x a mi n ati o n, t h er e is n o o b vi o u s c orr el a-
ti o n of t h e dist a n c e r esi d u als wit h a n y of t h e i n p ut st ell ar p a-
r a m et er s ( e. g., l o g g , [ F e/ H]). T h u s t h e s y st e m ati c off s et b e-
t w e e n o ur dist a n c e s c al e a n d t h at of Br e d d els et al. ( 2 0 1 0)
m a y b e d u e t o diff er e n c es i n t h e is o c hr o n es u s e d i n t h e fit-
ti n g. Br e d d els et al. ( 2 0 1 0) u s e d Yal e- Y o n s ei is o c hr o n es i n a
gri d wit h 4 0 l o g arit h mi c all y s p a c e d a g es b et w e e n 0. 0 1 a n d
1 5 G yr. T h e diff er e n c es b et w e e n t h e D art m o ut h a n d Yal e-
Y o n s ei is o c hr o n es, a n d t h e h e a v y e m p h asis o n v er y y o u n g
a g es i n t h e Br e d d els et al. ( 2 0 1 0) gri d, s e e m t o c a u s e s y st e m-
ati c s hifts. R e ass uri n gl y, w h e n w e a p pli e d o ur χ 2 c o d e, w hi c h
d efi n es χ 2 i n t h e s a m e w a y as Br e d d els et al. ( 2 0 1 0), t o t h es e
d at a, t h e s c att er a b o ut t h e m e a n diff er e n c e is s m all ( b ut t h e

http://www.astro.rug.nl/~rave/
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s y st e m ati c off s et r e m ai n s).
T h e s e c o n d s et of R A V E d at a o n w hi c h w e t est e d t h e c o d e

is t h e c at al o g of Z witt er et al. ( 2 0 1 0). T h es e a ut h or s i m pr o v e d
u p o n t h e m et h o d of Br e d d els et al. ( 2 0 1 0) b y u si n g a li n e arl y
s p a c e d gri d of a g es, d eri vi n g dist a n c es s e p ar at el y u si n g Yal e-
Y o n s ei, P a d o v a, a n d D art m o ut h is o c hr o n es, a n d b y w ei g ht-
i n g st a g es of st ell ar e v ol uti o n t o a c c o u nt f or t h e r el ati v e n u m-
b er s of st ar s of diff er e nt m ass es. We r a n o ur c o d e o n t h e p a-
r a m et er s of r o u g hl y 1 6, 0 0 0 st ar s (∼ 5 8 0 0 gi a nts a n d ∼ 9 9 0 0
d w arf s) fr o m Z witt er et al. ( 2 0 1 0) a n d c o m p ar e d dir e ctl y t o
t h eir D art m o ut h r es ults. T h e c o m p aris o n is s h o w n i n t h e ri g ht
p a n el of Fi g ur e 4, wit h r esi d u als c al c ul at e d i n t h e s a m e w a y
a s f or t h e Br e d d els et al. s a m pl e. A g ai n, t h es e r esi d u als s h o w
a s y st e m ati c s hift s u c h t h at o ur esti m at es ar e l o w er t h a n t h e
R A V E dist a n c es. T h e s y st e m ati c diff er e n c e b et w e e n o ur r e-
s ult a n d t h e R A V E dist a n c es is s m all er t h a n f or t h e c o m p ari-
s o n t o Br e d d els et al. ( 2 0 1 0), as e x p e ct e d si n c e t h e gri d s p a c-
i n g i n a g e is si mil ar a n d w e ar e u si n g t h e s a m e is o c hr o n e s ets
( D art m o ut h). O ur B a y esi a n m et h o d pr o d u c es d e ci d e dl y n o n-
G a u ssi a n r esi d u als, wit h a m e di a n off s et of ∼ 1 2 % a n d s c att er
of ∼ 1 6 %.

As a fi n al t est of t h e a c c ur a c y of o ur d eri v e d dist a n c es, w e
g e n er at e c at al o g s u si n g t h e B es a n ç o n m o d el of t h e Mil k y Wa y
( R o bi n et al. 2 0 0 3) f or t w o fiel d s of vi e w: (l,b ) = ( 1 8 0◦ ,3 0 ◦ )
a n d ( l,b ) = ( 1 8 0◦ ,6 0 ◦ ). T h e b = 6 0 ◦ c at al o g c o nt ai n s 5 6 1 4
st ar s ( 2 9 9 gi a nts a n d 5 3 1 5 d w arf s) wit h 3 5 0 0 K < T eff <
1 0 0 0 0 K; t h e b = 3 0 ◦ fiel d h as 4 6 9 gi a nts a n d 1 3 3 8 4 d w arf s
i n t h e s a m e t e m p er at ur e r a n g e. We a g ai n assi g n u n c ert ai n-
ti es t o t h e st ell ar p ar a m et er s of σ Teff = 1 0 0 K, σ l o g g = 0 .3 d e x,
a n d σ [ F e/ H] = 0 .2 d e x. Fi g ur e 5 s h o ws t h e r es ults of r u n ni n g
o ur al g orit h m wit h t h e st ell ar p ar a m et er s fr o m t h e B es a n ç o n
m o d el as i n p uts. We r e c o v er t h e dist a n c es w ell, wit h a mil dl y
bi m o d al distri b uti o n a n d a sli g ht t ail e xt e n di n g t o ∼ 5 0 % o v er-
e sti m at e of dist a n c es. T h es e r esi d u als h a v e r o u g hl y z er o m e-
di a n off s et, b ut it is cl e ar t h at a l ar g e fr a cti o n of st ar s h a v e dis-
t a n c es u n d er esti m at e d b y ∼ 5 %. T h e p o siti v e “ b u m p ” i n t h es e
r esi d u als a p p e ar s t o c o n sist m o stl y of t h e y o u n g est n e ar b y
st ar s a n d ol d, m et al- p o or h al o gi a nts i n t h e B es a n ç o n m o d el
c at al o g.

4. A P P LI C A TI O N T O L A M O S T D A T A

H a vi n g v erifie d t h e eff e cti v e n ess of o ur dist a n c e c o d e o n
c at al o g a n d si m ul at e d d at a, w e n o w a p pl y t h e c o d e t o t h e e x-
isti n g L A M O S T d at a. As of t his d at e, t h e L A M O S T c at al o g
(i nt er n al d at a r el e as es 1 a n d 2) c o n sists of ∼ 1 .8 milli o n st ar s
wit h st ell ar p ar a m et er s ( o ut of ∼ 3 .6 milli o n t h at h a v e b e e n
o b s er v e d; st ar s wit h l o w S/ N, c o ol M-t y p e st ar s, a n d h ot O B A
st ar s d o n ot h a v e p ar a m et er s fr o m t h e L A M O S T pi p eli n e). I n
t his s e cti o n, w e s h o w s o m e si m pl e “s a nit y c h e c k s ” t o v erif y
t h at t h e c o d e is pr o d u ci n g r e as o n a bl e r es ults, a n d t o pr o vi d e
a n i d e a of t h e s c o p e of t h e L A M O S T d at a s et.

4. 1. L A M O S T St ell a r P a r a m et ers

T h e L A M O S T p ar a m et er s f or st ar s i n t h e r a n g e 3 5 0 0 K <
T eff < 8 0 0 0 K a n d wit h S/ N > 5 i n g a n d r b a n d s h a v e m e di a n
u n c ert ai nti es of ∼ 1 6 0 K, ∼ 0 .5 d e x, a n d ∼ 0 .3 d e x, i n T eff ,
l o gg , a n d [ F e/ H], r es p e cti v el y. We n ot e t h at t h e [ F e/ H] u n-
c ert ai nti es i n t h e s e c o n d f ull y e ar of s ur v e y o p er ati o n s ( 2 0 1 3
S e pt e m b er – 2 0 1 4 J u n e) ar e si g nific a ntl y s m all er ( m e di a n
0 .1 8 d e x) t h a n t h e e arli er p eri o d s; t h e T eff a n d l o g g err or s ar e
si mil ar i n e arli er a n d l at er d at a. It is u n cl e ar w h et h er t his is
d u e t o c h a n g es i n t h e L A M O S T d at a r e d u cti o n pi p eli n e, or
i m pr o v e d d at a q u alit y as t h e s ur v e y pr o gr ess es.
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F I G. 6. — Fr a cti o n al err ors o n t h e d eri v e d dist a n c es f or L A M O S T st ars
c o m p ar e d t o t h e u n c ert ai nti es o n t h e st ell ar p ar a m et ers T eff , l o gg , a n d [ F e/ H]
(fr o m t o p t o b ott o m). T h e gr a ys c al e e n c o d es t h e n u m b er of st ars i n e a c h bi n
o n a l o g arit h mi c s c al e b et w e e n 1 0 a n d 2 0, 0 0 0. T h e dist a n c e err ors ar e o nl y
w e a kl y c orr el at e d wit h T eff or [ F e/ H] u n c ert ai nti es. B y f ar t h e str o n g est d e-
p e n d e n c e is s e e n i n t h e c e nt er p a n el, w hi c h s h o ws a r o u g hl y li n e ar c orr el ati o n
b et w e e n s urf a c e gr a vit y u n c ert ai nt y a n d t h e err or i n t h e d eri v e d dist a n c e.

T h e p ar a m et er t h at m o st str o n gl y aff e cts t h e d eri v e d dis-
t a n c e err or s is s urf a c e gr a vit y. T his c a n b e s e e n i n Fi g ur e 6,
w hi c h c o m p ar es t h e err or s o n T eff , l o gg , a n d [ F e/ H] wit h t h e
err or i n d eri v e d dist a n c es b as e d o n t h o s e p ar a m et er s. T h er e
is a sli g ht c orr el ati o n of σ Teff a n d σ d , b ut littl e d e p e n d e n c e of
dist a n c e err or s o n u n c ert ai nt y i n [ F e/ H]. T h e mi d dl e p a n el,
s h o wi n g σ l o g g v s. σ d , e x hi bits a r o u g hl y li n e ar c orr el ati o n b e-
t w e e n t h e s urf a c e gr a vit y u n c ert ai nt y a n d t h e err or s o n t h e d e-
ri v e d dist a n c es. F or a n u n c ert ai nt y of ∼ 0 .5 d e x i n l o g g , Fi g-
ur e 6 s u g g ests t h at w e c a n e x p e ct a ∼ 2 5 3 5 % dist a n c e err or.
It is t h u s vit al t h at s urf a c e gr a viti es fr o m L A M O S T s p e ctr a
ar e d et er mi n e d as pr e cis el y as p o ssi bl e. Li u, C., et al. ( 2 0 1 4 b)
r e c e ntl y p u blis h e d a m et h o d t o i m pr o v e l o g g esti m at es f or gi-
a nt st ar s i n t h e K e pl er fiel d t h at h a v e als o b e e n o b s er v e d wit h
L A M O S T. B as e d o n c orr e cti o n s fr o m c o m p aris o n t o ast er o-
s eis mi c l o g g m e as ur e m e nts fr o m K e pl er, Li u et al. o bt ai n
u n c ert ai nti es i n l o g g fr o m L A M O S T s p e ctr a of ∼ 0 .1 d e x,
w hi c h yi el d s dist a n c e esti m at es wit h b ett er t h a n 1 0 % pr e ci-
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F I G. 7. — Diff er e n c e b et w e e n dist a n c es t o h al o gi a nts (|Z | > 3 k p c,
2 .4 < [ F e/ H]< 1 .0, wit h S/ N > 1 0 i n g a n d r - b a n d) m e as ur e d wit h s ol ar-

s c al e d is o c hr o n es ([ α / F e] = 0. 0; l a b el e d “s ol ar α ”) a n d a n α - e n h a n c e d
([α / F e] = 0. 4) gri d of is o c hr o n es. O n a v er a g e, t h e α - e n h a n c e d is o c hr o n es
fi n d dist a n c es ∼ 1 3 % s m all er ( d eri v e d vi a t h e d as h e d-li n e G a ussi a n fit s h o w n
a b o v e) t h a n t h os e fr o m t h e s ol ar-s c al e d gri d.

si o n. I n d e e d, at a gi v e n t e m p er at ur e, ∆ M a bs ∼ 2 .5 ∆ (l o g g ),1 4

s o if t h e u n c ert ai nt y of l o g g is i m pr o v e d b y 0. 1 d e x, t h e u n-
c ert ai nt y i n a b s ol ut e m a g nit u d e i m pr o v es b y 0. 2 5 m a g, a n d
t h e a c c ur a c y of t h e dist a n c e esti m at e i m pr o v es b y ∼ 1 2 %.

4. 2. Eff e ct of α - el e m e nt A b u n d a n c es o n Dist a n c es t o
M et al- p o o r H al o Gi a nts

As n ot e d i n S e cti o n 2, o ur al g orit h m t e n d s t o o v er esti-
m at e t h e dist a n c es t o m et al- p o or h al o gi a nts i n s y nt h eti c c at-
al o g s fr o m t h e B es a n ç o n m o d el. It is w ell est a blis h e d t h at
t h e m et al- p o or st ell ar p o p ul ati o n s of t h e Mil k y Wa y h al o
ar e t y pi c all y e n h a n c e d i n α - el e m e nts r el ati v e t o dis k p o p ul a-
ti o n s ( e. g., Ve n n et al. 2 0 0 4), wit h m et al- p o or ([ F e/ H]< 1 .0)
h al o st ar s t y pi c all y h a vi n g [ α / F e]≈ 0 .4. We n o w r et ur n t o a
s u b s et of st ar s f or w hi c h w e h a v e L A M O S T st ell ar p ar a m-
et er s, a n d e x a mi n e t h e eff e ct of r e pl a ci n g t h e s ol ar- s c al e d
is o c hr o n es wit h α - e n h a n c e d v er si o n s i n o ur dist a n c e c o d e.
T o d o s o, w e g e n er at e a n e w is o c hr o n e gri d wit h [ α / F e] =
+ 0. 4, [ F e/ H] < 1 .0, a n d t h e s a m e st e p s i n a g e as t h e ori g-
i n al is o c hr o n e s et. We r u n o ur dist a n c e al g orit h m o n a s et
of st ell ar p ar a m et er s fr o m 2 3 9, 4 4 6 L A M O S T s p e ctr a ( c o m-
pris e d of r e c e nt, t hir d- y e ar L A M O S T s p e ctr a) wit h t h e α -
e n h a n c e d is o c hr o n es. Fr o m t h e r es ulti n g dist a n c e c at al o g, w e
t h e n s el e ct o ut o nl y li k el y m et al- p o or h al o st ar s wit h S/ N> 1 0
i n g ,r - b a n d s, 2 .4 < [ F e/ H]< 1 .0, l o g g < 3 .5, a n d at l e ast
3 k p c fr o m t h e G al a cti c pl a n e. T his pr o d u c es a s a m pl e of 5 4 2
li k el y h al o st ar s. Fi g ur e 7 c o m p ar es t h e dist a n c e fr o m t h e α -
e n h a n c e d gri d t o t h e dist a n c e fr o m t h e ori gi n al is o c hr o n e gri d,
i n t h e s e n s e (d α e n h a n c e d d s ol ar α )/ d s ol ar α . We fi n d t h at t h e
[α / F e] = + 0. 4 gri d pr o d u c es dist a n c es o n a v er a g e 1 3 % n e ar er
t h a n t h o s e fr o m t h e [α / F e] = 0. 0 gri d. T his li k el y e x pl ai n s t h e
∼ 2 0 % s y st e m ati c o v er esti m ati o n of dist a n c es f or h al o st ar s
fr o m t h e B es a n ç o n c at al o g s. B e c a u s e h al o p o p ul ati o n s i n
t h e B es a n ç o n m o d el w er e o x y g e n- e n h a n c e d r el ati v e t o dis k
p o p ul ati o n s ( R o bi n et al. 2 0 0 3), o ur ass u m pti o n of s ol ar α -
a b u n d a n c es li k el y bi as es t h e d eri v e d dist a n c es. A d o pti n g a
m or e a p pr o pri at e α - e n h a n c e d is o c hr o n e gri d f or m et al- p o or
h al o st ar s w o ul d r e m e d y t his sit u ati o n. I n d e e d, o n e w o ul d i d e-

1 4 B e c a us e M a bs ∝ 2 .5 l o g L , L ∝ R 2 , a n d g ∝ R 2 . T h us M a bs ∝ 2 .5 l o g g .
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F I G. 8. — N u m b er of r e p e at o bs er v ati o ns of t h e 2 1 4, 5 1 4 u ni q u e st ars wit h
m ulti pl e s p e ctr a i n t h e L A M O S T d at a b as e. T h e m aj orit y of t h es e o bj e cts
h a v e f e w er t h a n 4 o bs er v ati o ns, b ut s o m e h a v e as m a n y as 1 4 s e p ar at e s p e ctr a.

all y i n c or p or at e a m e as ur e d [ α / F e] fr o m t h e L A M O S T s p e c-
tr u m its elf i nt o t h e dist a n c e esti m ati o n f or e a c h st ar; w e will
i n cl u d e t his i n f ut ur e u p gr a d es t o t h e dist a n c e c o d e as a b u n-
d a n c e esti m at es b e c o m e a v ail a bl e f or L A M O S T st ar s.

4. 3. I nt er n al L A M O S T C h e c ks o n R e p e at O b s er v ati o n s

Of t h e ∼ 1 .8 milli o n st ell ar s p e ctr a i n t h e L A M O S T c at a-
l o g, ∼ 5 5 0 ,0 0 0 of t h e m ( ∼ 3 0 %) ar e st ar s wit h r e p e at o b s er-
v ati o n s. T h er e ar e 2 1 4, 5 1 4 u ni q u e st ar s t h at h a v e b e e n o b-
s er v e d m ulti pl e ti m es a n d h a v e s uffici e nt q u alit y s p e ctr a at
e a c h e p o c h t o d eri v e st ell ar p ar a m et er s. A n i n di vi d u al st ar
m a y h a v e as m a n y as 1 4 o b s er v ati o n s, b ut m o st h a v e 2- 4 o b-
s er v ati o n s; t h e distri b uti o n of t h e n u m b er of r e p e at m e as ur e-
m e nts is s h o w n i n Fi g ur e 8. Fi g ur e 9 s h o ws t h e st a n d ar d d e-
vi ati o n of o ur dist a n c e m e as ur e m e nts f or st ar s wit h m ulti pl e
o b s er v ati o n s. T his is e x pr ess e d as a fr a cti o n al d e vi ati o n of t h e
m e a n m e as ur e d dist a n c e, σ d / d m e a n , a n d pl ott e d as a f u n cti o n
of t h e mi ni m u m si g n al t o n ois e of t h e m e as ur e m e nts b ei n g
c o m p ar e d. O n e w o ul d e x p e ct t h at t h e s c att er i n d eri v e d dis-
t a n c es w o ul d i n cr e as e if o n e ( or m or e) of t h e s p e ctr a h as l o w
S/ N. T his is pr e cis el y w h at is s e e n i n Fi g ur e 9 – t h e s c att er
is ∼ 5 % f or s p e ctr a wit h mi ni m u m S/ N > 2 0, a n d b e gi n s t o
ris e f or S/ N b el o w 2 0. H o w e v er, e v e n w h e n t h e mi ni m u m
S/ N is as l o w as 2. 5, t h e t y pi c al s c att er i n dist a n c es i n o nl y
∼ 2 0 %. T his v erifies t h at ( a) o ur c o d e pr o d u c es r e p e at a bl e r e-
s ults w h e n a p pli e d t o m ulti pl e o b s er v ati o n s of t h e s a m e st ar,
a n d ( b) t h e L A M O S T pi p eli n e pr o vi d es c o n sist e nt esti m at es
of st ell ar p ar a m et er s fr o m t h es e m ulti pl e o b s er v ati o n s.

4. 4. R es ults fr o m L A M O S T D at a

Aft er r u n ni n g o ur dist a n c e c o d e o n t h e e ntir e c at al o g of
L A M O S T st ell ar p ar a m et er s, w e p erf or m s o m e c h e c k s t o v er-
if y t h at t h e r es ults m a k e s e n s e, a n d t o e x pl or e t h e utilit y of o ur
dist a n c es f or G al a cti c str u ct ur e st u di es. Usi n g o ur dist a n c es,
w e c al c ul at e G al a ct o c e ntri c C art esi a n c o or di n at es ( ass u mi n g
t h e S u n is at R 0 = 8 k p c, wit h ( X ,Y ,Z )S u n = ( 8 ,0 ,0) k p c).
T h e fir st t est is t o s e e w h et h er t h e m et alli cit y distri b uti o n as
a f u n cti o n of h ei g ht a b o v e t h e G al a cti c pl a n e n e ar t h e n ort h
G al a cti c c a p is as e x p e ct e d. We s el e ct st ar s at b > 6 0 ◦ , k e e p-
i n g o nl y t h o s e wit h S/ N> 1 0 i n t h e S D S S g - b a n d. T his yi el d s
1 8 9, 1 0 6 st ar s. T his s a m pl e s h o ul d r o u g hl y pr o b e t h e G al a c-
ti c m et alli cit y gr a di e nt wit h h ei g ht; o n e e x p e cts t h at o n a v er-
a g e t h e m et alli cit y s h o ul d b e n e arl y s ol ar cl o s e t o t h e pl a n e,
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F I G. 9. — St a n d ar d d e vi ati o n σ d o f t h e dist a n c e esti m at e f or t h e 2 1 4, 5 1 4
st ars wit h m ulti pl e m e as ur e m e nts i n L A M O S T. T his is e x pr ess e d as a fr a c-
ti o n al d e vi ati o n of t h e dist a n c e, σ d / d m e a n , as a f u n cti o n of t h e mi ni m u m si g-
n al t o n ois e of t h e s p e ctr a i n cl u d e d i n t h e d eri v ati o n of σ d f or e a c h st ar. We
c al c ul at e d m e a n s c att er (fill e d di a m o n ds) a n d its st a n d ar d d e vi ati o n ( err or
b ars) f or t h es e r es ults i n bi ns of 2. 5 i n S/ N. T h e s c att er fr o m r e p e at m e as ur e-
m e nts is t y pi c all y ∼ 5 % f or hi g h S / N st ars ( mi n. S/ N 2 0), t h e n i n cr e as es
t o ∼ 2 0 % at t h e l o w S/ N e n d. T his s u g g ests t h at e v e n f or f airl y p o or q u alit y
s p e ctr a, o ur dist a n c e d eri v ati o ns ( a n d t h us t h e st ell ar p ar a m et ers o n w hi c h
t h e y ar e b as e d) ar e r o b ustl y r e p e at a bl e.
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F I G. 1 0. — M et alli cit y fr o m t h e L A M O S T pi p eli n e v ers us h ei g ht a b o v e t h e
p l a n e f or a s a m pl e of 1 8 9, 1 0 6 st ars at b > 6 0 ◦ t h at h a v e S/ Ng > 1 0. T h e Z
c o or di n at e is b as e d o n dist a n c es d eri v e d b y o ur c o d e usi n g L A M O S T st ell ar
p ar a m et ers. C o nt o urs c o nt ai n ( 2, 5, 1 0, 2 5, 5 0, 1 0 0, 2 0 0, 3 0 0, 4 0 0, 5 0 0,
7 5 0, 1 0 0 0, 1 5 0 0, 2 5 0 0, 4 0 0 0) st ars. As e x p e ct e d f or dis k st ars, t h e m e a n
m et alli cit y f alls fr o m n e ar s ol ar j ust a b o v e t h e G al a cti c pl a n e t o [ F e/ H] ≈
0 .6 n e ar Z ∼ 1 k p c. T his p e a k m et alli cit y, w hi c h is t y pi c al of t h e G al a cti c

t hi c k dis k, p ersists as f ar o ut as w e pr o b e, wit h a l o n g t ail t o l o w er m et alli cit y.

a n d d e cr e as e wit h h ei g ht as t h e t hi n dis k tr a n siti o n s i nt o t h e
l o w er- m et alli cit y t hi c k dis k. I n d e e d, t his is e x a ctl y w h at is
s e e n i n a c o nt o ur pl ot of t h es e d at a i n Fi g ur e 1 0. T h e p e a k
m et alli cit y d e cr e as es fr o m sli g htl y s u b s ol ar at Z ∼ 0 .3 k p c t o
[ F e/ H]∼ 0 .6 at Z ∼ 1 k p c. A b o v e t his, t h e p e a k m et alli cit y
r e m ai n s r o u g hl y t h e s a m e, wit h a l o n g t ail t o l o w m et alli citi es
r e pr es e nti n g pr e d o mi n a ntl y l o c al h al o st ar s.

T h o u g h gi a nt st ar s i n t h e G al a cti c h al o r e pr es e nt a ti n y fr a c-
ti o n of t h e st ar s o b s er v e d b y L A M O S T, w e als o h o p e t o u s e
t h e m t o e x pl or e str u ct ur e ( a n d s u b str u ct ur e) i n t h e h al o. We
t h u s wis h t o c h e c k w h et h er o ur dist a n c es c a n b e u s e d t o is o-
l at e a r el ati v el y p ur e s a m pl e of Mil k y Wa y h al o gi a nts. T o t est
t his, w e s el e ct st ar s wit h G al a ct o c e ntri c r a dii R G C > 2 0 k p c
t h at ar e als o at h ei g hts |Z G C | > 5 k p c a b o v e/ b el o w t h e pl a n e.
S u c h a s a m pl e of st ar s s h o ul d b e pr e d o mi n a ntl y h al o st ar s.
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N

R G C  < 2 0 k p c, | Z| < 2. 5 k p c
R G C  > 2 0 k p c, | Z| > 5 k p c

F I G. 1 1. — N or m ali z e d m et alli cit y distri b uti o n of 1, 4 7 3, 1 3 5 st ars at R G C <
2 0 k p c a n d |Z | > 2 .5 k p c (s oli d hist o gr a m). T h e 1, 7 0 5 st ars at |Z | > 5 k p c
a n d R G C > 2 0 k p c ar e r e pr es e nt e d b y t h e d as h e d li n e. T h e l att er s h o ul d b e
m ostl y h al o st ars, a n d p e a ks at [ F e/ H] ∼ 1 .5 as e x p e ct e d f or t h e G al a cti c
h al o, wit h f e w m et al-ri c h ([ F e/ H] > 1 .0) st ars. T h e |Z | < 2 .5 k p c s a m pl e
c o nt ai ns m ostl y m et al-ri c h st ars, as e x p e ct e d f or pr e d o mi n a ntl y dis k p o p ul a-
ti o ns. T h e a br u pt c ut off at [ F e/ H] = 2 .5 is d u e t o t h e l o w er li mit of m et alli c-
iti es pr o d u c e d b y t h e L A M O S T pi p eli n e r at h er t h a n a r e al eff e ct. L e e et al.
( 2 0 1 5) a d a pt e d t h e Sl o a n S S P P f or m or e g e n er al us a g e; us e of t his pi p eli n e
o n L A M O S T s p e ctr a a v oi ds t h e artifici al c ut off at [ F e/ H] = 2 .5.

We c h e c k t his b y pl otti n g a m et alli cit y hist o gr a m ( d as h e d li n e
i n Fi g ur e 1 1) f or t h e 1 5 2 8 st ar s s el e ct e d i n t his w a y. T h es e
st ar s p e a k at a m et alli cit y ar o u n d [ F e/ H] ∼ 1 .5, as e x p e ct e d
f or i n n er- h al o st ar s, wit h v er y f e w m et al-ri c h st ar s. I n c o n-
tr ast, a s a m pl e s el e ct e d t o b e i n si d e R G C < 2 0 k p c a n d n e ar
t h e dis k (|Z G C | < 2 .5 k p c; s oli d li n e i n Fi g ur e 1 1) c o nt ai n s
m o stl y m et al-ri c h st ar s wit h dis k-li k e [ F e/ H].

N ot e t h at n eit h er of t h es e s a nit y c h e c k s s h o wi n g m et alli c-
it y distri b uti o n s f or diff er e nt G al a cti c p o p ul ati o n s ( Fi g ur es 1 0
a n d 1 1) r e pr es e nts t h e tr u e G al a cti c m et alli cit y distri b uti o n f or
t h es e p o p ul ati o n s. T o d eri v e t h e i ntri n si c distri b uti o n w o ul d
r e q uir e c orr e cti n g t h e s el e cti o n eff e cts pr es e nt i n L A M O S T
d at a. T h es e fi g ur es ar e si m pl y m e a nt t o ill u str at e t h at st ell ar
s a m pl es s el e ct e d u si n g o ur d eri v e d dist a n c es h a v e pr o p erti es
si mil ar t o w h at o n e mi g ht e x p e ct b as e d o n o ur k n o wl e d g e of
m et alli cit y distri b uti o n s of Mil k y Wa y c o m p o n e nts.

Fi n all y, w e s e ar c h t h e L A M O S T d at a b as e f or o p e n
cl u st er m e m b er st ar s.  We b e gi n wit h t h e c o m pi-
l ati o n of k n o w n G al a cti c o p e n cl u st er s a v ail a bl e at
h t t p : / / w w w . a s t r o . i a g . u s p . b r / o c d b / ( Di as et al.
2 0 0 2). F or e a c h cl u st er i n t his list, w e i niti all y s el e ct e d all
st ar s fr o m L A M O S T wit hi n t h e p u blis h e d cl u st er di a m et er
t h at als o h a v e L A M O S T R V wit hi n 2 0 k m s 1 of t h e p u blis h e d
v al u e ( n ot e t h at w e o nl y u s e d cl u st er s wit h k n o w n R Vs f or
t his e x er cis e). Aft er t his i niti al c ut, w e e x a mi n e d hist o gr a m s
of v el o citi es, dist a n c es, a n d m et alli citi es f or e a c h of t h e cl u s-
t er s wit h m or e t h a n 1 5 c a n di d at es. F or cl u st er s wit h o b vi o u s
dist a n c e a n d v el o cit y p e a k s, w e m a n u all y s el e ct st ar s wit hi n
∼ 1 0 k m s 1 of t h e p e a k v al u e, a n d fit a G a u ssi a n t o t h e dis-
t a n c e distri b uti o n of t h es e cl u st er c a n di d at es. Cl u st er s wit h
o b vi o u s si g n at ur es w er e N G C 1 0 3 9, N G C 1 6 6 2, N G C 2 1 6 8,
N G C 2 2 8 1, N G C 2 5 4 8, A S C C 2 6, a n d N G C 1 6 4 7. T h e n u m-
b er of c a n di d at es s el e ct e d r a n g e d fr o m 1 9 t o 1 0 2 st ar s, wit h
t h e n e ar est cl u st er s h a vi n g t h e m o st c a n di d at es. Fi g ur e 1 2
c o m p ar es o ur m e as ur e d dist a n c es (fr o m t h e G a u ssi a n fits)
f or t h es e s e v e n cl u st er s, d L A M O S T , t o t h o s e fr o m Di as et al.

http://www.astro.iag.usp.br/ocdb/
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( 2 0 0 2), d lit. Err or b ar s o n t h es e p oi nts r e pr es e nt t h e G a u ssi a n
σ of t h e st ar s i n cl u d e d. T h e d as h e d li n e c orr es p o n d s t o o n e-
t o- o n e a gr e e m e nt b et w e e n o ur m e as ur e m e nts a n d lit er at ur e
v al u es. All b ut o n e of t h e s e v e n cl u st er s’ dist a n c es is c o n sis-
t e nt wit h v al u es fr o m t h e lit er at ur e. T h u s, w e h a v e c o nfir m e d
t h e eff e cti v e n ess of o ur dist a n c e esti m ati o n s. T his si m pl e e x-
er cis e hi g hli g hts t h e p ot e nti al of L A M O S T t o a m ass a s a m pl e
of o p e n cl u st er st ar s wit h h o m o g e n e o u sl y m e as ur e d m et alli c-
iti es, v el o citi es, a n d dist a n c es t h at c a n b e u s e d t o pr o b e t h e
G al a cti c dis k i n e x q uisit e d et ail.

5. C O N C L U SI O N S

We pr es e nt a m et h o d t o d eri v e dist a n c es t o st ar s wit h m e a-
s ur e d st ell ar p ar a m et er s ( T eff , l o gg , a n d [ F e/ H]). T his w as d e-
v el o p e d wit h p arti c ul ar i nt er est i n d eri vi n g dist a n c es t o t h e
m a n y milli o n s of st ar s t h at will b e o b s er v e d b y t h e L A M O S T
s ur v e y, i n or d er t o e n a bl e st u di es of G al a cti c str u ct ur e wit h
t his v ast d at a s et. T h e c o d e is b as e d o n a B a y esi a n m et h o d
t h at e v al u at es t h e p o st eri or P D F i n a b s ol ut e m a g nit u d e f or
a gi v e n st ar, esti m at e d vi a c o m p aris o n t o a gri d of t h e or eti-
c al is o c hr o n es. T h e P D F i n c or p or at es i nf or m ati o n a b o ut T eff ,
l o gg , a n d [ F e/ H], al o n g wit h t h eir u n c ert ai nti es. T o a c c o u nt
f or s el e cti o n eff e cts, w e t a k e a d v a nt a g e of t h e f a ct t h at e a c h
L A M O S T pl at e t y pi c all y o b s er v es ∼ 3 0 0 0 st ar s si m ult a n e-
o u sl y. T h e o b s er v e d distri b uti o n of l o g g f or st ar s wit hi n 0. 2 5
m a g nit u d es i n c ol or- m a g nit u d e s p a c e is m a p p e d o nt o t h e or et-
i c al is o c hr o n es t o d eri v e a pr o x y “l u mi n o sit y f u n cti o n ” e x-
p e ct e d f or st ar s i n t h at r e gi o n of s k y at t h e gi v e n c ol or a n d
m a g nit u d e. T his a c c o u nts si m ult a n e o u sl y f or t h e s el e cti o n
f u n cti o n t hr o u g h w hi c h st ar s w er e c h o s e n f or L A M O S T o b-
s er v ati o n, a n d t h e v ari ati o n i n st ell ar p o p ul ati o n s wit h G al a c-
ti c li n e of si g ht ( a n d dist a n c e). A flat a g e pri or is i m pl e-
m e nt e d, si n c e w e h a v e n o i nf or m ati o n a b o ut t h e a g es of i n-
di vi d u al st ar s. T his c o ul d, i n pri n ci pl e, b e m o difie d t o a c-
c o u nt f or t h e r el ati v el y w ell- k n o w n a g e- m et alli cit y r el ati o n
i n t h e Mil k y Wa y, b ut w e c h o o s e t o l e a v e it flat s o as n ot t o
bi as st u di es of G al a cti c st ell ar p o p ul ati o n s b as e d o n L A M-
O S T d at a. Li k e wis e, w e d o n ot i m p o s e a n y pri or s r el at e d t o
Mil k y Wa y st ell ar p o p ul ati o n s; si n c e w e wis h t o st u d y G al a c-
ti c str u ct ur e, w e pr ef er t o a v oi d i ntr o d u ci n g ass u m pti o n s i nt o
o ur dist a n c e c al c ul ati o n s.

We t est o ur c o d e b y m e as uri n g dist a n c es t o s a m pl es of st ar s
fr o m Hi p p ar c o s a n d R A V E t h at h a v e k n o w n st ell ar p ar a m-
et er s. O ur dist a n c es a gr e e wit h t h e p ar all a x dist a n c es fr o m
Hi p p ar c o s, wit h r o u g hl y 1 7 % s c att er i n t h e r esi d u als. We
fi n d a 1 2 % s y st e m ati c s hift b et w e e n o ur dist a n c es a n d t h o s e
m e as ur e d b y Z witt er et al. ( 2 0 1 0) fr o m t h e s a m e R A V E s a m-
pl e, wit h o nl y 1 6 % s c att er, b ut wit h a l ar g e t ail t o w ar d u n-
d er esti m at e of t h e dist a n c e. We als o t est o ur c o d e o n si m u-
l at e d d at a al o n g t w o li n es of si g ht fr o m t h e B es a n ç o n m o d el,
a n d fi n d t h at w e r e c o v er t h e m o d el dist a n c es wit h n o n et
off s et. T h er e is, h o w e v er, a n a p p ar e nt ∼ 2 0 % o v er esti m at e
of dist a n c es t o dist a nt, m et al- p o or h al o st ar s b y o ur c o d e.
T h e s o ur c e of t his s y st e m ati c s hift is u n cl e ar, b ut it m a y b e
d u e t o t h e f a ct t h at w e h a v e u s e d is o c hr o n es wit h s ol ar α -
el e m e nt a b u n d a n c es. St ar s i n t h e Mil k y Wa y h al o ar e, o n
a v er a g e, ol d a n d α - e n h a n c e d r el ati v e t o t h e S ol ar n ei g h b or-
h o o d ( s e e, e. g., Ve n n et al. 2 0 0 4). B e c a u s e t h e R G B of a n
is o c hr o n e is s hift e d sli g htl y t o f ai nt er a b s ol ut e m a g nit u d es
w h e n [ α / F e] is i n cr e as e d ( at fi x e d [ F e/ H] a n d a g e), t h e u s e
of S ol ar- s c al e d is o c hr o n es will t e n d t o bi as r es ults f or α -ri c h
st ar s t o w ar d o v er esti m ati o n of dist a n c es. We c o nfir m e d t his
i m pr essi o n b y r e-r u n ni n g t h e dist a n c e d eri v ati o n f or a s u b-
s et of m et al- p o or h al o gi a nts, u si n g a n α - e n h a n c e d is o c hr o n e
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F I G. 1 2. — C o m p aris o n of o ur d eri v e d dist a n c es (d L A M O S T ) t o t h os e fr o m
t h e lit er at ur e ( Di as et al. 2 0 0 2, d lit) f or s e v e n o p e n cl ust ers f o u n d i n L A M-
O S T. P oi nts r e pr es e nt t h e c e ntr al v al u e of t h e b est-fitti n g G a ussi a n f or e a c h
cl ust er’s dist a n c e distri b uti o n, a n d err or b ars s h o w t h e G a ussi a n σ .  T h e
d as h e d li n e r e pr es e nts o n e-t o- o n e a gr e e m e nt.  All b ut o n e of t h e cl ust ers
a gr e es v er y cl os el y wit h t h e k n o w n dist a n c e.

gri d ([ α / F e] = + 0 .4). I n d e e d, t his e x er cis e s hift e d t h e dist a n c e
esti m at es f or t h es e st ar s b y a n a v er a g e of 1 3 % cl o s er t h a n
t h e esti m at es b as e d o n t h e S ol ar- al p h a gri d. T h u s w e s u g g est
t h at a d o pti n g a m or e a p pr o pri at e α - e n h a n c e d is o c hr o n e s et f or
m et al- p o or h al o st ar s w o ul d r e m e d y t h e o v er esti m ati o n of dis-
t a n c es t o t h es e st ar s, a n d t h at ulti m at el y t h e m e as ur e d [α / F e]
s h o ul d b e i n c or p or at e d i nt o t h e dist a n c e esti m ati o n pr o c ess.

Fi n all y, w e pr es e nt s o m e r es ults b as e d o n L A M O S T d at a.
A s a m pl e of ∼ 1 8 9 ,0 0 0 st ar s n e ar t h e n ort h G al a cti c c a p
s h o ws e x p e ct e d tr e n d s i n [ F e/ H] wit h h ei g ht ( Z ) a b o v e t h e
G al a cti c pl a n e. We als o s h o w t h at a s a m pl e s el e ct e d t o b e
dist a nt h al o st ar s b as e d o n o ur d eri v e d dist a n c es c o n sists
s ol el y of m et al- p o or st ar s wit h a distri b uti o n p e a k e d ar o u n d
[ F e/ H]∼ 1 .5, as e x p e ct e d f or t h e G al a cti c i n n er h al o. S o m e
st u di es of ki n e m ati cs of n e ar b y st ar s b as e d o n L A M O S T d at a
a n d wit h dist a n c es fr o m t his c o d e h a v e alr e a d y a p p e ar e d i n t h e
lit er at ur e ( Ti a n et al. 2 0 1 5; Xi a et al. 2 0 1 5), a n d w e a nti ci p at e
t h at dist a n c es d eri v e d b y t his m et h o d will pr o v e u s ef ul f or n u-
m er o u s u p c o mi n g st u di es of G al a cti c str u ct ur e. F urt h er m or e,
as t h e L A M O S T d at a r e d u cti o n pi p eli n es c o nti n u e t o i m pr o v e,
w e a nti ci p at e t h at u n c ert ai nti es o n st ell ar p ar a m et er s d eri v e d
fr o m t h e s p e ctr a will b e c o m e s m all er, w hi c h will i n t ur n i m-
pr o v e o ur esti m at es of t h e dist a n c es. E v e nt u all y, p ar all a x es
t h at will c o m e fr o m t h e G ai a missi o n ( P err y m a n et al. 2 0 0 1)
will li k el y s u p er s e d e t h es e dist a n c e m e as ur e m e nts f or t h e m a-
j orit y of t h e st ar s o b s er v e d b y L A M O S T, as p art of a v ast s a m-
pl e of dir e ct dist a n c e m e as ur e m e nts t hr o u g h o ut t h e G al a x y.

We t h a n k t h e a n o n y m o u s r ef er e e f or c ar ef ul a n d t h o u g ht-
f ul c o m m e nts. T his w or k w as s u p p ort e d b y t h e U. S. N a-
ti o n al S ci e n c e F o u n d ati o n u n d er gr a nts A S T 0 9- 3 7 5 2 3 a n d
A S T 1 4- 0 9 4 2 1. C. L. als o a c k n o wl e d g es t h e Str at e gi c Pri-
orit y R es e ar c h Pr o gr a m “ T h e E m er g e n c e of C o s m ol o gi c al
Str u ct ur es ” of t h e C hi n es e A c a d e m y of S ci e n c es, gr a nt N o.
X D B 0 9 0 0 0 0 0 0, t h e N ati o n al K e y B asi c R es e ar c h Pr o gr a m of
C hi n a, gr a nts N o. 2 0 1 4 C B 8 4 5 7 0 0, a n d t h e N ati o n al S ci e n c e
F o u n d ati o n of C hi n a, gr a nts N o. 1 1 3 7 3 0 3 2 a n d 1 1 3 3 3 0 0 3.
T. C. B. a c k n o wl e d g es p arti al s u p p ort fr o m gr a nt P H Y 0 8-
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