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ABSTRACT

Context. Due to their nearly constant absolute magnitudes and old ages, blue horizontal branch (BHB) stars are frequently used as
standard candles to study the kinematics and structures of our galaxy. The number of identified BHB stars has significantly increased
due to the advent of large scale surveys in the last two decades. Recently, Gaia DR3 was released including a catalog of around
220 million low-resolution spectra (Bp/Rp, or XP hereafter). These data have great potential for identifying many interesting stellar
objects including BHB stars.
Aims. We construct a full-sky BHB catalog from Gaia Bp/Rp spectra and use it to explore the shape of the inner stellar halo.
Methods. We selected BHB stars based on synthetic photometry and stellar atmosphere parameters inferred from Gaia Bp/Rp spectra.
We generated the synthetic SDSS broad-band ugr and Pristine narrow-band CaHK magnitudes from Gaia Bp/Rp data. A photometric
selection of BHB candidates was made in the (u − g, g − r) and (u − CaHK, g − r) color-color spaces. A spectroscopic selection in
Teff − log g space was applied to remove stars with high surface gravity. The selection function of BHB stars was obtained by using
the Gaia DR3 photometry. A non-parametric method that allows the variation in the vertical flattening q with the Galactic radius, was
adopted to explore the density shape of the stellar halo.
Results. We present a catalog of 44,552 high latitude (|b| > 20◦) BHB candidates chosen with a well-characterized selection function.
The stellar halo traced by these BHB stars is more flattened at smaller radii (q = 0.4 at r ∼ 8 kpc), and becomes nearly spherical at
larger radii (q = 0.8 at r ∼ 25 kpc). Assuming a variable flattening and excluding several obvious outliers that might be related to the
halo substructures or contaminants, we obtain a smooth and consistent relationship between r and q, and the density profile is best fit
with by a single power law with an index α = −4.65 ± 0.04.

Key words. Stars: horizontal-branch-Galaxy: halo-Galaxy: stellar content-Galaxy: structure

1. Introduction

Blue horizontal branch stars are old (age≥10 Gyr), metal-poor
([M/H]< −1), and low-mass stars (∼ 0.5 − 1M⊙) that have
evolved past the helium flash at the end of the red giant phase.
BHB stars were first identified by a photometric study of the
globular clusters (GCs) of M92 and M3 in the 1950s (Arp et al.
1952). These core-helium burning stars are photometrically A or
B-types, and form a clear horizontal branch extending from the
blue side of the instability strip to the location of the hot sub-
dwarfs in the Hertzsprung–Russell (HR) diagram. Due to their
nearly constant absolute magnitudes, BHB stars are frequently
used as standard candles to trace distant Galactic structures and
study the mass assembly history of the Milky Way: determin-
ing the distance and the age of the stellar populations in the
Galactic halo and the GCs (e.g., Preston et al. 1991; Jofré &
Weiss 2011; VandenBerg et al. 2013; Das et al. 2016; Subra-
maniam et al. 2017; Whitten et al. 2019), measuring the radial
density profile and the velocity distribution of the stellar halo
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⋆⋆ Corresponding author, e-mail: gzhao@nao.cas.cn

(e.g., Sluis & Arnold 1998; Deason et al. 2011; Das et al. 2016;
Thomas et al. 2018; Fukushima et al. 2018, 2019; Bird et al.
2021; Li & Binney 2022; Fukushima et al. 2025; Amarante et al.
2024; Yu et al. 2024), studying the kinematic substructures and
the stellar streams (e.g., Xue et al. 2011; Ruhland et al. 2011;
Belokurov & Koposov 2016; Deason et al. 2018; Yang et al.
2019b,a; Gryncewicz et al. 2021), and estimating the enclosed
mass of the Milky Way (e.g., Xue et al. 2008; Kafle et al. 2012;
Deason et al. 2021; Bird et al. 2022).

Photometrically, BHB stars reside in a narrow color range
that facilitates their identification in specific color-color dia-
grams. Pier (1982) published a small catalog of A and B-
type stars selected from the (U − B, B − V) diagram. Sommer-
Larsen et al. (1989) constructed a sample of 126 faint A-type
stars (mainly BHB stars) satisfying 0 ≤ (B − V)0 ≤ 0.2
and V ≤ 19. Sommer-Larsen et al. (1989) selected 4,175
candidates of field horizontal-branch and A-type stars using
objective-prism/interference-filter data. However, BHB catalogs
from these early studies suffer from heavy contamination of high
surface gravity stars such as blue stragglers (BS) and A-type
main sequence (MS) stars. In the last two decades, the study of
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BHB stars has been largely advanced by large-scale sky surveys.
Yanny et al. (2000) demonstrated that a filter cut using the dered-
dened color-color diagram (u0−g0, g0−r0) can separate the high
surface gravity stars from the BHB stars to a certain extent in the
Sloan Digital Sky Survey (SDSS; York et al. 2000). Smith et al.
(2010) identified 27,074 probable BHB stars from SDSS Data
Release 7 (DR7) photometric data through a support vector ma-
chine (SVM) method. Vickers et al. (2012) found that the SDSS
z band photometry can also be used as a surface gravity indicator
to distinguish BHB stars from contaminants. Beers et al. (2007)
provided the coordinates and photometric information of 12,056
stars identified in the HK Survey as field horizontal-branch or
A-type stars. Montenegro et al. (2019) detect 12,544 probable
BHB stars in the Milky Way bulge-halo transition region by ap-
plying specific cuts in the ZY JHKs near-infrared bands from the
Vía Láctea (VVV) ESO Public Survey data (Minniti et al. 2010).
Starkenburg et al. (2019) find that a combination of the Pristine
survey CaHK narrow-band photometry and the SDSS ugr broad-
band photometry can achieve a high completeness (91%) and
purity (93%) in the selection of BHB stars. Culpan et al. (2021)
present a catalog of 57,377 BHB candidates selected from the
color-magnitude diagram (CMD) of Gaia Early Data Release 3
(EDR3; Gaia Collaboration et al. 2021) with a purity of ∼ 70%.
Their follow-up study selects 22,335 BHB stars from the CMD
of Gaia DR3 and shows a contamination level of less than 12%
by the synthetic spectral energy distribution (SED) (Culpan et al.
2024). Amarante et al. (2024) identify 95,466 possible BHB
stars from the Legacy Survey photometry data (Dey et al. 2019)
using a probabilistic methodology.

A photometric selection will inevitably involve some con-
tamination due to uncertainties in the dust maps and the mixture
of BHB and BS stars in color-color space. The most accurate
way to construct a clean catalog of BHB stars is via spectral
features. The Balmer-line profiles have proven to be an efficient
indicator to distinguish between BHB and BS stars, since their
depth ( fm) and broadening (D0.2) can provide indirect informa-
tion of Teff and log g (Pier 1983). Clewley et al. (2002) devel-
oped a scale-width-shape method that discriminates the BHB
stars from the contaminants based on a fitting of the Balmer-lines
with a Sérsic profile. Through an analysis of the Balmer-line pro-
files and a color cut, previous studies selected 4,985 BHB stars
from SDSS DR8 data (Xue et al. 2011) and 5,436 BHB stars
from the Large Sky Area Multi-Object Fiber Spectroscopic Tele-
scope (LAMOST) DR5 data (Ju et al. 2024). As demonstrated
in Barbosa et al. (2022), the BHB and MS/BS stars can be dis-
tinguished by applying a Gaussian Mixture model to their log g
distributions.

Gaia Data Release 3 (DR3; Gaia Collaboration et al. 2023b)
has released around 220 million low-resolution spectra obtained
from the blue (330 ≤ λ ≤ 680 nm) and red (640 ≤ λ ≤
1050 nm) Gaia slitless spectrophotometers (Carrasco et al. 2021;
Montegriffo et al. 2023; De Angeli et al. 2023). These spec-
tra (hereafter referred to as ‘XP spectra’) have a variable res-
olution ranging from 20 to 90 as a function of wavelength.
Through spectral shape and synthetic photometry, previous stud-
ies have identified many interesting stellar objects such as white
dwarfs (García-Zamora et al. 2023; Vincent et al. 2024), ultra-
cool dwarfs (Cooper et al. 2024), carbon-enhanced metal-poor
stars (Sanders & Matsunaga 2023), stars at the tip of the red gi-
ant branch (Li et al. 2023), and magnetic chemically peculiar
stars (Paunzen & Prišegen 2022) from XP spectra.

In this study, we aim to construct a clean, full-sky catalog of
BHB stars selected from XP spectra. This paper is organized as
follows. In Section 2.1, we introduce the photometric and spec-
troscopic criteria for selecting BHB stars from the XP spectra.
In Section 2.2 and 2.3, we present a clean BHB catalog with
the heliocentric distance and the selection function provided. We
analyze the density shape of the inner stellar halo traced by the
obtained BHB catalog in Section 3. Finally, a summary is made
in Section 4.

2. Construction of the BHB catalog

2.1. Identification

In this study, we will use synthetic photometry and stellar at-
mospheric parameters inferred from XP spectra to select proba-
ble BHB candidates. Gaia XP spectra are represented by a lin-
ear combination of Hermite basis functions (Montegriffo et al.
2023). We used the Python library GaiaXPy1, developed by
the Gaia Data Processing and Analysis Consortium (DPAC), to
transfer these coefficients into calibrated photometry and spec-
tra.

2.1.1. Photometric cuts

GaiaXPy allows the generation of synthetic photometry for mul-
tiple photometric systems from the input internally calibrated
XP spectra (Gaia Collaboration et al. 2023a). Inspired by previ-
ous studies of Sirko et al. (2004) and Starkenburg et al. (2019),
we used the synthetic SDSS and Pristine CaHK photometry to
make a rough photometric selection of BHB stars. We chose
the photometric system of SDSS_Std in the generation of ugr
broad-band photometry because the procedure in GaiaXPy bene-
fits from a standardization that minimizes zero-point differences
and/or trends as a function of colors in this system. The extinc-
tion coefficients (Ru = 4.239,Rg = 3.303, and Rr = 2.285) are
provided by Schlafly & Finkbeiner (2011), and the CaHK ex-
tinction RCaHK = 3.918 is obtained from Martin et al. (2024).
The dust reddening E(B-V) is provided by the two-dimensional
dust map dustmaps.sfd.SFDQuery (Schlegel et al. 1998; Schlafly
& Finkbeiner 2011; Green 2018).

We first applied a color cut 0.8 < ustd;0 − gstd;0 < 1.4 and
−0.3 < gstd;0 − rstd;0 < 0.1, and tagged stars satisfying this
criterion as ugr-cut candidates. In this study we used the sub-
script ";0" or "0" to indicate dereddened stellar color or extinc-
tion corrected magnitude. This photometric selection effectively
removes some undesired objects, such as white dwarfs, quasars,
and other stars (Sirko et al. 2004; Vickers et al. 2012). However,
there are still some contaminants remaining in these ugr-cut can-
didates, particularly BS stars.

The color-color space (u0 −CaHK0, g0 − r0) has been proven
to efficiently separate BHB stars from BS stars by Starkenburg
et al. (2019). However, our synthetic CaHK photometry is not a
standardized system like SDSS_Std that may have some zero
point offsets and trends as a function of color. Therefore, we
need to carry out a test before applying this selection criterion
with confidence. Among these ugr-cut candidates, 2,953 of them
are previously confirmed as BHB stars by Barbosa et al. (2022),
and 7,781 of them are possible high surface gravity stars with

1 https://gaia-dpci.github.io/GaiaXPy-website/
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Fig. 1. ustd;0 − CaHK0 versus gstd;0 − rstd;0 for previously spectrally con-
firmed BHB stars (blue points) and high surface gravity stars (orange
points). Although there are some mixtures of these two kinds of stars in
this color-color diagram, we can still make a rough separation of them
by the dashed red lines.

LOGG_SPEC > 3.7 in the Sloan Extension for Galactic Under-
standing and Exploration survey (SEGUE; Yanny et al. 2009).
Figure 1 shows the distribution of these BHB and high surface
gravity stars in (ustd;0 − CaHK0, gstd;0 − rstd;0) space. Although
there is some overlap in this color-color diagram, we can see
that these two kinds of stars are mainly located in two differ-
ent regions. A dashed ridgeline f (gstd;0 − rstd;0) was used to
separate the BHB stars from the contaminants roughly. We ap-
plied this ridgeline to the whole ugr-cut sample and obtained
687,949 probable photometric-cut BHB candidates satisfying
0.8 < ustd;0 − gstd;0 < 1.4, −0.3 < gstd;0 − rstd;0 < 0.1, and
ustd;0 − CaHK0 > f (gstd;0 − rstd;0), where the ridge line is ap-
proximately defined as:

f (gstd;0 − rstd;0) =0.83 − 1.32(gstd;0 − rstd;0) − 1.45(gstd;0 − rstd;0)2

+ 11.24(gstd;0 − rstd;0)3.

(1)

2.1.2. Spectroscopic cuts

Although photometric selection can remove a large number of
undesired objects, there are still some remaining contaminants
as illustrated in Figure 1. To obtain a cleaner catalog, we fit the
XP spectra of these photometric-cut BHB stars and inferred their
stellar atmospheric parameters (Teff , log g, [M/H]).

Our sampled XP spectra have the same wavelength range
of 360 nm ≤ λ ≤ 990 nm as Paper-I of Ye et al. (2025),
and contain 330 points that are spaced evenly on a loga-
rithmic scale. To remove the effect of interstellar extinction,
we corrected the XP data with the two-dimensional dust map
dustmaps.sfd.SFDQuery and the extinction curve of ccm89
(Sommer-Larsen et al. 1989). The FORTRAN-90 code FERRE1

(Allende Prieto et al. 2006), which matches the input spectra to
best-fitting templates from a grid of synthetic spectra by χ2 min-
imization, is used to infer stellar parameters from XP spectra

1 https://github.com/callendeprieto/ferre

(Teff , log g, [M/H]). Since BHB stars are mainly in the temper-
ature range of 7000 < Teff < 12000 K, we adopted the nsc3
library of Allende Prieto et al. (2018) as model spectra in the
fitting. To match the low resolution of the XP spectra, we de-
graded the synthetic spectra to a constant resolving power of
R = 104. Considering the lower temperature boundary of the
nsc3 library, we need to ensure that the input XP spectra be-
long to stars of high temperature. In Paper-I we fit each whole
XP spectrum with a library of spectra covering the temperature
range of 3500 < Teff < 8000 K. We required that Teff estimated
from Paper-I is larger than 6900 K.

We only kept stars with G > 11.5 since Andrae et al.
(2023) mentioned that the internal-calibration process of XP
spectra may have some instrumental effects for stars brighter
than G = 11.5. There is a high density of MS stars in the Mag-
ellanic clouds, potentially introducing significant contamination
of MS stars to our selected BHB catalog. To correct for the ef-
fect of dust reddening in the XP spectra, we adopted Rv = 3.1
in the extinction law of ccm89 for the Milky Way stars, which
is not appropriate for stars in the Magellanic clouds. Therefore,
following Culpan et al. (2021), objects were removed by exclud-
ing stars in the region of the Magellanic clouds where the lo-
cal apparent stellar population density exceeds 50, 000 stars per
deg2: (1) the Large Magellanic Cloud at 274.5◦ < l < 286.5◦
and −37.9◦ < b < −27.9◦. (2) the Small Magellanic Cloud at
299.8◦ < l < 305.8◦ and −46.3◦ < b < −42.3◦.

After fitting, we defined the residual between the Normal-
ized XP spectra (FluxXP) and the fitting results (Fluxfitting) as
∆Flux. Our sampled XP spectrum consists of 330 data points that
are spaced evenly on a logarithmic scale within the wavelength
range. To remove stars with poor fittings, we required that the
number of points with |∆Flux| > 0.1 is less than 60 in any given
spectrum.

A metallicity cut [M/H] ≤ −1 is frequently used to remove
metal-rich disk stars in a BHB sample. However, metallicity de-
termined from such low-resolution spectra is possibly unreliable
for stars with low (Teff < 4000 K) and high (Teff > 7000 K)
temperatures. Therefore, we chose an alternative cut in galactic
latitude |b| > 20◦; 67,055 stars remain after the selection.

Previous studies usually distinguish between BHB and BS
stars by the shape of their Balmer-lines (Xue et al. 2008, 2011;
Ju et al. 2024). However, systematic errors that depend on the
stellar color and magnitude are found in Gaia XP spectra (Mon-
tegriffo et al. 2023; Huang et al. 2024), which could directly dis-
tort the shape of spectral lines and introduce a large uncertainty
in the fitting of Balmer-lines. Paper-I introduces a method to cor-
rect for the effects of systematic errors, but it is not valid for
stars with high temperatures. Since many previous studies have
already obtained a reliable estimation of the stellar parameters
without the correction of systematic errors in the XP spectra, we
will rely on our estimated parameters rather than the profile of
Balmer-lines in the selection.

The top panel of Figure 2 shows the density distribution of
these high-latitude photometric-cut BHB candidates in Teff −

log g diagram. We find that there are mainly three groups in Fig-
ure 2, of which the major group has the smallest log g and shows
an increasing Teff − log g relationship, and the other two minor
groups are composed of stars with higher log g. According to the
trends of log g with Teff , we suspect that stars in the major group
are true BHB stars, while the other two minor groups are dwarfs
or BS stars that are falsely identified as BHB stars in the pho-
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Fig. 2. Separation of BHB stars from high log g contaminants in the
Teff − log g space. The top panel shows the density distribution of the
high-latitude photometric-cut BHB candidates in Teff − log g space. The
bottom panel shows a small fraction of our candidates that have been
previously identified as BHB (blue points) or high surface gravity stars
(orange points) in the SEGUE data by Barbosa et al. (2022). Two black
lines are employed to separate these two types of stars, and we apply
this cut to the whole candidates as shown in the top panel.

tometric selection. To verify our assumption, we cross-matched
our candidates with the SEGUE survey and found 3,292 com-
mon stars. The condition in the bottom panel of Figure 2 is con-
sistent with our assumption, as the majority of the previously
spectrally confirmed BHB stars belong to the main group, while
the other two groups are mainly composed of high surface grav-
ity stars. A simple line of log g = 2 × 10−4 × Teff + 1.6 was
employed to separate the major group from the other two minor
ones. We further removed stars with Teff < 7200 K, as this se-
lection line performs poorly at eliminating contaminants in the
low-temperature regime. Although this separation is imperfect,
as we can still see some overlap, it works well for most SEGUE
stars and we applied it to all BHB candidates.

The selection criteria in this section are summarized as Equa-
tion 2:

Teff;Ye ≥ 6900 K
Stars in the region of the Magellanic Clouds are removed
G > 11.5
|b| > 20◦

12000 > Teff > 7200 K

log g < 2 × 10−4 × Teff + 1.6.

(2)

We defined these 44,552 selected stars as XP spectrally con-
firmed BHB candidates.

BHB stars projected within six half-mass radii from the cen-
ter of known globular clusters within 25 kpc of the Sun were
selected as potential globular cluster members. Parameters of
the globular clusters were obtained from Baumgardt & Vasiliev
(2021) and Vasiliev & Baumgardt (2021). Our BHB catalog is
composed of 44,032 field BHB stars and 520 potential globular
cluster members.

2.2. Distance estimation

Although BHB stars are known to have almost constant abso-
lute magnitudes, there are still some variations as a function of
color. Deason et al. (2011) fit the absolute magnitude Mg of
BHB stars as a function of g − r color with a quartic polyno-
mial. Gryncewicz et al. (2021) extent the fitting to the blue tail
of the Horizontal Branch stars of g − r < −0.25. Due to the
potential uncertainties in the synthetic ugr photometry, we will
rely on the Gaia broad band photometry to establish a relation-
ship between the absolute magnitude MG and dereddened stellar
color GBP;0 − GRP;0. The extinction coefficients of Gaia Broad
band photometry (RG = 2.364,RGBP = 2.998,RGRP = 1.737) are
provided by Zhang & Yuan (2023). The absolute magnitude MG
was obtained from MG = G0 − 5 log10(dparallax) + 5, where dis-
tance dparallax is given in units of parsecs (pc) and derived from
the Gaia DR3 parallax for 6,065 BHB stars with a reliable par-
allax (parallax_over_error>10). We took into account the paral-
lax zero point offset of −0.017 mas as discussed by Lindegren
et al. (2021). These BHB stars exhibit a clear horizontal branch
structure in the (GBP;0 −GRP;0,MG) diagram as is shown in Fig-
ure 3. Three dashed red curves that represent the P16, P50, and
P84 percentiles distributions were obtained after the removal of
possible contaminants. We applied a quartic polynomial fitting
to the three curves as Equation 3:

MG(P84) =0.68 − 1.11(GBP;0 −GRP;0) − 26.49(GBP;0 −GRP;0)2

+ 182.44(GBP;0 −GRP;0)3 − 326.44(GBP;0 −GRP;0)4

MG(P50) =0.93 − 3.12(GBP;0 −GRP;0) + 6.61(GBP;0 −GRP;0)2

+ 9.74(GBP;0 −GRP;0)3 − 45.67(GBP;0 −GRP;0)4

MG(P16) =1.17 − 3.28(GBP;0 −GRP;0) + 16.95(GBP;0 −GRP;0)2

− 86.45(GBP;0 −GRP;0)3 + 181.85(GBP;0 −GRP;0)4.

(3)

The heliocentric distance, dhelio, was calculated by substituting
MG(P50) into dhelio = 100.2(G0−MG+5).

As is shown in Figure 4, our obtained dhelio is generally in
line with dparallax. Figure 5 shows the normalized apparent mag-
nitude distribution of our selected BHB sample, with G mag-
nitudes ranging from 11.5 to approximately 17.5, peaking at
around 15.5. Due to the limiting magnitude of the XP spectra
(G ∼ 17.65), dhelio of these BHB candidates is within 25 kpc,
indicating that most of them are located in the inner halo (at a
Galactocentric radius rgc < 30 kpc).

2.3. Completeness and purity

To check the completeness and purity of our sample, we used
the SEGUE spectrally confirmed BHB catalog of Barbosa et al.
(2022) as the reference library. Many previous studies selected
BHB stars from the SEGUE survey using different methods.
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centiles distributions of MG are obtained.
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Here we adopted the BHB sample of Barbosa et al. (2022) be-
cause their selection is also mainly based on the log g distri-
bution like us. Starkenburg et al. (2019) propose two different
ways to estimate the completeness of their photometrically con-
firmed BHB sample selected from the Pristine survey. One ap-
proach consists of a direct comparison to the SEGUE spectrally
confirmed BHB catalog, while the other is based on a test of
Monte Carlo simulated mock data sets. The completeness es-
timated from the two methods is in good agreement for stars
brighter than g = 19. Although the SEGUE spectrally confirmed
BHB catalog may not be perfectly complete, this consistency
suggests that its completeness, C(SEGUE)), is likely close to 1
and does not vary significantly with the magnitude for stars of
g < 19. The limiting magnitude of Gaia XP spectra is around
G = 17.65, which is much brighter than g = 19 according to
the empirical transformation equations derived by Evans et al.
(2018).
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Fig. 5. Normalized apparent magnitude distribution in G band for XP
spectrally confirmed BHB sample (blue hist) and SEGUE spectrally
confirmed BHB sample of Barbosa et al. (2022) (orange hist). Our se-
lected BHB sample is more focused on the inner stellar halo than the
SEGUE BHB sample due to the limiting magnitude of Gaia XP spectra.

To explore the completeness and purity of our sample, we
constructed a combined catalog by cross-matching the Gaia XP
spectra with the SEGUE survey. Within this catalog, 1,906 stars
are identified as BHB candidates by Gaia XP spectra in this
study. Among them, 1,815 candidates are confirmed to be real
low log g stars with LOGG_SPEC<3.7 according to the SEGUE
data, which suggests an overall purity of around 1, 815/1, 906 ∼
95% in this subsample. Cross-matching the SEGUE BHB sam-
ple of Barbosa et al. (2022) and the combined catalog yields
3,051 common sources. Among them, 1,643 are also identified
as BHB stars by Gaia XP spectra in this study, while the rest are
excluded by our photometric and spectroscopic cuts. We divided
the 1,815 real low log g candidates into 40 bins of color and mag-
nitude, and the bin edges were selected to ensure that each bin
contains a similar number of around 45 stars. For each each bin,
the top panel of Figure 6 shows the ratio of BHB stars found
from the same combined catalog by us (the 1,815 real low log g
candidates) and by Barbosa et al. (2022) (the subsample contain-
ing 3,051 common sources). The completeness is defined as the
multiplicity of this ratio and C(SEGUE)). The purity is defined
as the proportion of real low log g stars in the 1,903 BHB can-
didates and shown in the middle panel of Figure 6. We can see
that the completeness declines quickly as stars become fainter,
while for the purity it shows little dependence on the magnitude
and fluctuates randomly from 0.85 to 1.

Ju et al. (2024) propose a different method to estimate the
purity of a BHB sample by counting the contribution of stars
with [M/H] < −1. Following their method, we cross-matched
the XP spectrally confirmed BHB catalog with the LAMOST
OBA-type stars catalog of Xiang et al. (2022) and obtained 4,332
common sources. The LAMOST OBA-type stars catalog spans
a broader range of magnitudes than the SEGUE BHB catalog,
with G spanning approximately from 4.5 to 21.5. Among these
common sources, 3,837 stars are classified as metal-poor with
[Fe/H]LAMOST < −1 by Xiang et al. (2022), which also suggests
a similar overall purity of 3, 837/4, 332 ∼ 89%. We also divided
these common sources into different bins to investigate the de-
pendence of the purity on stellar color and magnitude. As shown
in the bottom panel of Figure 6, the purity does not exhibit sig-
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Fig. 6. Completeness and purity of the overlapping BHB sample as a
function of G for BHB stars of different stellar colors. The top panel
shows the ratio of BHB stars found from the same combined catalog
(Gaia XP spectra×SEGUE survey) by us and by Barbosa et al. (2022).
The middle panel presents the purity defined as the proportion of low
log g stars in our 1,903 BHB candidates that have a measurement of
LOGG_SPEC in the SEGUE survey. The bottom panel displays the pu-
rity defined as the proportion of metal-poor stars in our 4,332 BHB
candidates that have a measurement of [Fe/H]LAMOST in the LAMOST
OBA-type stars catalog. The dashed black lines describe the complete-
ness and purity as a function of G without the consideration of stellar
color. The completeness declines rapidly as stars become fainter, while
for the purity it remains almost constant with minimal variation.

nificant variation with GBP − GRP or G, which is very similar
to the purity defined by the proportion of low log g stars in the
middle panel.

2.4. Selection function

The selection function of the BHB sample is defined as Eq 4:

S BHB =
nBHB;sub(l, b, c,m)
nBHB;ph(l, b, c,m)

=
nBHB;XP(l, b, c,m)
nBHB;ph(l, b, c,m)

×
nBHB;sub(l, b, c,m)
nBHB;XP(l, b, c,m)

,

(4)

where nBHB;sub(l, b, c,m), nBHB;XP(l, b, c,m), and
nBHB;ph(l, b, c,m) are BHB star counts in our sample, Gaia
XP spectra, and the complete photometric data in the color-
magnitude diagram, respectively. We used the subscript ‘sub’
to indicate that our BHB sample is only a subsample of BHB
stars in the XP spectra. The first factor of S BHB can be written
as follows:

nBHB;XP(l, b, c,m)
nBHB;ph(l, b, c,m)

=
nXP(l, b, c,m) × rBHB;XP(l, b, c,m)
nph(l, b, c,m) × rBHB;ph(l, b, c,m)

= S XP(l, b, c,m) ×
rBHB;XP(l, b, c,m)
rBHB;ph(l, b, c,m)

,

(5)

where nXP(l, b, c,m) and nph(l, b, c,m) are star counts in Gaia
XP spectra and the complete photometric survey in the color-
magnitude diagram. For stars in a certain (l, b, c,m) bin, they
might be BHB stars or some other kinds of stars like nearby Blue
Stragglers. We defined rBHB;XP(l, b, c,m) and rBHB;ph(l, b, c,m) as
the ratio of BHB stars to all stellar objects in Gaia XP spec-
tra and a complete photometric survey. We assumed that the
sample of Gaia XP spectra survey does not favor one type
of star over another in a certain (l, b, c,m) bin, which means
rBHB;XP(l, b, c,m) ≈ rBHB;ph(l, b, c,m). We adopted the Gaia DR3
photometric survey as the reference since it is almost complete
for stars of G < 19 (Cantat-Gaudin et al. 2023). Using the Python
package gaiaunlimited (Castro-Ginard et al. 2023), we gener-
ated the selection function S XP(l, b, c,m) at the resolution of the
HEALPix1 level 5 in the Sky positions (12,288 equally sized ar-
eas, referred to as the 12,288 base pixels), G ∈ [3, 20] in steps of
0.2, and G −GRP ∈ [−0.05, 0.45] in bins of 0.25.

The second factor nBHB;sub(l, b, c,m)/nBHB;XP(l, b, c,m) is the
probability PBHB that a BHB star can be correctly selected from
XP spectra. nBHB;XP is an unknown component because we can-
not identify all BHB stars from XP spectra. However, a frac-
tion of them have been identified by the SEGUE data, which
are the common 3,051 sources mentioned above, and PBHB es-
timated from this subsample is used as an approximation of the
second factor. The small number of common sources prevents us
from exploring PBHB for different sky positions. Assuming that
PBHB is irrelevant to the positions in the sky, it corresponds only
to the completeness mentioned above in Figure 6. We ignored
the effect of stellar color since it is only a secondary determi-
nant of the completeness. We assumed C(SEGUE) as a constant
since it should not vary significantly with magnitude. For stars
of G ≥ 14, the probability PBHB was obtained by performing a
quadratic 1-D interpolation to the dashed black line in the top
panel of Figure 6. The completeness increases as BHB stars be-
come brighter and approaches 1 for stars of G = 14.2. There-
fore, for stars brighter than G = 14.2 we assumed a probability

1 HEALPix, an acronym for Hierarchical Equal Area isoLatitude Pix-
elization of a sphere, is an algorithm that describes the Sky positions
(l, b). Stars with similar coordinates (l, b) have the same HEALPix index
number. Further information about HEALPix is available in the Gaia
archive documentation.

Article number, page 6 of 15



Wu et al.: Mapping the Milky Way with Gaia XP spectra II

PBHB = 1. The selection function S BHB is defined as:

S BHB(l, b,G −GRP,G) = S XP(l, b,G −GRP,G)PBHB(G), (6)

where c is the stellar color of G − GRP, and m is the apparent
magnitude of G. The selection function is also provided as a pa-
rameter in our catalog.

3. Density shape of the inner stellar halo

Understanding the spatial distribution of halo stars, specifically
the radial density profile and the vertical flattening, is critical
to disentangling the mass assembly history of the Milky Way.
The radial density profile of the stellar halo is typically described
by a broken power law (BPL) with a constant flattening q ∼
0.7 in previous studies (e.g., Watkins et al. 2009; Deason et al.
2011; Faccioli et al. 2014; Xue et al. 2015; Pila-Díez et al. 2015;
Das et al. 2016; Medina et al. 2024). A break radius rbreak has
been identified between 15 and 30 kpc. The radial density profile
inside rbreak follows a power law with an index of about 2.5 − 3,
while stars outside rbreak follow a much steeper one with an index
of approximately 4−5. Some studies suggest that there might be
two break radii at the inner (rbreak ∼ 10 − 15 kpc) and outer
(rbreak ∼ 20 − 30) parts of the stellar halo (Yang et al. 2022;
Han et al. 2022). Recently, several studies find that rbreak is not
necessarily needed assuming a varying flattening, in which the
radial density profile can be described by a single power law
(SPL) with an index of 4 − 5 using an oblate ellipsoid model
(Das et al. 2016; Hernitschek et al. 2018; Xu et al. 2018; Wu
et al. 2022b; Chen et al. 2023) or an index of 2.96 using a triaxial
ellipsoid model (Iorio et al. 2018).

Liu et al. (2017) and Xu et al. (2018) describe a method to de-
rive the stellar density profile along each line of sight (l−b plate)
for the LAMOST spectroscopic survey. Using their method, we
can explore the radial density profile of the stellar halo with vary-
ing flattening through our identified BHB sample. In their works,
the ratio between the stellar density obtained from the photomet-
ric (νph) and spectroscopic (νsp) surveys is defined as:

νph(D|l, b, c,m) = νsp(D|l, b, c,m)S −1(l, b, c,m), (7)

where D is the distance along a given line of sight, and S is the
selection function of BHB stars (S BHB) in this study.

After integrating over c and m, the stellar density profile for
a given line of sight is defined as:

νph(D|l, b) =
"
νsp(D|l, b, c,m)S −1(l, b, c,m)dcdm. (8)

To account for errors arising from distance, we employed a
kernel density estimation (KDE) method to derive νsp along a
given line of sight. The contribution of a star i is treated as a
probability density function pi extending along the correspond-
ing line of sight, and pi is defined as:

pi(D) =
N(D|Di, σ

2
Di

)∫ Dmax

Dmin
N(Dx|Di, σ

2
Di

)dDx

, (9)

where N is a normal function. Di is the estimated distance of
star i, and σDi is the uncertainty of the estimated distance. In this
study, σDi is defined as:

σDi =
Di(84%) − Di(16%)

2
(10)

where Di(16%) and Di(84%) are the 16% and 84% distribu-
tions of dhelio obtained by substituting MG(P16) and MG(P84) into
Equation 3. We setted Dmin = 0 kpc and Dmax = 200 kpc.

We took into account the contribution of all stars around c
and m. The density profile νsp is defined as:

νsp(D|l, b, c,m) =
1
ΩD2

nsp(l,b,c,m)∑
i

pi(D), (11)

where Ω is the solid angle of the given line of sight, and
nsp(l, b, c,m) is the number of spectroscopic stars within a given
(l, b, c,m) bin. Note that in this form, the derived νph is a contin-
uous function of D.

In the LAMOST survey, stars are observed in thousands of
plates (lines of sight) with a constant solid angle. To achieve a
similar situation, we divided the sky positions into 3,072 plates
at the resolution of the HEALPix level 4, and BHB stars (poten-
tial globular cluster members are removed) were distributed in
different lines of sight according to their Galactic coordinates.
Since Ω, dc, dm, and C(SEGUE) are constant values that have
no impact on the obtained density shape, we normalized them
to 1 for computational convenience. νph is obtained by combing
Equation 8 and 11. We only adopted νph at the positions where
we can find a star, since the stellar density derived at the posi-
tions without sampled stars may suffer from large uncertainties.
In other words, every BHB star in our sample is assigned a νph
that represents an estimate of the stellar density at its position.

Figure 7 shows the median value of vph in the |R| − Z pixel
map. R and Z are cylindrical Galactocentric coordinates obtained
from the conventions in astropy (Astropy Collaboration et al.
2018). We used the default values of the Solar Galactocentric
distance rgc,⊙ = 8.122 kpc (GRAVITY Collaboration et al. 2018),
and height Z⊙ = 20.8 pc (Bennett & Bovy 2019). We can clearly
see a vertically flattened shape of the stellar halo that shows a
larger flattening at a smaller radius. To characterize the vertical
flattening quantitatively, we fit the density profile as a function
of the flattened Galactic radius r with an ellipsoid model as fol-
lows:

ν(r) = ν0r−α, (12)

r =
√

R2 + (Z/q(r))2, (13)

where q(r) is the flattening parameter.

As noted by Xu et al. (2018), constraining r and q is chal-
lenging in the Galactocentric cylindrical coordinate because q is
very sensitive to the slope of the iso-density surface, which be-
comes too steep at low latitudes. Therefore, following Xu et al.
(2018) and Wu et al. (2022a), we will conduct our analysis in the
Galactocentric polar coordinates where R and Z can be defined
as follows:

R = r cos(η), (14)
Z = r q sin(η), (15)

rgc =
√

R2 + Z2 (16)
sin(θ) = Z/rgc. (17)

Combining Equation 14, 15, and 16, we rewrite rgc as:

rgc = r
√

1 + (q2 − 1)sin2(η). (18)
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Fig. 7. Number density map of the stellar halo in R − Z space for the BHB data (log10 ν, left panel) and the model (log10 νfitting, middle panel). The
pixel size is 0.5 × 0.5 (kpc). The color in each pixel represents the mean density on a logarithmic scale. The right panel shows the residual map
((ν − νfitting)/νfitting), where the most prominent difference is seen in the solar neighborhood and the outer region (rgc > 15 kpc).

Using Equation 17, we write sin(η) as:

sin(η) =
rgc sin(θ)

rq
. (19)

Substituting Equation 19 into Equation 18, we can fit the iso-
density contour in rgc − sin(θ) space with Equation 20,

rgc = rq

√
1

q2 − (q2 − 1) sin2(θ)
. (20)

We divided the BHB stars into different bins of log10(ν) with
a bin size of 0.1 in the range −1.2 < log10(νph) < −3.8. We fit the
spatial distribution (rgc, sin(θ)) of the BHB stars with an ellipse
of Equation 20 in each log10(ν) bin by scipy.optimize.curve_fit.
Our fitting results for all bins are shown in Figure 8 and the spe-
cific values are recorded in Table 1. The variation in q with in-
creasing r shows a clear tendency that the stellar halo becomes
more vertically flattened in the inner part. In Figure 9, we find
that the radial density profile of the stellar halo can be simply
described by a SPL of an index of α = −4.80±0.05 with varying
flattening. Our result is almost the same as the radial density pro-
file (α = −5.03±0.64) derived from the LAMOST K-giant sam-
ple in Xu et al. (2018), but has a smaller dispersion that might be
related to the larger dataset and the accurate distance estimation
of the BHB sample.

The number density map (ν) and the model (νfitting) fit are
shown in Figure 7. In the spatial positions of each BHB star,
νfitting was generated based on parameters derived from the
binned data in Figure 8 and 9. We applied a second-order poly-
nomial function (q = f (r)) to describe the r − q relationship
and q is extrapolated as a constant of 0.81 beyond rq = 23 kpc.
We can see that the number density map of the BHB sample
is generally consistent with the model except for some promi-
nent overdensities in the solar neighborhood and the outer region
(rgc > 15 kpc). From Figure 10, we find that the density distri-
bution of ν−νfitting

νfitting
can be well described by a Gaussian mixture

model of two components, of which the primary is centered at -
0.12 with a standard deviation of 0.30, and the minor is centered
at around 0.53 with a standard deviation of 0.50. BHB stars in
the minor component shows an underestimated νfitting, which is
likely to be related to the prominent overdensities found in the
residual map.

Several contributing factors may account for the presence of
the minor component. The selection function correction may not
be suitable for all BHB stars due to the assumptions made in sec-
tion 2.3. The error in the distance estimation (σDi ) increases for
more distant BHB stars, potentially leading to an increased scat-
ter relative to the fitting line for stars in the outer halo bins of Fig-
ure 7. Considering the existence of multiple stellar substructures
in the Galactic halo, it is natural that a fraction of our selected
BHB stars belong to some unresolved substructures. The pres-
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Fig. 8. Fitting results of all BHB stars in different bins of log10(ν). The blue points are BHB stars in a certain bin and the orange inverted triangles
represent the median value of rgc. The black lines are the best fitting results with the specific parameters recorded in Table 1.

ence of non-axisymmetric substructures may introduce a bias to
the fitting, since the stellar halo is viewed as a smooth compo-
nent in our model. The inclusion of contaminants can cause an
overestimation of ν, and may explain the most prominent over-
density in the solar neighborhood considering the large numbers

of metal-rich stars in this region. Recent results from nearby stars
suggest an early formation of the disk component within the first
few billion years (Belokurov & Kravtsov 2022; Conroy et al.
2022; Zhang et al. 2024), and a disk-like geometry could exist
even for a very old stellar population of ∼ 13 Gyr (Xiang et al.
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Fig. 9. Density shape and profile of the stellar halo traced by the BHB
sample. The top panel shows the variation in q with increasing r for all
BHB stars (blue points) and the subsample (orange points). To better
distinguish the results of the two samples, a constant of 0.2 is added
to q of the subsample. The stellar halo is largely vertically flattened
in the inner part and transformed into a nearly spherical shape at the
outer radii. The bottom panel shows the relationship between the radial
stellar density log(ν) and the flattened radius r. Assuming a variable
flattening, the radial density profile of the stellar halo derived from all
BHB stars (blue points) can be well described by a SPL with an index
α = −4.80 ± 0.06, and for the subsample (orange points, a constant of
0.5 is added to log(ν)) the best result is α = −4.65 ± 0.04.

2025). It is hard for us to remove all disk stars due to the lack
of metallicity and kinematic information. Therefore, it is possi-
ble that a small fraction of our identified BHB stars with low |Z|
actually belong to the old disk.

To reduce the influence of the minor component, we applied
a rough cut of ν−νfitting

νfitting
< 0.6 and defined the remaining stars as the

subsample of the smooth stellar halo. We then repeated the fit-
ting process and presented the results for two representative bins
in Figure 11. As is shown in Figure 9, the main tendency that the
stellar halo is more vertically flattened in the inner radii remains
unchanged for the subsample, but the r − q relationship is now
better described by a second-order polynomial function without
evident outliers at r ∼ 17 kpc. Overall, the increasing trend of q
with r is smoother and more consistent for the subsample. The
density profile exhibits only a slight change and is well charac-
terized by a SPL of an index of α = −4.65±0.04. For each BHB
star in the subsample, we generate its νfitting using the updated
r − q relationship and density profile, where q is extrapolated as
a constant of 0.80 beyond rq = 23 kpc. In Figure 10, the density
distribution of ν−νfitting

νfitting
for the smooth halo is well fit by a single

Gaussian function, with a mean of 0.05 and a standard deviation
of 0.38. A significant improvement in consistency between the
BHB data and the model is clearly shown in the residual map of
Figure 12. The most prominent overdensity in the solar neigh-
borhood disappears, and the discrepancies in the outer part of
the stellar halo are also largely improved.

Table 1. Best estimated parameters of the stellar halo shape derived
from the BHB catalog.

log10(ν) Na ra qa Nb rb qb

-1.25 1,701 8.22 0.35 1,220 7.17 0.40
-1.35 2,023 8.35 0.38 1,527 7.43 0.42
-1.45 2,561 8.64 0.40 2,078 7.69 0.45
-1.55 2,500 8.98 0.42 2,217 8.14 0.46
-1.65 2,469 9.46 0.44 2,189 8.51 0.48
-1.75 2,350 9.59 0.47 2,224 9.01 0.49
-1.85 2,384 10.42 0.46 2,257 9.76 0.49
-1.95 2,212 10.95 0.47 2,097 10.15 0.51
-2.05 2,177 11.38 0.50 2,070 10.70 0.53
-2.15 2,046 11.86 0.52 1,919 11.26 0.55
-2.25 1,987 12.32 0.55 1,881 11.76 0.57
-2.35 2,028 12.95 0.57 1,887 12.36 0.59
-2.45 1,853 13.39 0.62 1,707 13.05 0.61
-2.55 1,808 14.34 0.64 1,593 13.72 0.63
-2.65 1,818 15.23 0.65 1,608 14.27 0.67
-2.75 1,727 15.36 0.73 1,453 14.80 0.71
-2.85 1,477 16.12 0.76 1,249 15.65 0.73
-2.95 1,356 16.89 0.81 1,091 16.25 0.76
-3.05 1,194 18.04 0.81 937 16.97 0.78
-3.15 1,018 19.29 0.80 789 17.83 0.79
-3.25 832 20.73 0.78 650 18.82 0.79
-3.35 654 21.35 0.80 549 19.62 0.81
-3.45 496 22.16 0.82 439 20.88 0.79
-3.54 387 23.31 0.83 328 21.95 0.80
-3.65 263 25.61 0.78 224 23.61 0.80
-3.75 182 26.42 0.83 147 24.88 0.81

– N is the number of stars in the bin, a indicates the BHB sample, and
b indicates the BHB subsample of the smooth stellar halo.

4. Summary

In this study, we constructed a catalog of 44,524 BHB stars se-
lected from the Gaia DR3 XP spectra by combining photometric
and spectroscopic data. Using a fraction of BHB stars with a re-
liable parallax, we derived a relationship between the absolute
magnitude MG and the dereddened stellar color GBP;0 − GRP;0.
A purity of around 90% was obtained by adopting the SEGUE
spectroscopic-confirmed BHB catalog of Barbosa et al. (2022)
and the hot stars catalog of Xiang et al. (2022) as the reference
datasets. We estimated the selection function of these BHB stars
by comparing our catalog to the complete photometric survey of
Gaia DR3. Assuming that the density shape varies with the ra-
dius, the radial density profile of the Galactic stellar halo traced
by the BHB catalog can be well defined by a single power law
with α = −4.80± 0.06. A comparison between the BHB data (ν)
and model (νfitting) suggests a possible bias introduced by con-
taminants or stars from the stellar substructures. After removing
these obvious outliers ( ν−νfitting

νfitting
> 0.6), we obtained a smoother

and more consistently positive relationship of r− q, and the den-
sity profile only shows a slight change with the best-estimated
index α = −4.65 ± 0.04.

This study is an attempt to construct a full-sky covered com-
plete BHB catalog of the Milky Way from the low-resolution
XP spectra. Although the low-resolution XP spectra prevent us
from obtaining an extremely accurate estimation of the stellar
parameters, we are still able to achieve a purity of around 87%,
similar to the BHB catalog of Ju et al. (2024), which was se-
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Fig. 10. Normalized density distribution of (ν − νfitting)/νfitting obtained
from the whole BHB stars (top panel) and the subsample of the smooth
halo (bottom panel). The blue vertical line represents the position of
(ν − νfitting)/νfitting = 0.6.

lected from the higher resolution spectra of LAMOST. However,
the completeness, which drops from about 90% at G = 14 mag
to around 40% at G = 17 mag, suggests that there are still a
large number of BHB stars that wait to be identified from the
XP spectra, especially in the faint magnitudes. The lack of ra-
dial velocity measurements in this BHB catalog makes exploring
the phase-space distribution of the stellar halo difficult. The up-
coming Chinese Space Station Telescope (CSST) spectroscopic
survey will release hundreds of millions of high-quality low-
resolution (R > 200) slitless spectra. We believe that our selec-
tion method will also be appropriate for the CSST low-resolution
spectra survey (a limiting magnitude of around 23 mag in U, V,
and I bands), which is much deeper than the Gaia XP spectra
(a limiting magnitude of around 17.5 mag in G band) and will
allow us to explore the outer regions of the stellar halo.

5. Data availability

Tables of the selected BHB members are only available in
electronic form at the CDS via anonymous ftp to cdsarc.u-
strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-
bin/qcat?J/A+A/.
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Appendix A: Necessity of a combined photometric and spectroscopic cut

In this appendix, we conducted a test by applying only photometric cuts, only spectroscopic cuts, and combined photometric/spec-
troscopic cuts to Gaia XP spectra. Several high-latitude (|b| > 20◦) selected BHB candidates are also available in the SEGUE
spectroscopic catalog. Figure A.1 shows their distributions in the TEFF_SPEC−LOGG_SPEC diagram (Teff − log g provided by
the SEGUE survey). Spectroscopic cuts perform better in the selection than photometric cuts, but there are still some contaminants
that can only be removed by the photometric cuts. The combined photometric/spectroscopic cuts produce the cleanest sample, as
indicated by the smallest rate (around 5%) of contaminants from high surface gravity stars (LOGG_SPEC>3.7).
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Fig. A.1. TEFF_SPEC−LOGG_SPEC diagram of the selected BHB candidates obtained by different cuts, and the BHB sample of Barbosa et al.
(2022) is used as a reference. The proportion of contaminants from high surface gravity (LOGG_SPEC>3.7) stars is 28% for only photometric
cuts, 14% for only spectroscopic cuts, and 5% for combined photometric/spectroscopic cuts.

Appendix B: Influence of the stellar substructures

In this appendix, we compared our sample with RR Lyrae members of several known halo substructures identified in Sun et al.
(2025), and selected BHB stars that are similar to these members in both spatial positions (within 1 kpc) and proper motions (within
1 mas yr−1). Here we note that this method can only identify a small fraction of BHB stars that may belong to some distinct
halo substructures. Figure B.1 exhibits the distributions of these halo substructures in l − b diagram, along with the normalized
distributions of (ν − νfitting)/νfitting for BHB stars associated with the two most obvious substructures of the Hercules-Aquila Cloud
and the Sagittarius stream. The stellar density ν does not show a large deviation from νfitting in the spatial positions corresponding to
the Hercules-Aquila Cloud. However, this is not the case in the spatial positions containing BHB stars from the Sagittarius stream,
where the mean value of (ν − νfitting)/νfitting reaches as high as 1.17. Most BHB stars of the Hercules-Aquila Cloud are located in
the inner halo 10 < rgc < 20 kpc, while the BHB members of the Sagittarius stream are mainly found in the outer halo rgc > 20
kpc. The stellar density is much lower in the outer halo compared to the inner halo. Therefore, if we assume the same increase in
stellar density caused by halo substructures, their impact on the derived density profile and shape is likely to be more pronounced
in the outer halo. This interpretation is consistent with the residual map shown in Figure 7, where the most prominent difference is
typically seen in the outer halo.
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Fig. B.1. Sky positions in l–b space (left panel) are shown for BHB stars that may belong to several halo substructures, along with the normalized
distribution of (ν − νfitting)/νfitting (right panel) for BHB stars associated with the Hercules-Aquila Cloud and the Sagittarius stream. The numbers
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