
Structure and substructure in the stellar halo of the Milky Way
Pila Diez, B.

Citation
Pila Diez, B. (2015, June 16). Structure and substructure in the stellar halo of the Milky Way.
Retrieved from https://hdl.handle.net/1887/33295
 
Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/33295
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/33295


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/33295 holds various files of this Leiden University 
dissertation. 
 
Author: Pila Díez, Berenice 
Title: Structure and substructure in the stellar halo of the Milky Way 
Issue Date: 2015-06-16 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/33295
https://openaccess.leidenuniv.nl/handle/1887/1�


Chapter 6

Sear
h for halo substru
ture in

KiDS

Authors

B. Pila-Díez, J.T.A. de Jong, K. Kuijken and the KiDS 
onsortium

Abstra
t

We use data from the data release 1 and data release 2 from the Kilo Degree

Survey, a publi
 survey at the ESO VLT Survey Teles
ope, to map the halo using

near main sequen
e stars and red 
lump stars. We sear
h for stellar overdensities

at di�erent distan
e or magnitude ranges, aiming to dete
t new satellites or tidal

debris. We re
over broad stru
tures like the Sagittarius stream (both in the

northern and in the southern hemisphere), the Eastern Band Stru
ture, the Virgo

Overdensity and part of the Gala
ti
 disk, and we also identify a pie
e of the

Palomar 5 tails. Using Colour Magnitude Diagrams and derived stellar density

maps, we test several 
andidate narrow overdensities for both 
olour-magnitude

and spatial 
oheren
e, but 
on
lude that none of the 
andidates is a real satellite

or a pie
e of 
old a

reted substru
ture.
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6.1 Introdu
tion

6.1 Introdu
tion

The sear
h for satellites and for tidal remnants is one of the main goals of Gala
ti


halo studies, sin
e they provide a look both into the 
urrent a

retion history of

the Galaxy and into the star formation history of the satellite or the progenitor.

They 
an also provide 
onstraints on the mass and shape of the dark matter halo.

Additionally they help set 
onstraints on the Λ-Cold Dark Matter 
osmologi
al

model and serve as a test ben
h for its predi
tions.

In the last de
ade, many satellite galaxies have been dis
overed, and the �rst


old stellar streams in the halo of the Galaxy have been revealed. This has been

possible thanks to the advent of deep multi-
olour large area surveys su
h as

2MASS, SDSS, Pan-STARRS, DES and others. 2MASS was parti
ularly su

ess-

ful in tra
ing with red giant stars the two tails of the Sagittarius stellar stream

wrapping at least 180 deg ea
h around the galaxy (Majewski et al. 2003). SDSS

has un
overed a wealth of new satellite galaxies (Belokurov et al. 2007
; Zu
ker

et al. 2006) and a myriad of streams, asso
iated both to dwarf galaxies (Be-

lokurov et al. 2006b; Grillmair 2006a; Newberg et al. 2010) and to globular 
lusters

(Odenkir
hen et al. 2001; Grillmair & Dionatos 2006a; Grillmair & Johnson 2006).

Pan-STARRS, on the other hand, has dis
overed one thin 
old stream (Bernard

et al. 2014). And the PAndAS survey �whi
h targeted M31's halo� has probed

at least �ve stellar stru
tures in the Milky Way's halo along the line of sight to the

Andromeda galaxy: the Mono
eros ring, the Pis
es/Triangulum globular 
luster

stream and three stru
tures possibly asso
iated to the Triangulum/Andromeda

overdensity (Martin et al. 2014). Most re
ently, DES has reported the dis
overy of

9 new satellites in the Southern sky (The DES Collaboration et al. 2015; Koposov

et al. 2015), and last year ATLAS also unveiled a new stream in the Southern sky

(Koposov et al. 2014).

The Kilo Degree Survey (KiDS), is one of three publi
 surveys 
urrently un-

derway on the ESO VLT Survey Teles
ope (VST). It is designed to map the large

s
ale dark matter distribution through weak gravitational lensing, and is 
urrently

s
anning the sky to 
over 1500 deg
2
to a depth approximately 2 magnitudes fainter

than SDSS. Most of the planned footprint of KiDS targets the Southern hemi-

sphere of the sky whi
h, for logisti
 reasons, has not been as extensively surveyed

as the Northern hemisphere thus far. Ongoing surveys in the South�su
h as

KiDS itself but also ATLAS and DES�are now reporting �rst results. With the

�rst data releases, KiDS DR-1 and DR-2, now available, it is time to start testing

the data set and explore the halo for signs of substru
ture.

In this 
hapter we brie�y review the observations, survey strategy and data

pro
essing of KiDS (se
tion 6.2), des
ribe the te
hniques we have used to sear
h for

new substru
ture (se
tion 6.3.1), present re
overed substru
tures and 
andidate

overdensities (se
tion 6.3.2) and dis
uss our results as well as the future prospe
ts

(se
tion 6.4). Finally we summarize the main ideas of the work in se
tion 6.5.
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6.2 Observations and data pro
essing

The Kilo Degree Survey (de Jong et al. 2013, KiDS) is an opti
al broad-band

multi-�lter survey (u, g, r, and i) with the VST, imaging 1500 deg2 over a northern
and a southern �eld. The �eld of view of its individual pointings is 1 × 1 deg2

with an image quality between 0.7′′ for the r band and 1.1′′ for the u band (PSF

FWHM). It rea
hes limiting magnitudes of 24.3 in u, 25.1 in g, 24.9 in r and 23.7

in i, making it 1.5 to 2.0 magnitudes deeper than SDSS or ATLAS.

In this work we use the images from the �rst and se
ond publi
 data releases

(DR), a total of 148 square degrees. The sky footprint for these DR-1 and DR-2

images is shown in Fig.6.1.

The PSF is homogenized a
ross ea
h image in order to be able to obtain a

u-

rate shapes, PSF-
orre
ted mat
hed-aperture photometry, improved 
olours and

a re�ned star-galaxy separation. We produ
e photometri
 
atalogues using the

"Gaussian Aperture and PSF" (GAaP) 
ode des
ribed in se
tion 2.1 of 
hapter 3,

and use the �ux ratio between two apertures in the r band (0.5′′ and 0.7′′) to sep-
arate (Gaussian) stars from (more extended) galaxies. We 
orre
t for interstellar

extin
tion using the S
hlegel et al. (1998) dust maps and we 
ut the sour
e 
ata-

logues at a magnitude limit of r < 23.2 mag to avoid small, round, faint galaxies.

Finally, we 
orre
t the photometry for a seeing-dependen
y and transform the

KiDS magnitudes to the SDSS system.

Finally, from these 
atalogues we sele
t near main sequen
e turno� point

(nearMSTO) stars, red 
lump (RC) stars and blue horizontal bran
h (BHB) stars

following the pres
riptions in Pila-Díez et al. (2015) (
hapter 2), Correnti et al.

(2010) and Belokurov et al. (2014) (after Yanny et al. (2000) and Deason et al.

(2011)), respe
tively. We note that the RC sample may su�er 
ontamination from

K0-K2 main sequen
e �eld stars, and may be lo
ally enhan
ed if a main sequen
e

overdensity is present. This pre
ludes us from dire
tly inferring distan
es for the

RC sample but, nonetheless, it does not prevent us from using the sample in

sear
h for spatially lo
alized overdensities in the apparent magnitude spa
e.

More details on the survey, on the data pro
essing, on the produ
tion of the

stellar 
atalogues and on the photometri
 transformations des
ribed above 
an be

found in 
hapter 3.

6.3 Sear
h for overdensities

6.3.1 Methodology

We use the nearMSTO, the RC and the BHB stars 
atalogues to build stellar maps

and stellar density maps for di�erent distan
e or magnitude ranges. The BHB

maps result in very few 
ounts with no 
lear overdensities, so we do not use them

further. On the other hand, the nearMSTO and the RC maps return su�
iently

populated maps to be used in the sear
h for spatial enhan
ements. The distan
e-

sli
ed stellar and stellar density maps for the nearMSTO stars in the di�erent

KiDS �elds are shown in �gures 6.6 to 6.9. We present the star density in eight
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6.3 Sear
h for overdensities

Figure 6.1: Top panel: equatorial map showing the KiDS DR-1 and DR-2 foot-

print (in 
olour) and several of the halo stellar streams (grey s
ale). Bottom panel:

equatorial map showing the KiDS DR-1 and DR-2 footprint (in 
olour) together

with the Sagittarius stream as seen by SDSS (ba
kground image) and by 2MASS

(s
attered bla
k dots). The SDSS density map is from Koposov et al. (2012)

while the 2MASS data are from Majewski et al. (2003). The red star indi
ates

the position of the stream's progenitor, the Sagittarius dwarf galaxy.
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Table 6.1: KiDS �elds of view as shown in Figure 6.1. The table indi
ates the

total area probed by KiDS DR-1 and DR-2 for ea
h �eld and the a fa
tor used

to 
al
ualte the kernel's bandwidth for the stellar density maps. Parameter a is

a magi
 number 
hosen to optimize the granularity of the density maps.

Group a Area (deg

2
)

KiDS-North220 4.8 29

KiDS-North180 6.6 37

KiDS-North135 5.4 37

KiDS-South45 3.6 14

KiDS-South-15 14.1 16

distan
e sli
es (from [10, 15] kp
 to [40, 55] kp
) in two forms: i) s
atterplots

showing individual stars, and ii) density maps built with a k-Nearest Neighbours

algorithm that uses a gaussian kernel with spatially variable bandwidth. The

bandwidth is tailored to ea
h KiDS �eld, and is 
al
ulated as a/std(map), where
a is a 
onstant (see table 6.1) and std(map) is the standard deviation of the

stellar 
ounts in that �eld at the spe
i�
 distan
e range of ea
h map. The density

for ea
h map is normalized over the mean density for that parti
ular �eld and

distan
e range, resulting in a pixel by pixel signal-to-ba
kground fun
tion.

On these maps we look for two things: �rst, we look for broad density gradients

a
ross the maps, as a sign of large substru
tures spanning several degrees in width

and length. Se
ond, we look for spe
i�
 small overdensities spanning only a few

degrees in width (if they are elongated) or in diameter (if they are rounded). We

request these features to have high signal-to-ba
kground values and to fade out

into more than one distan
e sli
e.

For the large gradients and stru
tures, we look for a spatial overlap with

known overdensities given that most of our 
ontinuous 
overage is in the North

�elds (where SDSS has already probed the halo). This helps us identify the

overdensities. We also produ
e magnitude (distan
e) vs RA maps for the North

and the South �elds as a way to re
over again these features and tra
e their

evolution along RA (Figures 6.12 to 6.15).

For the 
andidate small overdensities, we plot the individual CMD of the tile

where ea
h one is lo
ated and look for distin
t main sequen
es or red 
lumps. A

plot of the positions of just these stars in an equatorial map of the tile 
an then be

used to assess whether this is a distin
t obje
t or a 
han
e enhan
ement. Results

of our analysis of the most promising overdensities are presented in Table 6.2).

6.3.2 Results

We identify large stru
tures in all the KiDS �elds ex
ept in KiDS-South45. In

parti
ular, Figure 6.12 and 6.13 show the Eastern Band Stru
ture (Li et al.

2012, EBS) in KiDS-North135, the Virgo Overdensity (Bona
a et al. 2012b) in

KiDS-North180 and both the Gala
ti
 disk and the Sagittarius stream in KiDS-
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6.3 Sear
h for overdensities

Figure 6.2: Stellar s
atter maps and stellar density maps for the 
losest distan
e

sli
es in �eld KiDS-North220.
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Figure 6.3: Stellar s
atter maps and stellar density maps for the furthest distan
e

sli
es in �eld KiDS-North220(
ontinuation of Figure 6.2).
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6.3 Sear
h for overdensities

Figure 6.4: Stellar s
atter maps and stellar density maps for the 
losest distan
e

sli
es in �eld KiDS-North180.
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Figure 6.5: Stellar s
atter maps and stellar density maps for the furthest distan
e

sli
es in �eld KiDS-North180(
ontinuation of Figure 6.4).
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6.3 Sear
h for overdensities

Figure 6.6: Stellar s
atter maps and stellar density maps for the 
losest distan
e

sli
es in �eld KiDS-North135.
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Figure 6.7: Stellar s
atter maps and stellar density maps for the furthest distan
e

sli
es in �eld KiDS-North135 (
ontinuation of Figure 6.6).
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6.3 Sear
h for overdensities

Figure 6.8: Stellar s
atter maps and stellar density maps for the 
losest distan
e

sli
es in �eld KiDS-South45.
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Figure 6.9: Stellar s
atter maps and stellar density maps for the furthest distan
e

sli
es in �eld KiDS-South45(
ontinuation of Figure 6.8).
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6.3 Sear
h for overdensities

Figure 6.10: Stellar s
atter maps and stellar density maps for the 
losest distan
e

sli
es in �eld KiDS-South-15.
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Figure 6.11: Stellar s
atter maps and stellar density maps for the furthest distan
e

sli
es in �eld KiDS-South-15(
ontinuation of Figure 6.10).
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North220. It is worth noting that the inner-halo or disk stru
tures are more

easily re
ognizable in the distan
e-RA maps than in the mag-RA maps, whereas

the outer halo stru
tures show the opposite e�e
t. The reason for this is the log-

arithmi
 
on
entrating power of magnitudes in relation to distan
es as distan
es

in
rease, whi
h be
omes very relevant when large volumes are probed and the

average stellar densities de
rease. Conversely, the same e�e
t washes out short

s
ale overdensities when these ones are lo
ated nearby.

In the KiDS-North220 �eld, the presen
e of disk stars is dete
ted at least

out to 12− 15 kp
. The Virgo Overdensity stret
hes out to 20 kp
 in helio
entri


distan
es and, in its western-most regions, possibly out to 25−30 kp
. The EBS is

mostly 
on
entrated at under 15 kp
, with some potential debris extending further

out to 20 kp
. The Sagittarius stream's nearMSTO stars overdensity in KiDS-

North220 
learly peaks at 22.0−22.2 mag in r but extends from ∼ 21.6 to ∼ 22.9,
indi
ating a broad bran
h and possibly a dependen
e of distan
e with de
lination.

Assuming an average absolute magnitude of Mr,TO = 4.00 for the MSTO of the

Sagittarius stream (Pila-Díez et al. 2014), these magnitudes translate into a peak

distan
e of 40 kp
 and [33, 60] kp
 (soft) boundaries.
Figure 6.14 and 6.15 show the Sagittarius stream in KiDS-South-15, in agree-

ment with its lo
ation on the 2MASS maps. At these latitudes, the stream sits at

a distan
e between ∼ 15 kp
 and ∼ 30 kp
, in agreement with the predi
tions of

Law & Majewski (2010b) and Peñarrubia et al. (2010). Su
h a wide range of dis-

tan
es suggests the possible presen
e of two wraps (the leading and the trailing)

or a quite thi
k bran
h in this region of the sky.

Among the small 
andidate overdensities, we identify one as a fragment of

the Palomar 5 (Pal5) globular 
luster tidal tails (Grillmair & Dionatos 2006a).

The still pat
hy 
overage of KiDS in the RA > 225 deg range unfortunately

prevents us from fully tra
ing the stream. Nonetheless, we follow the pro
e-

dure des
ribed above to analyse the CMD of this overdensity and demar
ate

the ex
ess of stars within the tiles area. A 
lear main sequen
e and main se-

quen
e turno� point are visible in the CMD 
orresponding to the tile 
entred at

(RA,Dec) = (230.0, 0.5) deg (left panel on Figure 6.16), and even a se
ondary

main sequen
e turno� point is lo
ated at fainter magnitudes. As dis
ussed in

Pila-Díez et al. (2014), these originate in the Pal5 tail and the underlying Sagit-

tarius stream, respe
tively. We isolate the stars in the Pal5 tail's main sequen
e,

and build a stellar density map of the tile spe
i�
 to this substru
ture (right panel

on Figure 6.16). This map ni
ely shows the Pal5 tail 
rossing the tile through its

North-East quadrant.

For the rest of the small overdensities (Table 6.2) we follow the same pro
e-

dure. From their CMD and stamp maps we �nd that these are either i) spurious

enhan
ements in the distan
e/magnitude-sli
ed maps (this is, RC/nearMSTO-


olour overdensities in the CMD without the 
ompanion RGB/main sequen
e

overdensity), or ii) apparent main sequen
es in the CMD but without a 
oherent

spatial feature in the stamp map (meaning that, when plotting di�erent 
olour-

magnitude se
tions of the apparent main sequen
e on the stamp map, they popu-
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Figure 6.12: Distan
e vs RA (top) and magnitude vs RA (bottom) s
atter maps

for the nearMSTO stars in the KiDS Northern �elds. Both the disk and large

halo stru
tures like the Sagittarius stream, the Virgo Overdensity and the EBS are

visible. This �gure illustrates that the nearby stru
tures are more easily re
ogniz-

able in the distan
e spa
e than the far stru
tures, whereas the far stru
tures are

more easily re
ognizable in the magnitude spa
e. This is due to the logarithmi



on
entrating power of magnitudes in relation to distan
es.
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6.3 Sear
h for overdensities

Figure 6.13: Same as in Figure 6.12 but showing the stellar density map instead

of the stellar 
ounts map. The density has been 
al
ulated with a gaussian kernel

of variable bandwidth.
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Figure 6.14: Distan
e vs RA (top) and magnitude vs RA (bottom) s
atter maps

for the nearMSTO stars in the KiDS Southern �elds. The Sagittarius stream is

visible in the eastern part of the �eld.

165



6.3 Sear
h for overdensities

Figure 6.15: Same as in Figure 6.14 but showing the stellar density map instead

of the stellar 
ounts map.The density has been 
al
ulated with a gaussian kernel

of variable bandwidth.
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Figure 6.16: CMD (left) and stellar density map (right) for the stars in the main

sequen
e of the CMD (right), pointing 
entered at (RA,Dec) = (230.0, 0.5) deg.
The main sequen
e at 20.0 < r < 22.0 represents the Palomar 5 stream. The

se
ondary main sequen
e visible at r ≈ 23 is the Sagittarius stream.

Table 6.2: Potential small overdensities identi�ed in the distan
e-

sli
ed/magnitude-sli
ed nearMSTO or RC density maps. The table indi
ates the


entral 
oordinates of the tile where ea
h was identi�ed, tags them and provides

a diagonisis (true or false positive).

Overdensity Field RAtile (deg) De
tile (deg) positive

Pal5 KiDS-North220 230.0 0.5 true

A KiDS-North180 179.0 -0.5 false

B KiDS-North135 135.0 0.5 false

C KiDS-North135 132.0 -0.5 false

D KiDS-South45 47.8 -31.2 false

E KiDS-South-15 350.6 -32.1 false

late di�erent regions of the tile). Examples for the two types of 
ases are provided

in Figures 6.17 and 6.18, respe
tively, 
orresponding to overdensities A and E. We


on
lude that all A to E overdensities are false positive halo substru
tures.

6.4 Dis
ussion

The methods used in this work are te
hni
ally robust (k-Nearest Neighbours,

CMDs, distan
e or magnitude sli
ing, 
olour-
olour star sele
tion) and their ef-

fe
tivity for the halo has been amply tested in the literature. Indeed we are able

to re
over large known halo stru
tures and also a fragment of the Palomar 5 tidal

tails.

Therefore we asso
iate the la
k of a new dis
overy in the KiDS DR1/2 data

to the small sky 
overage that KiDS has so far a
hieved in areas of the sky not
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Figure 6.17: CMD (left) and stellar density map (right) 
orresponding to the

pointing 
entered at (RA,Dec) = (179.0,−0.5) deg (labelled as A in Table 6.2).

The stellar density map 
ontains the stars in the apparent main sequen
e of the

whole pointing (not shown), and the CMD is built of the stars lo
ated in the

vi
inity of the overdensity at (RA,Dec) ≈ (178.9,−0.7) deg. The la
k of a main

sequen
e and an RGB on this CMD indi
ates that this overdensity in nearMSTO

stars is a spurious enhan
ement and, therefore, is a false positive. Similar analysis

on weaker spatial overdensities in this pointing lead to 
on
lude that there is no

lo
alized main sequen
e in this pointing.

Figure 6.18: CMD (left) and stellar density map for the stars in the main sequen
e

of the CMD (right). They 
orrespond to the pointing 
entered at (RA,Dec) =

(350.6,−32.1) deg and to the overdensity labelled as E in Table 6.2. The la
k of

a 
oherent spatial feature indi
ates this is a false polsitive.
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probed yet by other surveys. In parti
ular, in the KiDS' northern �elds there is

a total overlap with the footprint of the latest SDSS data releases, and there was

originally a ∼ 80% overlap planned. Of the 
urrent 133 deg2 s
anned by KiDS

DR-1 and DR-2 in the four bands, only 23% belongs to the southern hemisphere.

This limits KiDS 
urrent 
han
es of dete
ting new globular 
lusters or satellite

galaxies, and limits its ability to dete
t and tra
e weak streams.

Based both on the 
laims of a fundamental plane of satellite galaxies (Palma

et al. (2002b), Zentner et al. (2005), Pawlowski et al. (2012)) and on the possibility

of su
h a fundamental plane being probed wrong, but based mainly on the satellite

population in the northern sky, the number of satellite galaxies expe
ted to inhabit

the southern sky is high. Furthermore the re
ent results by DES and ATLAS show

good prospe
ts, and do not suggest a fundamental asymmetry in the density of

satellites between the northern and southern Gala
ti
 hemispheres. Given the


urrent estimates for the Gala
ti
 satellite luminosity fun
tion (Koposov et al.

2008) and KiDS unpre
edented power to probe faint obje
ts, the prospe
ts for

KiDS are parti
ularly good at the faint end. Therefore there is no reason for

dis
ouragement and future data releases of KiDS should un
over new satellites

and stellar debris.

6.5 Con
lusions

The Kilo Degree Survey is 
urrently mapping 1500 deg2 of the sky at an unpre
e-

dented depth among large area surveys. Its good image quality, seeing 
onstraints

and multi-
olour photometry make it parti
ularly suited to explore the Gala
ti


halo in depth. It targets both the North and the South Gala
ti
 hemispheres,

overlapping with SDSS and ATLAS in ea
h region respe
tively, but probing an

average of two magnitudes deeper than any of the two surveys in any of the

four photometri
 �lters. The PSF-homogenization that we 
arry out allows us

to a

urately separate stars from galaxies, rea
hing a stellar magnitude limit of

magr = 23.1 without signi�
ant galaxy 
ontamination. This allows us to properly

exploit main sequen
e turno� point stars out to large helio
entri
 distan
es (∼ 60

kp
).

In this work we present magnitude-sli
ed or distan
e-sli
ed maps for photo-

metri
ally sele
ted red 
lump stars and near main sequen
e turno� point stars.

We identify broad halo stru
tures su
h as the Sagittarius stream, the Virgo Over-

density and the Eastern Band Stru
ture in the northern hemisphere, and the

Sagittarius stream in the southern hemisphere. In the northern hemisphere we

also identify the disk stars at longitudes and latitudes neighbouring the Gala
ti



entre. We tra
e these features in distan
e spa
e and magnitude spa
e and report

helio
entri
 distan
es 
ompatible with previous works.

We also identify in these distan
e/magnitude-sli
ed maps a number of small

overdensities potentially representative of halo substru
ture. Of the seven iden-

ti�
ations, we re
ognize one as a pie
e of the Palomar 5 tidal tails. The rest are


lassi�ed as false positives after 
lose inspe
tion of their CMDs and the spatial
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lusions

distribution of any CMD overdensities.

The Kilo Degree Survey is promising in the sear
h for small, sparse and faint

substru
ture, given both its te
hni
al 
apabilities and the fa
t that it is probing

un
harted halo territory in the Southern hemisphere. The 
urrent methodology

presented in this 
hapter, together with state-of-the-art mat
hed-�lter algorithms,

should su�
e to identify new substru
ture in the halo on
e the spatial 
overage

of KiDS rea
hes a more mature stage and allows for more lines of sight (to dete
t

new overdensities) and their spatial 
ontinuous follow-up.
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