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ABSTRACT
We present the stellar density profile of the outer halo of the Galaxy traced over a range

of Galactocentric radii from 15 < RGC < 250 kpc by blue horizontal branch (BHB)

stars. These stars are identified photometrically using u�band imaging from the new

Canada-France-Imaging-Survey (CFIS), which reaches 24.5 mag, combined with griz
bands from Pan-STARRS 1, covering a total of ⇠ 4200 deg

2
of the northern sky.

We present a new method to select BHB stars that has low contamination from blue

stragglers and high completeness. We use this sample to measure and parameterize

the three dimensional density profile of the outer stellar halo, using both a simple

power-law with a constant flattening, and a flattening that varies as a function of

Galactocentric radius. In the case of a constant flattening, we find that the density

profile is well described by a slope of � = 3.42±0.02 and an oblateness of q = 1.06±0.2,
consistent with the recent result of Fukushima et al. (2017). In the case of the radius-

dependent flattening, we find that the inner halo is more oblate (q0 = 0.96 ± 0.03)
than at large distance (q1 = 1.25+0.07

�0.06), and has a power-law slope of � = 3.60± 0.04.
With these two models, the profile of the stellar halo trace by BHB stars is shallower

than when traced by RR Lyrae, a surprising result given the similarity of these stellar

populations.

Key words: stars: horizontal branch – stars: distances – stars: statistics – Galaxy:

structure – Galaxy: halo

1 INTRODUCTION

It is now generally accepted that large galaxies, like the
Milky Way, have been formed by a succession of mergers
and via the accretion of smaller galaxies, in a process called
hierarchical formation. In the case of accretions, the smaller
galaxy is disrupted due to the tidal e↵ects generated by the
larger (host) galaxy. This leads to the formation of stellar

streams clearly visible around many massive galaxies of the
Local Group (e.g. Mart́ınez-Delgado et al. 2010; Martin et al.
2013; Grillmair & Carlin 2016; Bernard et al. 2016; Malhan
et al. 2018). Although these structures stay spatially coher-
ent for many Gyr (Johnston et al. 2008), they tend to be
eventually destroyed by mixing e↵ects and are in turn as-
similated to form part of the “smooth” stellar halo.
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UNIONS
The Ultraviolet Near-Infrared Optical Northern Survey

• MoU between CFIS and Pan-STARRS  

• u W r i z photometric bands



What is the stellar halo?

How does it form?



How was the Stellar Halo formed?
● Two mechanisms: 

- In-situ stars: formed initially in the 
stellar halo or kicked out of the disc          
* metal rich ([Fe/H]>-1.0)                 
* dominant < 20 kpc 

- Accreted stars: coming from the 
accreted galaxies/globular clusters     
* metal poor ([Fe/H]<-1.0)                 
* dominate the outer stellar halo

Bullock & Johnston 2005
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● Two mechanisms: 

- In-situ stars: formed initially in the 
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- Accreted stars: coming from the 
accreted galaxies/globular clusters     
* metal poor ([Fe/H]<-1.0)                 
* dominate the outer stellar halo

Bullock & Johnston 2005
 “…a study of these subsystems allows 
us partially to reconstruct the Galactic 

past…” Olin Eggen
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● Correlation number of 
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How was the Stellar Halo formed?

Pillepich et al., 2014, 2018

Ibata et al., 2014

● Correlation between the slope of the 
stellar halo and the total mass of a galaxy

● Presence of substructures     bias the slope

Need accurate distance 

● Correlation number of 
principle progenitors

● Find substructures



The BHB stars

How to use them as 
distance tracers?



The BHB stars

●  The Blue Horizontal Branch stars: 

- Hot stars 7400 < Teff < 9300 K 

- Member of the Horizontal Branch 

Accurate photometric distance      
(5% of precision)
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The BHB stars

●  The Blue Horizontal Branch stars: 

- Hot stars 7400 < Teff < 9300 K 

- Member of the Horizontal Branch 

Accurate photometric distance      
(5% of precision)

●  Contaminated by the Blue Stragglers (BS)
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the surface gravity: 
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the surface gravity: 

- Balmer lines  : u-band 

- Paschen lines : z-band

● Bell et al., 2010 : 
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● Principal Component Analysis (PCA) 
- 75% pure and 71% complete 
- Deeper thanks to CFIS (up to 240 kpc)
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The BHB stars

Radial profile of the stellar halo



The radial profile of the BHBs
• Find the radial profile that 

fit the BHB distribution :

8 G. F. Thomas et al.

Figure 8. Galactocentric coordinates of the BHB stars. The dark circle correspond to a radius of 15 kpc and the grey circle to a radius

of 100 kpc.

Figure 9. Point sources of which most are incorrectly identified

as BHB stars around the Andromeda (left panel) and the Trian-

gulum (right panel) galaxies.

and zBHB is the mean apparent magnitude for a BHB at a
distance rhelio.

Therefore, the selection function for the completeness
of the BHB sample can be calculated from Equations (8),
(9) and (16) so that:

Scomp(l, b, rhelio) = Cz (zBHB � zlim(l, b) + zlim,ref ) (17)

The overall selection function of our model accounting
for the observations is given by:

S(l, b,D) =Sarea(l, b)⇥ Souter halo(D)

⇥ Sconta(l, b)⇥ SSgr(l, b)

⇥ Scomp(l, b,D),

(18)

where D is distance, either rhelio or RGC depending on the
term in the equation.

5.3 Constraining the model

With the selection function S, it is now possible to calculate
the likelihood of the data given a set of parameters ✓ for
each of our two models of density ⇢BHB(D|✓), defined in
Section 5.1, in the same way as for Hernitschek et al. (2018).
The likelihood, p(Di|✓), of the i-th star, with the set of data
Di, can be calculated as:

p(Di|✓) =
⇢BHB(Di|✓) |J| S(li, bi, Di)R R R

⇢BHB(l, b,D|✓) |J| S(l, b,D) dl db dD
.

(19)

The denominator of this equation is the normalization fac-
tor, where the integral is over the observed volume. As
pointed out by Hernitschek et al. (2018), the Jacobian term
|J| = D2 cos b is required to transform from the Cartesian
to Galactic coordinates.

The posterior probability of the set of parameters ✓ is
equal to ln p(✓|D) =

P
i
ln p(Di|✓) + p(✓), where p(✓) is the

uniform flat prior of the set of parameters. For the model
with a constant oblateness, the parameters are defined over
the following ranges:

1.0 6 � 6 6.0
0.1 6 q 6 2.0 ,

(20)

For the model with q(RGC), the parameters are defined
over the following ranges:

1.0 6 � 6 6.0
15.0 6 rq(kpc) 6 240.0
0.1 6 q0 6 2.0
0.1 6 q1 6 2.0 .

(21)

To find the set of parameters that best match our
data, we explore the parameter space with the Goodman &
Weare’s A�ne Invariant Markov Chain Monte Carlo (Good-
man & Weare 2010) implemented by Foreman-Mackey et al.
(2013) in the Python module emcee. It is worth noting that
from the initial ' 13, 600 BHB stars in our sample, only
' 9, 600 are in the outer stellar halo (RGC > 15 kpc). Of
these, ' 1, 900 are in the Sgr regions. Thus, our study of
the profile of the outer stellar halo is done using a sample of
' 6, 200 BHB.

6 RESULTS & DISCUSSION

We apply our method to the observed radial profile of BHB
stars shown as the grey and black histograms in Figure 10.
Our best fit results are shown as the light blue and orange
curves for the model with a constant flattening and with the
flattening varying as the function of distance, respectively.

As illustrated by Figure 11, the distribution of BHB
stars, accounting of the selection function, is well reproduced
with a simple power-law with a slope of � = 3.42 ± 0.02
and a constant oblateness of q = 1.06 ± 0.02. When we
allow the flattening to vary with Galactocentric radius, the
favorite model – whose posterior distribution functions (pdf)

c� 2018 RAS, MNRAS 000, 1–??
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data, we explore the parameter space with the Goodman &
Weare’s A�ne Invariant Markov Chain Monte Carlo (Good-
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(2013) in the Python module emcee. It is worth noting that
from the initial ' 13, 600 BHB stars in our sample, only
' 9, 600 are in the outer stellar halo (RGC > 15 kpc). Of
these, ' 1, 900 are in the Sgr regions. Thus, our study of
the profile of the outer stellar halo is done using a sample of
' 6, 200 BHB.

6 RESULTS & DISCUSSION

We apply our method to the observed radial profile of BHB
stars shown as the grey and black histograms in Figure 10.
Our best fit results are shown as the light blue and orange
curves for the model with a constant flattening and with the
flattening varying as the function of distance, respectively.

As illustrated by Figure 11, the distribution of BHB
stars, accounting of the selection function, is well reproduced
with a simple power-law with a slope of � = 3.42 ± 0.02
and a constant oblateness of q = 1.06 ± 0.02. When we
allow the flattening to vary with Galactocentric radius, the
favorite model – whose posterior distribution functions (pdf)
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The radial profile of the BHBs
• Find the radial profile that 

fit the BHB distribution :

The stellar halo profile with CFIS 7

Cartesian Calactocentric coordinates of the BHB stars is
shown in Figure 8.

5.1 Stellar distribution model

It is common to model the spatial distribution of a sin-
gle stellar population of the outer stellar halo (RGC > 15
kpc) by an axisymmetric distribution following a single or
a broken-double power law, depending of the complexity of
the model. As we will soon see, a single power law is su�-
cient to describe accurately the spatial distribution of our
BHB sample. The generic form of this profile is given by :

⇢(m) = ⇢� (R�/m)� , (10)

where � is the slope of the power law and ⇢� is the density
of stars at the Solar radius (R�). As we are interested only
in the profile of the stellar halo traced by the BHB and not
on the total number of BHB, ⇢0 is fixed to 1 in our model.

In this model, we assume that the flattening is constant
and independent of the Galactocentric radius. However, as
pointed out by Preston et al. (1991) using both BHB and
RR Lyrae, the flattening of the stellar halo may vary with
distance (they find that the flattening decreases with Galac-
tocentric radius). This result has been confirmed by Carollo
et al. (2007) and Schönrich et al. (2011), who identify two
structural components to the stellar halo, the inner halo,
that they argue is formed by in situ stars and has an oblate-
ness q ⇠ 0.6 and the outer halo, that they argue is formed
via accreted stars, that is more spherical with an flattening
of q = 0.9 � 1.0. Following Hernitschek et al. (2018), we
implemented a variation of the flattening of the halo as a
function of Galactocentric distance (RGC) such that:

q(RGC) = q1 � (q1 � q0) exp

 
1�

p
R2

GC
+ r2q

rq

!
, (11)

where q0 is the the flattening at the center of the halo, and
q1 is the flattening at large galactocentric distance. rq is a
characteristic radius marking a change between these values.

We did not implement a triaxial model since, as illus-
trated in Figure. 3, a great fraction of the North Galactic
hemisphere is not observed by CFIS at the present time.

5.2 Construction of the selection function

A good estimate of the selection function is mandatory to
account for the observational biases that can a↵ect our esti-
mate of the real shape of the stellar halo, such as the com-
pleteness of the BHB sample or the spatial footprint of the
survey. We separate our selection function in di↵erent cate-
gories to take into account these di↵erent e↵ects.

First, the CFIS footprint leads us to use in our analysis
only the region covered by the survey, such that :

Sarea(l, b) =

⇢
1 if (l, b) in CFIS
0 otherwise

(12)

Our study is focused on the profile of the outer stellar
halo (> 20 kpc), and so we only used stars that we estimate
lie at a Galactocentric distance between 20 and 240 kpc

(corresponding to the distance of the farthest BHB in our
sample), as described by :

Souter halo(RGC) =

⇢
1 if 15 < RGC < 240 kpc
0 otherwise

(13)

We notice that some point sources, identified as BHB
stars by our algorithm, are clearly visible to cluster in the
Andromeda (M 31) and Triangulum (M33) galaxies, and
trace the shape of these galaxies (see Figure 9). At the dis-
tance of M 31, 778±19 kpc (Conn et al. 2011, 2012), a typical
BHB star should have an apparent magnitude of z = 24.95,
much fainter than the detection limit of the PS1 data. Thus,
these point sources are probably young (< 10 Myr) main se-
quence stars or even star clusters, which have an absolute
magnitude of Mg ⇠ �5 (Davidge et al. 2012). Two known
galactic objects, Draco and NGC 5466, are also present be-
tween 15 < RGC < 240 kpc in the CFIS footprint, and their
presence would impact the determination of the radial pro-
file of the smooth halo. Thus we remove four regions around
M 31, M 33, NGC 5466 and Draco though the selection
function so that:

Sconta(l, b) =

8
>>>><

>>>>:

0 if dM31 < 4.0 deg
0 if dM33 < 2.0 deg
0 if dNGC5466 < 0.4 deg
0 if dDraco < 0.5 deg
1 otherwise

(14)

where dM31, dM33, dNGC5466 and dDraco are the angular
separation of stars relative to the centers of M 31, M 33,
NGC 5466 and Draco respectively.

As pointed out by Deason et al. (2011), substructures –
and particularly the Sagittarius stream (Sgr stream) – could
a↵ect the determination of the slope of the smooth halo
profile hereafter. A significant portion of our survey contains
the Sgr stream (⇠ 1/5), and it is important to account for
it. We prefer to remove all stars in the footprint that fall
within 10 deg (Majewski et al. 2003) of the main Sgr stream
orbit, rather than removing only the stars that have a good
probability to be part of the stream using their distances.
The latter method is dependent on a model of the variation
of the distance to the stream, that is usually assumed to
match the simulation of Law & Majewski (2010) (although
this does not reproduce the distance of the farthest arm of
the stream Belokurov et al. 2014; Thomas et al. 2017). The
selection function we implement is thus given by :

SSgr(l, b) =

⇢
0 if |B̃| < 10.0 deg
1 otherwise

(15)

where B̃ is the longitude of the Sgr stream coordinate system
of Belokurov et al. (2014).

We also account for the fraction of detected BHB stars
as a function of the magnitude. Here, extinction plays a role.
We know the mean absolute magnitude in the z-band for our
photometric BHB sample is hMz,BHBi = 0.834, and so it is
possible to calculate the mean apparent magnitude of a BHB
at di↵erent distances and at di↵erent positions, so that:

zBHB(l, b, rhelio) =< Mz,BHB > � 5
+5 log(rhelio(1000.0/kpc)) +Az ,

(16)

where Az is the Galactic foreground extinction in the z-band

c� 2018 RAS, MNRAS 000, 1–??

• Selection function : 
- Footprint

The stellar halo profile with CFIS 7

Cartesian Calactocentric coordinates of the BHB stars is
shown in Figure 8.

5.1 Stellar distribution model

It is common to model the spatial distribution of a sin-
gle stellar population of the outer stellar halo (RGC > 15
kpc) by an axisymmetric distribution following a single or
a broken-double power law, depending of the complexity of
the model. As we will soon see, a single power law is su�-
cient to describe accurately the spatial distribution of our
BHB sample. The generic form of this profile is given by :

⇢(m) = ⇢� (R�/m)� , (10)

where � is the slope of the power law and ⇢� is the density
of stars at the Solar radius (R�). As we are interested only
in the profile of the stellar halo traced by the BHB and not
on the total number of BHB, ⇢0 is fixed to 1 in our model.

In this model, we assume that the flattening is constant
and independent of the Galactocentric radius. However, as
pointed out by Preston et al. (1991) using both BHB and
RR Lyrae, the flattening of the stellar halo may vary with
distance (they find that the flattening decreases with Galac-
tocentric radius). This result has been confirmed by Carollo
et al. (2007) and Schönrich et al. (2011), who identify two
structural components to the stellar halo, the inner halo,
that they argue is formed by in situ stars and has an oblate-
ness q ⇠ 0.6 and the outer halo, that they argue is formed
via accreted stars, that is more spherical with an flattening
of q = 0.9 � 1.0. Following Hernitschek et al. (2018), we
implemented a variation of the flattening of the halo as a
function of Galactocentric distance (RGC) such that:

q(RGC) = q1 � (q1 � q0) exp

 
1�

p
R2

GC
+ r2q

rq

!
, (11)

where q0 is the the flattening at the center of the halo, and
q1 is the flattening at large galactocentric distance. rq is a
characteristic radius marking a change between these values.

We did not implement a triaxial model since, as illus-
trated in Figure. 3, a great fraction of the North Galactic
hemisphere is not observed by CFIS at the present time.

5.2 Construction of the selection function

A good estimate of the selection function is mandatory to
account for the observational biases that can a↵ect our esti-
mate of the real shape of the stellar halo, such as the com-
pleteness of the BHB sample or the spatial footprint of the
survey. We separate our selection function in di↵erent cate-
gories to take into account these di↵erent e↵ects.

First, the CFIS footprint leads us to use in our analysis
only the region covered by the survey, such that :

Sarea(l, b) =

⇢
1 if (l, b) in CFIS
0 otherwise

(12)

Our study is focused on the profile of the outer stellar
halo (> 20 kpc), and so we only used stars that we estimate
lie at a Galactocentric distance between 20 and 240 kpc

(corresponding to the distance of the farthest BHB in our
sample), as described by :

Souter halo(RGC) =

⇢
1 if 15 < RGC < 240 kpc
0 otherwise

(13)

We notice that some point sources, identified as BHB
stars by our algorithm, are clearly visible to cluster in the
Andromeda (M 31) and Triangulum (M33) galaxies, and
trace the shape of these galaxies (see Figure 9). At the dis-
tance of M 31, 778±19 kpc (Conn et al. 2011, 2012), a typical
BHB star should have an apparent magnitude of z = 24.95,
much fainter than the detection limit of the PS1 data. Thus,
these point sources are probably young (< 10 Myr) main se-
quence stars or even star clusters, which have an absolute
magnitude of Mg ⇠ �5 (Davidge et al. 2012). Two known
galactic objects, Draco and NGC 5466, are also present be-
tween 15 < RGC < 240 kpc in the CFIS footprint, and their
presence would impact the determination of the radial pro-
file of the smooth halo. Thus we remove four regions around
M 31, M 33, NGC 5466 and Draco though the selection
function so that:

Sconta(l, b) =

8
>>>><

>>>>:

0 if dM31 < 4.0 deg
0 if dM33 < 2.0 deg
0 if dNGC5466 < 0.4 deg
0 if dDraco < 0.5 deg
1 otherwise

(14)

where dM31, dM33, dNGC5466 and dDraco are the angular
separation of stars relative to the centers of M 31, M 33,
NGC 5466 and Draco respectively.

As pointed out by Deason et al. (2011), substructures –
and particularly the Sagittarius stream (Sgr stream) – could
a↵ect the determination of the slope of the smooth halo
profile hereafter. A significant portion of our survey contains
the Sgr stream (⇠ 1/5), and it is important to account for
it. We prefer to remove all stars in the footprint that fall
within 10 deg (Majewski et al. 2003) of the main Sgr stream
orbit, rather than removing only the stars that have a good
probability to be part of the stream using their distances.
The latter method is dependent on a model of the variation
of the distance to the stream, that is usually assumed to
match the simulation of Law & Majewski (2010) (although
this does not reproduce the distance of the farthest arm of
the stream Belokurov et al. 2014; Thomas et al. 2017). The
selection function we implement is thus given by :

SSgr(l, b) =

⇢
0 if |B̃| < 10.0 deg
1 otherwise

(15)

where B̃ is the longitude of the Sgr stream coordinate system
of Belokurov et al. (2014).

We also account for the fraction of detected BHB stars
as a function of the magnitude. Here, extinction plays a role.
We know the mean absolute magnitude in the z-band for our
photometric BHB sample is hMz,BHBi = 0.834, and so it is
possible to calculate the mean apparent magnitude of a BHB
at di↵erent distances and at di↵erent positions, so that:

zBHB(l, b, rhelio) =< Mz,BHB > � 5
+5 log(rhelio(1000.0/kpc)) +Az ,

(16)

where Az is the Galactic foreground extinction in the z-band
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Cartesian Calactocentric coordinates of the BHB stars is
shown in Figure 8.

5.1 Stellar distribution model

It is common to model the spatial distribution of a sin-
gle stellar population of the outer stellar halo (RGC > 15
kpc) by an axisymmetric distribution following a single or
a broken-double power law, depending of the complexity of
the model. As we will soon see, a single power law is su�-
cient to describe accurately the spatial distribution of our
BHB sample. The generic form of this profile is given by :

⇢(m) = ⇢� (R�/m)� , (10)

where � is the slope of the power law and ⇢� is the density
of stars at the Solar radius (R�). As we are interested only
in the profile of the stellar halo traced by the BHB and not
on the total number of BHB, ⇢0 is fixed to 1 in our model.

In this model, we assume that the flattening is constant
and independent of the Galactocentric radius. However, as
pointed out by Preston et al. (1991) using both BHB and
RR Lyrae, the flattening of the stellar halo may vary with
distance (they find that the flattening decreases with Galac-
tocentric radius). This result has been confirmed by Carollo
et al. (2007) and Schönrich et al. (2011), who identify two
structural components to the stellar halo, the inner halo,
that they argue is formed by in situ stars and has an oblate-
ness q ⇠ 0.6 and the outer halo, that they argue is formed
via accreted stars, that is more spherical with an flattening
of q = 0.9 � 1.0. Following Hernitschek et al. (2018), we
implemented a variation of the flattening of the halo as a
function of Galactocentric distance (RGC) such that:

q(RGC) = q1 � (q1 � q0) exp

 
1�

p
R2

GC
+ r2q

rq

!
, (11)

where q0 is the the flattening at the center of the halo, and
q1 is the flattening at large galactocentric distance. rq is a
characteristic radius marking a change between these values.

We did not implement a triaxial model since, as illus-
trated in Figure. 3, a great fraction of the North Galactic
hemisphere is not observed by CFIS at the present time.

5.2 Construction of the selection function

A good estimate of the selection function is mandatory to
account for the observational biases that can a↵ect our esti-
mate of the real shape of the stellar halo, such as the com-
pleteness of the BHB sample or the spatial footprint of the
survey. We separate our selection function in di↵erent cate-
gories to take into account these di↵erent e↵ects.

First, the CFIS footprint leads us to use in our analysis
only the region covered by the survey, such that :

Sarea(l, b) =

⇢
1 if (l, b) in CFIS
0 otherwise

(12)

Our study is focused on the profile of the outer stellar
halo (> 20 kpc), and so we only used stars that we estimate
lie at a Galactocentric distance between 20 and 240 kpc

(corresponding to the distance of the farthest BHB in our
sample), as described by :

Souter halo(RGC) =

⇢
1 if 15 < RGC < 240 kpc
0 otherwise

(13)

We notice that some point sources, identified as BHB
stars by our algorithm, are clearly visible to cluster in the
Andromeda (M 31) and Triangulum (M33) galaxies, and
trace the shape of these galaxies (see Figure 9). At the dis-
tance of M 31, 778±19 kpc (Conn et al. 2011, 2012), a typical
BHB star should have an apparent magnitude of z = 24.95,
much fainter than the detection limit of the PS1 data. Thus,
these point sources are probably young (< 10 Myr) main se-
quence stars or even star clusters, which have an absolute
magnitude of Mg ⇠ �5 (Davidge et al. 2012). Two known
galactic objects, Draco and NGC 5466, are also present be-
tween 15 < RGC < 240 kpc in the CFIS footprint, and their
presence would impact the determination of the radial pro-
file of the smooth halo. Thus we remove four regions around
M 31, M 33, NGC 5466 and Draco though the selection
function so that:

Sconta(l, b) =

8
>>>><

>>>>:

0 if dM31 < 4.0 deg
0 if dM33 < 2.0 deg
0 if dNGC5466 < 0.4 deg
0 if dDraco < 0.5 deg
1 otherwise

(14)

where dM31, dM33, dNGC5466 and dDraco are the angular
separation of stars relative to the centers of M 31, M 33,
NGC 5466 and Draco respectively.

As pointed out by Deason et al. (2011), substructures –
and particularly the Sagittarius stream (Sgr stream) – could
a↵ect the determination of the slope of the smooth halo
profile hereafter. A significant portion of our survey contains
the Sgr stream (⇠ 1/5), and it is important to account for
it. We prefer to remove all stars in the footprint that fall
within 10 deg (Majewski et al. 2003) of the main Sgr stream
orbit, rather than removing only the stars that have a good
probability to be part of the stream using their distances.
The latter method is dependent on a model of the variation
of the distance to the stream, that is usually assumed to
match the simulation of Law & Majewski (2010) (although
this does not reproduce the distance of the farthest arm of
the stream Belokurov et al. 2014; Thomas et al. 2017). The
selection function we implement is thus given by :

SSgr(l, b) =

⇢
0 if |B̃| < 10.0 deg
1 otherwise

(15)

where B̃ is the longitude of the Sgr stream coordinate system
of Belokurov et al. (2014).

We also account for the fraction of detected BHB stars
as a function of the magnitude. Here, extinction plays a role.
We know the mean absolute magnitude in the z-band for our
photometric BHB sample is hMz,BHBi = 0.834, and so it is
possible to calculate the mean apparent magnitude of a BHB
at di↵erent distances and at di↵erent positions, so that:

zBHB(l, b, rhelio) =< Mz,BHB > � 5
+5 log(rhelio(1000.0/kpc)) +Az ,

(16)

where Az is the Galactic foreground extinction in the z-band
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Cartesian Calactocentric coordinates of the BHB stars is
shown in Figure 8.

5.1 Stellar distribution model

It is common to model the spatial distribution of a sin-
gle stellar population of the outer stellar halo (RGC > 15
kpc) by an axisymmetric distribution following a single or
a broken-double power law, depending of the complexity of
the model. As we will soon see, a single power law is su�-
cient to describe accurately the spatial distribution of our
BHB sample. The generic form of this profile is given by :

⇢(m) = ⇢� (R�/m)� , (10)

where � is the slope of the power law and ⇢� is the density
of stars at the Solar radius (R�). As we are interested only
in the profile of the stellar halo traced by the BHB and not
on the total number of BHB, ⇢0 is fixed to 1 in our model.

In this model, we assume that the flattening is constant
and independent of the Galactocentric radius. However, as
pointed out by Preston et al. (1991) using both BHB and
RR Lyrae, the flattening of the stellar halo may vary with
distance (they find that the flattening decreases with Galac-
tocentric radius). This result has been confirmed by Carollo
et al. (2007) and Schönrich et al. (2011), who identify two
structural components to the stellar halo, the inner halo,
that they argue is formed by in situ stars and has an oblate-
ness q ⇠ 0.6 and the outer halo, that they argue is formed
via accreted stars, that is more spherical with an flattening
of q = 0.9 � 1.0. Following Hernitschek et al. (2018), we
implemented a variation of the flattening of the halo as a
function of Galactocentric distance (RGC) such that:

q(RGC) = q1 � (q1 � q0) exp

 
1�

p
R2

GC
+ r2q

rq

!
, (11)

where q0 is the the flattening at the center of the halo, and
q1 is the flattening at large galactocentric distance. rq is a
characteristic radius marking a change between these values.

We did not implement a triaxial model since, as illus-
trated in Figure. 3, a great fraction of the North Galactic
hemisphere is not observed by CFIS at the present time.

5.2 Construction of the selection function

A good estimate of the selection function is mandatory to
account for the observational biases that can a↵ect our esti-
mate of the real shape of the stellar halo, such as the com-
pleteness of the BHB sample or the spatial footprint of the
survey. We separate our selection function in di↵erent cate-
gories to take into account these di↵erent e↵ects.

First, the CFIS footprint leads us to use in our analysis
only the region covered by the survey, such that :

Sarea(l, b) =

⇢
1 if (l, b) in CFIS
0 otherwise

(12)

Our study is focused on the profile of the outer stellar
halo (> 20 kpc), and so we only used stars that we estimate
lie at a Galactocentric distance between 20 and 240 kpc

(corresponding to the distance of the farthest BHB in our
sample), as described by :

Souter halo(RGC) =

⇢
1 if 15 < RGC < 240 kpc
0 otherwise

(13)

We notice that some point sources, identified as BHB
stars by our algorithm, are clearly visible to cluster in the
Andromeda (M 31) and Triangulum (M33) galaxies, and
trace the shape of these galaxies (see Figure 9). At the dis-
tance of M 31, 778±19 kpc (Conn et al. 2011, 2012), a typical
BHB star should have an apparent magnitude of z = 24.95,
much fainter than the detection limit of the PS1 data. Thus,
these point sources are probably young (< 10 Myr) main se-
quence stars or even star clusters, which have an absolute
magnitude of Mg ⇠ �5 (Davidge et al. 2012). Two known
galactic objects, Draco and NGC 5466, are also present be-
tween 15 < RGC < 240 kpc in the CFIS footprint, and their
presence would impact the determination of the radial pro-
file of the smooth halo. Thus we remove four regions around
M 31, M 33, NGC 5466 and Draco though the selection
function so that:

Sconta(l, b) =

8
>>>><

>>>>:

0 if dM31 < 4.0 deg
0 if dM33 < 2.0 deg
0 if dNGC5466 < 0.4 deg
0 if dDraco < 0.5 deg
1 otherwise

(14)

where dM31, dM33, dNGC5466 and dDraco are the angular
separation of stars relative to the centers of M 31, M 33,
NGC 5466 and Draco respectively.

As pointed out by Deason et al. (2011), substructures –
and particularly the Sagittarius stream (Sgr stream) – could
a↵ect the determination of the slope of the smooth halo
profile hereafter. A significant portion of our survey contains
the Sgr stream (⇠ 1/5), and it is important to account for
it. We prefer to remove all stars in the footprint that fall
within 10 deg (Majewski et al. 2003) of the main Sgr stream
orbit, rather than removing only the stars that have a good
probability to be part of the stream using their distances.
The latter method is dependent on a model of the variation
of the distance to the stream, that is usually assumed to
match the simulation of Law & Majewski (2010) (although
this does not reproduce the distance of the farthest arm of
the stream Belokurov et al. 2014; Thomas et al. 2017). The
selection function we implement is thus given by :

SSgr(l, b) =

⇢
0 if |B̃| < 10.0 deg
1 otherwise

(15)

where B̃ is the longitude of the Sgr stream coordinate system
of Belokurov et al. (2014).

We also account for the fraction of detected BHB stars
as a function of the magnitude. Here, extinction plays a role.
We know the mean absolute magnitude in the z-band for our
photometric BHB sample is hMz,BHBi = 0.834, and so it is
possible to calculate the mean apparent magnitude of a BHB
at di↵erent distances and at di↵erent positions, so that:

zBHB(l, b, rhelio) =< Mz,BHB > � 5
+5 log(rhelio(1000.0/kpc)) +Az ,

(16)

where Az is the Galactic foreground extinction in the z-band
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Figure 8. Galactocentric coordinates of the BHB stars. The dark circle correspond to a radius of 15 kpc and the grey circle to a radius

of 100 kpc.

Figure 9. Point sources of which most are incorrectly identified

as BHB stars around the Andromeda (left panel) and the Trian-

gulum (right panel) galaxies.

and zBHB is the mean apparent magnitude for a BHB at a
distance rhelio.

Therefore, the selection function for the completeness
of the BHB sample can be calculated from Equations (8),
(9) and (16) so that:

Scomp(l, b, rhelio) = Cz (zBHB � zlim(l, b) + zlim,ref ) (17)

The overall selection function of our model accounting
for the observations is given by:

S(l, b,D) =Sarea(l, b)⇥ Souter halo(D)

⇥ Sconta(l, b)⇥ SSgr(l, b)

⇥ Scomp(l, b,D),

(18)

where D is distance, either rhelio or RGC depending on the
term in the equation.

5.3 Constraining the model

With the selection function S, it is now possible to calculate
the likelihood of the data given a set of parameters ✓ for
each of our two models of density ⇢BHB(D|✓), defined in
Section 5.1, in the same way as for Hernitschek et al. (2018).
The likelihood, p(Di|✓), of the i-th star, with the set of data
Di, can be calculated as:

p(Di|✓) =
⇢BHB(Di|✓) |J| S(li, bi, Di)R R R

⇢BHB(l, b,D|✓) |J| S(l, b,D) dl db dD
.

(19)

The denominator of this equation is the normalization fac-
tor, where the integral is over the observed volume. As
pointed out by Hernitschek et al. (2018), the Jacobian term
|J| = D2 cos b is required to transform from the Cartesian
to Galactic coordinates.

The posterior probability of the set of parameters ✓ is
equal to ln p(✓|D) =

P
i
ln p(Di|✓) + p(✓), where p(✓) is the

uniform flat prior of the set of parameters. For the model
with a constant oblateness, the parameters are defined over
the following ranges:

1.0 6 � 6 6.0
0.1 6 q 6 2.0 ,

(20)

For the model with q(RGC), the parameters are defined
over the following ranges:

1.0 6 � 6 6.0
15.0 6 rq(kpc) 6 240.0
0.1 6 q0 6 2.0
0.1 6 q1 6 2.0 .

(21)

To find the set of parameters that best match our
data, we explore the parameter space with the Goodman &
Weare’s A�ne Invariant Markov Chain Monte Carlo (Good-
man & Weare 2010) implemented by Foreman-Mackey et al.
(2013) in the Python module emcee. It is worth noting that
from the initial ' 13, 600 BHB stars in our sample, only
' 9, 600 are in the outer stellar halo (RGC > 15 kpc). Of
these, ' 1, 900 are in the Sgr regions. Thus, our study of
the profile of the outer stellar halo is done using a sample of
' 6, 200 BHB.

6 RESULTS & DISCUSSION

We apply our method to the observed radial profile of BHB
stars shown as the grey and black histograms in Figure 10.
Our best fit results are shown as the light blue and orange
curves for the model with a constant flattening and with the
flattening varying as the function of distance, respectively.

As illustrated by Figure 11, the distribution of BHB
stars, accounting of the selection function, is well reproduced
with a simple power-law with a slope of � = 3.42 ± 0.02
and a constant oblateness of q = 1.06 ± 0.02. When we
allow the flattening to vary with Galactocentric radius, the
favorite model – whose posterior distribution functions (pdf)
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Figure 8. Galactocentric coordinates of the BHB stars. The dark circle correspond to a radius of 15 kpc and the grey circle to a radius

of 100 kpc.

Figure 9. Point sources of which most are incorrectly identified

as BHB stars around the Andromeda (left panel) and the Trian-

gulum (right panel) galaxies.

and zBHB is the mean apparent magnitude for a BHB at a
distance rhelio.

Therefore, the selection function for the completeness
of the BHB sample can be calculated from Equations (8),
(9) and (16) so that:

Scomp(l, b, rhelio) = Cz (zBHB � zlim(l, b) + zlim,ref ) (17)

The overall selection function of our model accounting
for the observations is given by:

S(l, b,D) =Sarea(l, b)⇥ Souter halo(D)

⇥ Sconta(l, b)⇥ SSgr(l, b)

⇥ Scomp(l, b,D),

(18)

where D is distance, either rhelio or RGC depending on the
term in the equation.

5.3 Constraining the model

With the selection function S, it is now possible to calculate
the likelihood of the data given a set of parameters ✓ for
each of our two models of density ⇢BHB(D|✓), defined in
Section 5.1, in the same way as for Hernitschek et al. (2018).
The likelihood, p(Di|✓), of the i-th star, with the set of data
Di, can be calculated as:

p(Di|✓) =
⇢BHB(Di|✓) |J| S(li, bi, Di)R R R

⇢BHB(l, b,D|✓) |J| S(l, b,D) dl db dD
.

(19)

The denominator of this equation is the normalization fac-
tor, where the integral is over the observed volume. As
pointed out by Hernitschek et al. (2018), the Jacobian term
|J| = D2 cos b is required to transform from the Cartesian
to Galactic coordinates.

The posterior probability of the set of parameters ✓ is
equal to ln p(✓|D) =

P
i
ln p(Di|✓) + p(✓), where p(✓) is the

uniform flat prior of the set of parameters. For the model
with a constant oblateness, the parameters are defined over
the following ranges:

1.0 6 � 6 6.0
0.1 6 q 6 2.0 ,

(20)

For the model with q(RGC), the parameters are defined
over the following ranges:

1.0 6 � 6 6.0
15.0 6 rq(kpc) 6 240.0
0.1 6 q0 6 2.0
0.1 6 q1 6 2.0 .

(21)

To find the set of parameters that best match our
data, we explore the parameter space with the Goodman &
Weare’s A�ne Invariant Markov Chain Monte Carlo (Good-
man & Weare 2010) implemented by Foreman-Mackey et al.
(2013) in the Python module emcee. It is worth noting that
from the initial ' 13, 600 BHB stars in our sample, only
' 9, 600 are in the outer stellar halo (RGC > 15 kpc). Of
these, ' 1, 900 are in the Sgr regions. Thus, our study of
the profile of the outer stellar halo is done using a sample of
' 6, 200 BHB.

6 RESULTS & DISCUSSION

We apply our method to the observed radial profile of BHB
stars shown as the grey and black histograms in Figure 10.
Our best fit results are shown as the light blue and orange
curves for the model with a constant flattening and with the
flattening varying as the function of distance, respectively.

As illustrated by Figure 11, the distribution of BHB
stars, accounting of the selection function, is well reproduced
with a simple power-law with a slope of � = 3.42 ± 0.02
and a constant oblateness of q = 1.06 ± 0.02. When we
allow the flattening to vary with Galactocentric radius, the
favorite model – whose posterior distribution functions (pdf)
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Comparison with previous results
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Conclusions
●  Identified the BHBs with an 

unprecedented precision by their 
photometry 

●Radial profile of the stellar halo 
traced by the BHB is similar to the 
halo traced by the giants …

● Traced the radial profile of the 
stellar halo up to ~240 kpc 

●… but shallower than traced by the 
RR Lyrae



Conclusions
●  Identified the BHBs with an 

unprecedented precision by their 
photometry 

●Radial profile of the stellar halo 
traced by the BHB is similar to the 
halo traced by the giants …

● Traced the radial profile of the 
stellar halo up to ~240 kpc 

●… but shallower than traced by the 
RR Lyrae

●Compare the distribution of these 
different populations with 
cosmological simulations (Auriga?) 
and/or the Galactic Besançon Model

● Study the dynamics of the BHBs 
     =>  Mass of the MW and the 3D 
distribution of the DM halo at large 
distances

Future works
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• Assume that the limiting 
magnitude is not the u-band 

• Studied the completeness of the 
griz bands via HSC-SSP 
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• Assume that the limiting 
magnitude is not the u-band 

• Studied the completeness of the 
griz bands via HSC-SSP 

 
Limiting magnitude = z-band

• Used the Luminosity 
Function to see the spatial 
variation of the completenessField of reference


