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Chapter 4

Finding halo streams with a

penil-beam survey � new

wraps in the Sagittarius

stream

Authors

B. Pila-Díez, K. Kuijken, J.T.A. de Jong, H. Hoekstra and R.F.J. van der Burg

Abstrat

We use data from two CFHT-MegaCam photometri penil-beam surveys in the

g' and the r' bands to measure distanes to the Sagittarius, the Palomar 5 and the

Orphan stream. We show that, using a ross-orrelation algorithm to detet the

turno� point of the main sequene, it is possible to overome the main limitation

of a two-bands penil-beam survey, namely the lak of adjaent ontrol-�elds

that an be used to subtrat the foreground and bakground stars to enhane

the signal on the olour-magnitude diagrams (CMDs). We desribe the ross-

orrelation algorithm and its implementation. We ombine the resulting main

sequene turno� points with theoretial isohrones to derive aurate photometri

distanes to the streams. Our results on�rm the �ndings by previous studies,

expand the distane trend for the Sagittarius faint southern branh and trae the

Sagittarius faint branh of the northern-leading arm out to 56 kp. In addition,

they show evidene for nearby substrutures. We argue that these detetions

trae the ontinuation of the Sagittarius northern-leading arm into the southern

hemisphere, and the northern wrap of the Sagittarius trailing arm.
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4.1 Introdution

4.1 Introdution

In the past deade our piture of the Milky Way's stellar halo has dramatially

hanged thanks to the advent of several observational surveys, whih have shown

the rihness and omplexity of the substruture in the Galati halo (Ibata et al.

2001b; Newberg et al. 2002; Majewski et al. 2003; Yanny et al. 2003; Martin et al.

2004; Grillmair & Dionatos 2006b; Belokurov et al. 2006b, 2007b,). Our Galaxy

is still undergoing an assembling proess, where part of the infalling material

has already been areted and beome dynamially relaxed (Helmi et al. 1999;

She�eld et al. 2012), part of it is still dynamially old (Bell et al. 2008; Juri¢

et al. 2008) and another part is in the proess of being dynamially stripped or

even approahing its �rst dynamial enounter with our Galaxy (Kallivayalil et al.

2006b,a; Piatek et al. 2008; Besla et al. 2010; Roha et al. 2012).

The most prominent example of a urrently ongoing disruption is that of the

Sagittarius stream (Sgr stream). Sine its disovery in 1996 (Mateo et al. 1996),

the stream has been mapped over roughly 2π radians on the sky, �rst through

2MASS (Majewski et al. 2003) and later through SDSS (Belokurov et al. 2006b;

Koposov et al. 2012). There is general agreement that it is the stellar debris of a

disrupting satellite galaxy, the Sagittarius dwarf galaxy (Ibata et al. 1994), whih

is urrently being areted by the Milky Way (Velazquez & White 1995; Ibata

et al. 1997; Niederste-Ostholt et al. 2010). The stream is omposed of the leading

and the trailing tails of this disruption event (Mateo et al. 1996; Ibata et al. 2001b;

Dohm-Palmer et al. 2001; Martínez-Delgado et al. 2001, 2004b; Majewski et al.

2003; Belokurov et al. 2006b, 2014), whih wrap at least one around the Galaxy

but have been predited to wrap more than one (Peñarrubia et al. 2010; Law &

Majewski 2010b). In addition, a bifuration and what resembles an extra branh

parallel to the main omponent of the Sgr stream have been disovered both in

the northern hemisphere (Belokurov et al. 2006b) and in the southern hemisphere

(Koposov et al. 2012). The origin of this bifuration and the meaning of the two

branhes are still debated: they ould represent wraps of di�erent age (Fellhauer

et al. 2006), they ould have arisen due to the internal dynamis of the progenitor

(Peñarrubia et al. 2010, 2011) or they ould indeed be due to di�erent progenitors

and a multiple aretion event (Koposov et al. 2012).

On the other hand, one of the simplest and neatest examples of a disrupting

satellite is that of the Palomar 5 globular luster (Sandage & Hartwik 1977;

Odenkirhen et al. 2002; Dehnen et al. 2004) and its stream (Odenkirhen et al.

2001, 2003). This stream extends over 20o along its narrow leading and trailing

tails. It displays an inhomogeneous stellar density in what resembles gaps or

underdensities (Grillmair & Dionatos 2006a); the origin of this stellar distribution

has been attributed both to interations with dark satellites (Carlberg 2012) and

to epiyli motions of stars along the tails (Mastrobuono-Battisti et al. 2012).

Finally, there are also ases of streams with unknown progenitors, suh as

the so-alled Orphan stream (Grillmair 2006a; Belokurov et al. 2006b, 2007b;

Newberg et al. 2010). This stream extends for 50o in the North galati ap,
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and the hemial signatures from reent spetrosopi observations assoiate its

progenitor with a dwarf galaxy (Casey et al. 2013b,a). A number of plausible

progenitors have been suggested (Zuker et al. 2006; Fellhauer et al. 2007b; Jin &

Lynden-Bell 2007; Sales et al. 2008), but it is still possible that the true progenitor

remains undisovered in the southern hemisphere (Casey et al. 2013b).

In general, the disovery of most of the substrutures in the halo of the Milky

Way has been possible thanks to photometri multi-olour wide area surveys. Suh

surveys pose several advantages for this kind of searh. First, their multiple-band

photometry allows for stellar population seletions (halo or thik disk; red lump,

main sequene turno� point, et.) based on olour-olour stellar loi. These

seletion riteria an be used to make stellar density maps that trak the streams

all through the survey's overage area (Majewski et al. 2003; Belokurov et al.

2006b). Seond, their ontinuous overage of a large area allow the �elds adjaent

to the substruture to at as ontrol �elds. In this way, the olour-magnitude

diagrams (CMDs) of the ontrol �elds an be used to statistially subtrat the

foreground and the bakground stars from the �elds probing the substruture.

This enhanes the signature of the stellar population belonging to the stream or

satellite (by removing the noise), and makes it possible to identify age and distane

indiators suh as the red lump or the main sequene turno� point (Belokurov

et al. 2006b; Koposov et al. 2012; Slater et al. 2013).

In this paper we explore the possibilities of using deep two-band penil-beam

surveys instead of the usual wide-area multi-olour surveys in order to detet

and haraterize stellar streams of the halo and, in partiular, we revisit the

Sagittarius, the Palomar 5 and the Orphan streams. We derive photometri

distanes using purely the main sequene turno� point and �unlike other works�

regardless of the giant branh and its red lump.

4.2 Observations and data proessing

4.2.1 Desription of data set

We use deep photometri imaging from the MENeaCS and the CCCP surveys

(Sand et al. 2012; Hoekstra et al. 2012; Bildfell et al. 2012) as well as several

additional arhival luster �elds, observed with the CFHT-MegaCam instrument.

These surveys targeted pre-seleted samples of galaxy lusters; therefore the sur-

veys geometry takes the form of a beam-like survey where the pointings are dis-

tributed without prior knowledge of the halo substruture (blind survey).

Our pointings are one square degree wide and spread over the sky visible

to CFHT. Eah onsists of several exposures through the g' and r' �lters with

image quality of of sub-arseond seeing. After staking the individual exposures,

the limiting magnitudes reah ∼ 25.0 at the 5.0σ level. Out of the 97 �elds, at

least 25 fall on the struture of the Sagittarius (Sgr) stream and show distint

signatures in their CMDs, one on the Orphan stream, one on the Palomar 5

stream and three to seven on the Virgo Overdensity and the Virgo Stellar Stream

(Du�au et al. 2006; Juri¢ et al. 2008; Casetti-Dinesu et al. 2009; Prior et al. 2009;
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Figure 4.1: Equatorial map showing the position of all the �elds from our survey

(white hexagons) and highlighting the ones that lay on the Sagittarius stream

(green irles for the faint branh and green squares for the bright branh), on the

Palomar 5 stream and on the Orphan stream (orange diamonds). The bakground

image is the SDSS-DR8 map of the Sgr stream from Koposov et al. (2012), where

the loation of the Sagittarius dwarf galaxy has been marked (red star).

Bonaa et al. 2012b) (see Figure 4.1). Further away from the plane of the Sgr

stream, we also �nd three �elds to be oinident with the Triangulum-Andromeda

struture (Roha-Pinto et al. 2004; Bonaa et al. 2012a), two to three with the

Pises Overdensity (Watkins et al. 2009; Sesar et al. 2010b; Sharma et al. 2010),

one transitional between the Triangulum-Andromeda and the Pises Overdensity,

four with the Antienter Struture (Grillmair 2006b) and two to three with the

NGC5466 stream (Grillmair & Johnson 2006; Fellhauer et al. 2007a). We also

�nd two �elds on the Lethe stream (Grillmair 2009), four on the Styx stream

(Grillmair 2009), one on a region apparently ommon to the Styx and Coytos

streams (Grillmair 2009) and two on the Canis Major overdensity (Martin et al.

2004).

In this paper we onentrate on the learest strutures (those where the

ontrast-to-noise in the CMD is higher) in order to test the apabilities of our

method. In partiular, we address the Sagittarius stream, the Palomar5 stream

and the Orphan stream.

4.2.2 Corretion of the PSF distortion and impliations for

the star/galaxy separation

Before building atalogues and in order to perform an aurate star/galaxy sep-

aration, it is neessary to retify the varying PSF aross the �elds of the CFHT

images.

In order to orret for this e�et, we make use of a 'PSF-homogenizing' ode

78



Finding halo streams with a penil-beam survey � new wraps in the

Sagittarius stream

(K. Kuijken et al., in prep.). The ode uses the shapes of bright objets unam-

biguously lassi�ed as stars to map the PSF aross the image, and then onvolves

it with an appropriate spatially variable kernel designed to render the PSF gaus-

sian everywhere. With a view to obtaining a PSF as homogeneous as possible, we

treat the data as follows (van der Burg et al. 2013): i) we implement an aurate

seletion of su�iently bright stars based on an initial atalogue, ii) we run the

ode on the individual exposures for eah �eld, and iii) we rejet bad exposures

based on a seeing riterion

1

before staking them into one �nal image, on whih

we perform the �nal soure extration and photometry.

The advantages of this proedure are twofold. First, beause the resulting

PSF for eah exposure is gaussian, all the stars beome round. Seond, beause

the PSF anisotropy is removed from all exposures before staking, the dispersion

in size for the point-soure objets beomes smaller, even if the average value

inreases after staking the individual exposures (see Figure 4.2). These two

improvements signi�antly redue the galaxy ontamination when performing the

star seletion (illustrated in Figure 4.3). Additionally, homogenizing the PSF also

allows to measure olours in �xed apertures.

From the �nal images, we extrat the soures and produe photometri ata-

logues using SExtrator (Bertin & Arnouts 1996). To derive the stellar atalogues,

we use a ode that �lters the soure atalogues as follows: i) �nds the saturated

stars and removes them from the stellar atalogue; ii) evaluates the distribution

of bright soures (r′ = [18.0, 20.0] mag) in the brightness-size parameter spae,

assumes a gaussian distribution in the size and in the elliptiity parameters (e1,
e2)

2

of stars, and uses this information to de�ne the boundaries of the stellar

lous along the bright range; iii) evaluates the dependene of the width of the

stellar lous on brightness and extrapolates the relation to fainter magnitudes;

iv) applies the extended stellar lous and an elliptiity riterion to drop galaxies

from the stellar atalogue.

For the stars resulting from this seletion (Figure 4.3), we orret their pho-

tometry from galati reddening by using the extintion maps from Shlegel et al.

(1998). The �nal stellar atalogues are used to build the CMDs employed for our

analysis. The PSF-orreted atalogues yield muh leaner CMDs than the ata-

logues with similar star/galaxy separation but no PSF-orretion (Figure 4.4).

1

The rejetion of exposures derives from trying to optimize the image quality while ahieving

the desired photometri depth. Thus our seeing riterion is a variable number dependent on the

�eld itself, the seeing distribution for individual exposures and the individual plus total exposure

time. In general it takes values <≈ 0.9 ′′
.

2

e1 =
1− q2

1 + q2
cos 2θ , e2 =

1− q2

1 + q2
sin 2θ ,

where q =axis ratio, θ =position angle of the major axis.
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Figure 4.2: Brightness versus size diagram of all the soures in one of our pointings.

The stellar lous prior to the PSF-homogenization (blak) is wider and therefore

subjet to greater galaxy ontamination at the faint end than the stellar lous

posterior to the orretion (blue) beause the PSF initially varies aross the �eld.

The soures more ompat than the stellar lous are artefats from the soure

extration; they hold no relevane for our analysis sine they do not pass the star

seletion (see Figure 4.3).

Figure 4.3: Brightness versus size diagram showing all the PSF-orreted soures

(blue) and the subset of soures seleted as stars through our star/galaxy sepa-

ration algorithm (red) for one of our pointings. Although the star seletion may

not be omplete at the faint end due to inreasing satter, our algorithm mini-

mizes the galaxy ontamination, whih otherwise would be the main obstale for

deteting faint strutures in the CMD.
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Figure 4.4: Colour-Magnitude Diagram (CMD) displaying the seletion of soures

onsidered stars (seleted as explained in setion 2.2). The plume on the red side

(g− r ≈ 1.2) is omposed of the nearby M-dwarfs, whereas the main sequene on

the bluer side (0.18 < g − r < 0.6) orresponds to a halo overdensity loated at

a partiular well-de�ned distane. The loud of soures at faint magnitudes are

faint galaxies that enter the star seletion. Left: CMD derived from an image that

has not been PSF-orreted. Right: CMD derived from a PSF-orreted image.

After homogenizing the PSF, the galaxy ontamination dereases markedly below

r ≈ 22.
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4.2.3 Identi�ation of the main sequene turno� point

The photometri depth of our data allows us to detet a number of halo substru-

tures several magnitudes below their main sequene turn-o� point. However,

beause our survey is a penil-beam survey laking ontrol �elds adjaent to our

target �elds, we have no referene-CMDs representing a lean foreground plus a

smooth halo, and thus a simple foreground subtration is not possible. Instead

the halo substrutures in our survey an only be deteted in those �elds where the

ontrast in density between the main sequene stream stars and the foreground

and bakground stars is signi�ant in the CMD.

Thus, in order to searh for main sequenes in the CMDs, we build a ross-

orrelation algorithm that runs aross a region of the CMD (the 'searh region'),

foused on the olour range assoiated with the halo turno� stars (0.18 ≤ g− r ≤
0.30). Within the boundaries of this searh region, we slide a template main

sequene-shaped 2D funtion that operates over the number of stars and, for eah

step, yields an integral representing the weighted density of stars in suh a main

sequene-shaped area. When the template main sequene funtion oinides with

a similarly shaped overdensity in the CMD), the value of the ross-orrelation

(the weighted density) is maximized, and a value for the turno� point is assigned.

This proess is illustrated in Figure 4.5.

In some ases a CMD presents more than one main sequene signature with

su�ient ontrast to noise. When this happens we use the detetion of the

primary main sequene (the position of its turno� point and its harateristi

width-funtion) to randomly subtrat a perentage of the stars assoiated with

it (lowering its density to the foreground level) and detet the next prominent

main sequene feature. We name these main sequene detetions as primary, se-

ondary, et., ranked by their signal to noise. We require the signal to noise to

be > 3.5σ for primary MSs and > 4σ for the seondary or tertiary MSs after

partially removing the primary one.

Shape of the template main sequene funtion

When onstruting the template main sequene-shaped 2D funtion (from now on,

'template-MS'), we use two ingredients. The �rst one is a theoretial isohrone

3

of

age t = 10Gyr and metalliity [Fe/H] = −1.58, whih is used to de�ne the entral

spine of the template-MS. The position of this entral spine is later shifted in mag-

nitude and olour steps during the ross-orrelation. Sine we are only interested

in the shape of this isohrone (its absolute values are irrelevant beause it will be

shifted) and sine we are searhing for halo substrutures, we hoose the above age

and metalliity values beause they yield an isohrone shape representative of old

metal-poor stellar populations. The seond ingredient is a magnitude-dependent

olour-width, whih is used to broaden the isohrone template as illustrated in

the left panel of �g. 4.5).

3

Through all this work we use a subset of theoretial isohrones from

http://stev.oapd.inaf.it/md. The theoretial isohrones (Marigo et al. (2008), with the
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Figure 4.5: Left : Dereddened CMD (blak dots) with the searh region (pink

solid-line retangle) for the ross-orrelation and the template main sequene-

shaped funtion (green solid line) at the position of maximum density (peak of

the ross-orrelation). Right : Binned diagram representing the weighted density

of stars resulting from the ross-orrelation proess. The density in eah bin

orresponds to the integral of the template main sequene-shaped funtion with

top left orner in the position of the bin.

The width is in general diretly derived from the width of the lous of nearby

M-dwarfs (1.0 < g − r < 1.4). The width of this feature is alulated for a

number of magnitude bins as three times the standard deviation in olour for

eah bin. Then a funtional form dependent on magnitude is obtained through

polynomial �tting. In a few ases, minor tweaking is needed to ompensate for

extremely large widths (olour shifts beome insensitive to any substruture) or

for extremely small widths (density values beome meaningless due to the built-in

weight [see below℄). This way of de�ning the width of the template-MS aounts

for the observational broadening of intrinsially well de�ned stellar loi due to

inreasing photometri unertainties at faint magnitudes.

Weights within the template MS-funtion

In addition to a theoretially and observationally motivated shape for the template-

MS, we also give a di�erent weight to eah region of the template. This means

that, for eah step of the ross-orrelation, the stars ontained within will on-

tribute di�erently to the enlosed stellar density depending on how far they are

from the spine of the template-MS.

orretions from Case A in Girardi et al. (2010) and the bolometri orretions for Carbon

stars from Loidl et al. (2001)) are provided as observable quantities transformed into the CFHT

photometri system.
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The weight in olour (stars near the spine of the template-MS are more likely

to belong to the main sequene than stars lose to the boundaries) is assigned

through the exponential term in a gaussian weight funtion. We math the stan-

dard deviation of the gaussian weight to the standard deviation of the template-

MS width (3σ = ωMS) so that all the stars ontained within the template-MS are

assigned a weight. To guarantee that the weight does not favour bright features,

we hoose the amplitude of the gaussian funtion to be suh that the integral of

the weight funtion between the edges of the template-MS funtion is the same

for all magnitudes.

The resulting weight funtion for a given star in the template-MS at a parti-

ular step of the ross-orrelation then follows:

W∗(mag, colour) =
A√

2πσ(mag)
· exp

{

− [colour − ηCC(mag)]2

2[σ(mag)]2

}

(4.1)

wheremag and colour are the magnitude and olour of the weighted star, ηCC(mag)
represents the theoretial isohrone at that partiular step of the ross-orrelation,

and σ(mag) = 1
3
ωMS(mag) is proportional to the width of the template-MS fun-

tion for that partiular CMD.

4.2.4 Unertainties in the turno� point

The olour and magnitude values for the turno� point of a given main sequene,

(cTO, magTO), are derived from the position of the template at whih the ross-

orrelation peaks. Therefore the unertainties for these turno� point values derive

from the ontribution of individual stars to the position and shape of the main

sequene (the unertainty from the CMD itself). To evaluate this unertainty, we

arry out a bootstrapping proess. In this proess �rst we generate re-sampled

stellar atalogues by randomly withdrawing stars from one of our true atalogues.

Seond we run the ross-orrelation and obtain the turno� points for eah of

these re-samples. Third we onsider the o�sets between these turno� points and

the original turno� point and derive the standard deviation of the distribution.

The ontribution of any CMD to the unertainty of its turno� point an then be

alulated as a funtion of a referene (bootstrapped) standard deviation, s:

Emag,CMD = fmag,BS · (smag,BS)

∂2ρCC

∂2mag

∣

∣

∣

TO

, Ec,CMD = fc,BS · (sc,BS)

∂2ρCC

∂2c

∣

∣

∣

TO

,

where, in pratie, smag,BS and sc,BS are the standard deviations alulated

for a number of representative �elds, fmag,BS and fc,BS are sale fators that allow

to obtain the unertainty for any �eld from the standard deviation of the boot-

strapped �elds, and

∂2ρCC

∂2mag and

∂2ρCC

∂2c evaluate the prominene of the partiular

overdensity as a funtion of magnitude or as a funtion of olour. In pratie,

Emag,CMD = smag,BS and Ec,CMD = sc,BS for the bootstrapped �elds used as a

referene.
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The photometri turno� point distanes are derived from the distane modu-

lus. Therefore the unertainties in the distanes an be alulated as a ombina-

tion of two soures of error: the unertainty derived from the observed brightness

of the turno� point (Emag,CMD, disussed above) and the unertainty derived

from the absolute brightness of the turno� point, whih depends on the hoie of

isohrone (and thus on the unertainty in the age or in the metalliity).

Eµ,TO =

√

E2
mag,CMD + E2

mag,isoch ; (4.2)

4.3 The Sagittarius stream

4.3.1 Turno� point distanes to the Sgr stream

The Sagittarius stream is learly probed by at least 25 of our 97 �elds (see the

green and the orange markers in Figure 4.1). They probe both the faint and the

bright branhes of the stream (the faint branh lying to the North of the bright

one) and also two transitional areas, indiating that the transversal drop in stellar

ounts between both branhes is not dramati. Some of these �elds present more

than one main sequene in their CMDs; for those �elds the seondary turno�

points are alulated by subtrating the primary MS and re-running the ross-

orrelation (as explained in setion 4.2.3).

Based on the turno� point values obtained from the ross-orrelation, we al-

ulate the distanes to the Sagittarius stream in these 25 �elds for 31 detetions.

For this alulation, we assume a single stellar population represented by a theo-

retial isohrone with age tage = 10.2 Gyr and metalliity [Fe/H] = −1.0 dex (for

a detailed desription on the set of isohrones see footnote 2 in setion 4.2.3). We

hoose these age and metalliity values beause they math the age-metalliity

relation for the Sgr dwarf galaxy (Layden & Sarajedini 2000) �whih is also ex-

peted to hold for its debris� and are onsistent with the range that haraterizes

old metal-poor populations.

To aount for the potential in�uene on our distane measurements of a

possible metalliity gradient along the di�erent Sgr arms (Chou et al. 2007;

Shi et al. 2012; Vivas et al. 2005; Carlin et al. 2012), we analyse the depen-

deny of the isohrones turno� point absolute brightness (MTO) with metal-

liity throughout the Sgr metal-poor range (see Figure 4.6). We �nd that for

−1.53 dex < [Fe/H] < −0.8 dex the absolute brightness remains nearly onstant

in the r band, with a maximum variation of ∆M = ±0.1 mag. We onlude

that if we take this variation in absolute brightness as the isohrone unertainty

in the distane modulus (Emag,isoch = ∆M), we an use the tage = 10.2 Gyr

and [Fe/H] = −1.0 dex isohrone to alulate distanes to any region of the Sgr

stream.

The resulting distanes and distane unertainties for these �elds an be found

in Table 4.1, together with the entral position of eah �eld (in equatorial oordi-

nates), a 'faint/bright branh' tag (derived from Figure 4.1), a tentative lassi�-

ation as leading or trailing arm where posible (see below), a 'primary/seondary
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4.3 The Sagittarius stream

Table 4.1: Position and distanes to the Sgr stream, together with a tag for faint

or bright branh membership, a tentative lassi�ation as leading or trailing arm

and a number speifying the hierarhy of the detetion in the CMD (primary,

seondary,et.). The distanes are indiated both as distane modulus and as

helioentri distane, with the distane unertainty (Ed) in kp.

Field arm detetion RA (deg) DEC (deg) µ(mag) d (kp) Ed (kp)

A2104

f
lead 1 235.040644 -3.33158 18.8 56.6 3.1

RXJ1524

f
trail 1 231.170583 9.93498 16.2 17.1 2.0

A2050

f
lead 1 229.080749 0.08773 18.7 54.1 8.7

A1942

f
lead 1 219.654126 3.63573 18.7 54.1 3.7

A1882

b
lead 1 213.667817 -0.30598 18.5 49.3 5.7

A1835

b
lead 1 210.259355 2.83093 18.4 47.1 4.2

RXJ1347

b
? 1 206.889060 -11.80299 15.5 12.4 7.3

ZwCl1215

b
? 1 184.433196 3.67469 16.7 21.5 2.9

ZwCl1215

b
? 3 184.433196 3.67469 15.0 9.8 2.6

A1413

f
lead 1 178.842420 23.42207 17.5 31.1 2.7

A1413

f
trail 2 178.842420 23.42207 16.2 17.1 1.9

A1246

f
lead 1 170.987824 21.40913 17.6 32.6 9.2

A1185

f
? 1 167.694750 28.68127 16.3 18.7 12

ZwCl1023

b
? 1 156.489424 12.69030 17.4 29.7 11

A795

b
lead 1 141.030063 14.18190 16.0 14.2 2.8

A795

b
? 2 141.030063 14.18190 15.6 14.2 2.8

A763

b
? 1 138.150298 15.99992 16.7 21.5 2.6

A763

b
lead 2 138.150298 15.99992 15.8 14.2 1.0

RXJ0352

f
lead 1 58.263173 19.70387 15.7 13.6 0.7

RXJ0352

f
trail 2 58.263173 19.70387 17.7 34.1 4.3

A401

f
trail 1 44.759558 13.58975 17.4 29.7 3.4

A399

f
trail 1 44.478652 13.05185 17.6 32.6 11

A370

b
trail 1 39.963713 -1.65806 17.6 32.6 4.8

A223

b
trail 1 24.557005 -12.77010 17.0 24.7 1.7

RXJ0132

f
trail 1 23.169048 -8.04556 17.1 25.9 2.3

A133

b
trail 1 15.673483 -21.88113 16.6 20.6 2.4

A119

f
trail 1 14.074919 -1.23337 16.9 23.6 2.9

A85

b
trail 1 10.469662 -9.28824 16.9 23.6 1.6

A2670

f
trail 1 358.564313 -10.40142 16.6 20.6 1.1

RXJ2344

f
trail 1 356.059633 -4.36345 16.7 21.5 5.6

RXJ2344

f
lead 2 356.059633 -4.36345 15.6 13.0 1.2

A2597

f
trail 1 351.336736 -12.11193 16.9 23.6 1.4

b
Bright branh

f
Faint branh
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Figure 4.6: Absolute brightness of the turno� point in the r band as a funtion of

metallliity and age for metal poor populations (green irles). The values in this

diagram meet the age/metalliity relation for the Sgr dwarf galaxy from Layden

& Sarajedini (2000). The isohrone used in this paper to derive distanes to the

Sgr stream is represented with a yellow star, and its maximum di�erene to the

other brightness values in this range is ∆M = ±0.1mag.

detetion' tag and the distane modulus (µ). In Figure 4.7 we ompare our re-

sults to values from the literature

4

, split in two diagrams (top panel for the faint

branhes and bottom panel for the bright branhes in both hemispheres).

Remarkably our turno� point distanes are not only in agreement with previ-

ous distane measurements to known wraps, but also ompatible with the distane

preditions for nearby wraps by the models of Peñarrubia et al. (2010) and Law

& Majewski (2010b). In the following setion we disuss in detail these �ndings.

4.3.2 Comparison with models of the Sgr stream

Using the model preditions shown in �gures 4.8 and 4.9, we lassify eah �eld as

belonging to the leading or trailing arm, by mathing the distane and the sky

position. It is worth noting, however, that the distane for a given partile in

the models is sensitive not only to the right asension but also to the delination

of the partile. While we take into aount both oordinates when lassifying a

detetion as faint or bright branh, we do not spei�ally aount for the delination

when omparing the distanes of the modelled streams and the distanes of our

4

The SDSS-DR8 measurements shown in this paper for the southern bright arm have been

orreted for the di�erene in the alibration of the red lump absolute magnitude, as pointed out

in Slater et al. (2013) and orreted in Koposov et al. (2013)). And the SDSS-DR5 measurements

have been dereased by 0.15 mag to math the BHB signal from SDSS, as presribed in Belokurov

et al. (2014).
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Figure 4.7: Photometri main sequene turno� point distanes for the Sagittarius

stream along right asension (northern-leading tail and southern- trailing tail).

The top panel shows results for the faint branh, whereas the bottom panel or-

responds to the bright arm. Our data (blue irles for leading tails and red irles

for trailing tails) are based on the theoretial isohrones by Marigo et al. (2008)

and the orretions by Girardi et al. (2010), for a 10.2 Gyr old stellar popula-

tion with [Fe/H] = −1.0. Other distane values orrespond to Belokurov et al.

(2006b) (green and grey triangles), Koposov et al. (2012, 2013) (green asterisks),

Belokurov et al. (2014) (pink triangles) and Slater et al. (2013) (yellow squares

for > 3σ detetions and white squares for < 3σ). White irles denote detetions

that an not be unambiguously tagged as leading or trailing.
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detetions in �gures 4.8 and 4.9. This may have some in�uene in the signi�ane

of the o�sets between our distane measurement and the mean distane of the

N-body partiles for a given RA.

Of these two models, the model by Peñarrubia et al. (2010) was designed to

illustrate the e�et of internal satellite rotation on the orbit of the Sgr debris, and

it seems to reover better the separation in stellar density distribution that gives

rise to the northern bifuration into faint and bright branhes (Figure 4.8, upper

panel). On the other hand, the model by Law & Majewski (2010b) was designed

to reprodue the known observational properties of the stream (angular positions,

distanes, radial veloities), and it seems to reprodue better the projeted 2MASS

stellar density distribution (Figure 4.9, upper panel). In relation to the southern

region of the stream, although neither of the two models predited the bifuration

in it, they sueed in reproduing the general distribution of the debris.

Northern leading arm

From our eighteen measurements on the bright and the faint branhes of the

northern-leading arm (branhes A and B, in the terminology of Belokurov et al.

(2006b)), nine (blue irles in Figure 4.7) learly reprodue the distane trends

of Belokurov et al. (2006b) and Belokurov et al. (2014) (green+grey and yan

triangles in Figure 4.7, respetively) based on red giant and blue horizontal branh

stars. For the faint branh, we extend westwards the distane measurements

beyond those of SDSS, and we provide its most distant detetions so far �out to

56kpc at RA ∼ 235o. Comparing these most distant detetions to the distane

trend of the models and to the bright branh at a similar right asension, one an

argue that these detetions likely lie lose to the apoenter of the faint branh

(or represent the apoenter themselves), and therefore they are probably a good

estimation for its distane.

For the other nine detetions, we �nd that the derived distanes are either in

mild disagreement with the trends of the leading arm (four ases, white irles

in Figure 4.7) or inompatible with the leading arm (�ve ases, red and white

irles in Figure 4.7). In the single ase of mild disagreement for the faint branh

(A1185, RA ∼ 168o) the distane is well below the trends of both this and previ-

ous work (o�set ≈ 10 kpc); however its large unertainty prevents us from ruling

out that it belongs to the faint branh. We will disuss an alternative member-

ship in subsetion 4.3.2. The three ases of mild disagreement for the bright

branh (ZwCl1023, A795-2 and A763-1, RA ∼ 150o) are slightly above the dis-

tane trend of this branh. Partiularly, �elds A795 and A763 also display two

additional detetions (primary and seondary, respetively) slightly under the ex-

peted distane trend. Fields A795 and A763 lie lose in the sky (less than 4o

apart) and both yield primary and seondary distane measurements very on-

sistent with eah other and with this dihotomy. We interpret this as possibly

indiating a region of the sky where the bright branh runs broader in distane.

Out of the �ve detetions inompatible with the distane trends of the lead-

ing arm, we will disuss three (RXJ1524,A1413-2 and ZwCl1215-1) in subse-
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Figure 4.8: Our data ompared to the preditions by the model from Peñarrubia

et al. (2010). Top panel : Equatorial map with the position of our �elds plotted

over the simulation. Bottom panel : Distane vs RA diagram with our results

ompared to the model preditions. Fields on the faint branh are denoted with

irles, and �elds on the bright branh are denoted with squares. Measurements

mathing the leading arm are denoted in pink, whereas those mathing the trail-

ing arm are denoted in light blue. White markers represent detetions that an

not be unambiguously tagged as leading or trailing; grey markers in the upper

panel orrespond to �elds with more than one MS detetion (they unfold in the

bottom panel). The olour sales represent the time sine the partiles from the

simulations beame unbound.
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Figure 4.9: Same as in Figure 4.8 but for the model from Law &Majewski (2010b).
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tion 4.3.2, together with the above mentioned A1185. Regarding the other two

(RXJ1347 and ZwCl1215-3, RA ∼ 205o and RA ∼ 185o respetively), we have

studied them individually and found the following. On the one hand, ZwCl1215-3

mathes the distane to the Virgo Overdensity (Bonaa et al. 2012b) when using

the appropriate age and metalliity values for the theoretial isohrone, so it is

likely a detetion of this loud. On the other hand, RXJ1347 mathes the dis-

tane and position predited by the model from Peñarrubia et al. (2010) for an

older northern-wrap of the leading arm, but also the distanes predited by the

two models for the northern-trailing wrap. However we an not draw onlusions

regarding membership for an isolated detetion and we lak kinemati data, so at

the moment we an not disriminate between both options (or even a third one).

Northern trailing arm

In this subsetion we revisit four detetions in the galati northern hemisphere

whih yield distanes inompatible with (or o�) the leading arm. These dete-

tions are RXJ1524, A1413-2 (red irles in Figure 4.7), A1185 (ompatible with

the faint leading branh thanks to its large error bars, but severely o�set from

the distane trend) and ZwCl1215-1 (white marker at RA ∼ 185o on the bright

branh). The three detetions in the faint branh (RXJ1524, A1413-2 and A1185)

show distanes strongly onsistent with eah other (∼ 17 kpc). And the three of

them are the �elds most apart from the Sgr orbital plane in our northern sample,

spreading 60o along the orbit.

Remarkably both their distanes and their positions in the sky are in extremely

good agreement with the preditions from the above mentioned models for the

Sgr debris in the northern-trailing arm, and they are roughly omparable to the

results in Correnti et al. (2010). However they are at odds with the laim in

Belokurov et al. (2014) that branh C (at lower delinations and more distant;

see grey triangles in Fig. 4.7) is indeed a part of the northern-trailing arm and

the ontinuation of the Gemini stream/arm (Newberg et al. (2003), Drake et al.

(2013); see pink triangles from Belokurov et al. (2014) in Fig. 4.7)).

Given the onsisteny of our distane measurements with eah other and with

the simulations, and given the distribution of the �elds along the faint branh of

the stream, we believe these detetions are part of the Sgr stream, most likely a

wrap of the northern trailing arm. However kinemati data or a spatially broader

photometri overage are needed to on�rm this.

Additionally, ZwCl1215-1, whih lies on the bright branh, yields a distane

measurement ompatible with the trend predited for the northern-trailing arm.

But its position on the sky (on the bright branh) an not be reoniled with the

urrent models for the trailing tail, neither with the age, metalliity and distane

values for the Virgo Overdensity. Thus, its membership and meaning in the puzzle

of the halo remain an open question.
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Southern trailing arm

Our measurements on the bright and the faint branhes of the southern-trailing

arm reprodue the distane trends of Koposov et al. (2012, 2013) and Slater et al.

(2013) based on red lump and turno� point stars. For the faint branh, we

on�rm the trend set by the < 3σ detetions in Slater et al. (2013), and we brie�y

extend westwards and eastwards the distane measurements. Contrary to Slater

et al. (2013), we �nd no evidene for a di�erene in distane between the faint

and the bright branhes of the southern-trailing tail. However it is possible that

suh di�erene remains hidden in our distane unertainties.

When omparing to the above mentioned models, we �nd that the measures

are in general agreement with the preditions for both the faint and the bright

branhes. However the distane gradient in the faint branh seems to be less steep

in the data than in the models, and the branh seems to be thinner in distane than

predited for any value of the probed RA range. In this sense it is worth noting

that, in ontrast to what happens to many of our northern hemisphere �elds,

only two of the CMDs in the southern galati hemisphere show seondary MS

detetions (RXJ0352 and RXJ2344, at RA ∼ 58o and RA ∼ 356o, respetively).

And the di�erene between the turno� point brightness of these double detetions

does not favour a thik branh, but rather the detetion of a previously unknown

nearby wrap (see subsetion 4.3.2).

Southern leading arm

In this subsetion we revisit the double detetions of 4.3.2, namely RXJ0352-1

and RXJ2344-2, (RA ∼ 58o and RA ∼ 356o, primary and seondary detetions,

respetively). We show their CMDs and their ross-orrelation density diagrams

in �gures 4.10 and 4.11. We �nd that, using the same isohrone we have used to

derive distanes to all the Sgr �elds, both yield a distane of ∼ 13 kpc. These dis-

tanes are in exellent agreement with the preditions from the two simulations for

the leading arm in the South and also with the trend set by the leading-northern

data. We thus laim that these two detetions are part of the ontinuation of the

northern-leading arm into the southern hemisphere (Chou et al. 2007). The posi-

tions of these �elds, however, suggest that the leading arm dives into the southern

hemisphere at higher delinations than predited, overlapping in projetion with

the faint branh of the trailing arm.

If the detetion of the southern-leading arm or the northern-trailing arm pro-

posed in this paper are on�rmed in future works (with kinemati measurements

for membership or photometri follow-up for spatial overage), our measurements

will be the losest and the oldest debris of the Sgr stream deteted to date. If so,

this would mean that our method has sueeded in deteting nearby substruture

in regions of the sky that had already been explored. The explanation to suh

a performane would lie on the fat that we use a sample of stars (a large part

of the main sequene) to identify the overdensities in the CMD larger than the

sample of the usual halo traers (red lump, red giants or blue horizontal branh),
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Figure 4.10: Left : Dereddened CMD for the westernmost pointing probing the

leading arm in the southern hemisphere; the template main sequene funtion

and the turno� point (green) are plotted for the maximum of the primary ross-

orrelation. Right : Weighted-density diagram resulting from the primary ross-

orrelation. The maximum (white bin, blak ross) marks the top left orner of the

template-MS at the position of the southern-leading arm main sequene, whereas

the red overdensity at fainter magnitudes orresponds to the southern-trailing

arm.

and this ould inrease the ontrast in regions of low onentration and thik disk

ontamination.

Presene of sparse nearby streams in SDSS

In the muh shallower SDSS data the deteted MS features are signi�antly

smeared out by photometri unertainties and poorer star/galaxy separation (see

CMD omparison in �g. 4.12). As a onsequene, meager main sequenes would

be more di�ult to indentify in SDSS (and meager BHB or RC ounterparts would

be impossible to identify). This leads us to think that the ability to detet sparse

stellar populations like the ones in setions 4.3.2 and 4.3.2 is strongly dependent

on the initial image quality and the star seletion proess.

The strength of SDSS lies in the large area it overs, whih might allow the

detetion of a nearby, dynamially old stream in some statistial way. However

this pursuit is beyond the sope of this paper.
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Figure 4.11: Left : Dereddened CMD for the easternmost pointing probing the

leading arm in the southern hemisphere; the template main sequene funtion

and the turno� point (green) are plotted for the maximum of the seondary ross-

orrelation. We have randomly removed 50% of the stars ontributing to the

primary detetion, whih orresponds to the southern-trailing arm of the Sgr

stream. Right : Weighted-density diagram resulting from the seondary ross-

orrelation. The maximum (white bin, blak ross) marks the top left orner of

the template-MS funtion at the position of the Orphan stream's main sequene.

The primary detetion has been partially removed, and the remainings an be

seen as a weak tail at fainter magnitudes and slightly bluer olour.
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Figure 4.12: Left : Smoothed CMD for �eld RXJ1524 ontaining the CFHT

soures lassi�ed as stars by us. Right : Same as the diagram in the right for

the SDSS soures lassi�ed as stars in the database. The weaker features in the

left �gure are not detetable in the right �gure due to photometri unertainties

and the di�erent star/galaxy separations.

4.4 The Palomar 5 stream and the Orphan stream

4.4.1 Turno� point distanes to the Pal5 stream and the

Orphan stream

The Palomar5 stream and the Orphan stream are also probed by two of our �elds

(see orange diamonds in Figure 4.1). Their CMDs and their orresponding turno�

points are shown in �gures 4.13 and 4.14, together with their ross-orrelation

maps.

We use these turno� point values to alulate photometri distanes to eah

of the streams. One again we assume single stellar populations haraterized

by theoretial isohrones but now with tage = 11.5 Gyr (Martell et al. 2002)

and metalliity [Fe/H] = −1.43 (Harris 1996) in the ase of the Pal5 stream, and

tage = 10.0 Gyr and metalliity [Fe/H] = −1.63 in the ase of the Orphan stream

(Casey et al. 2013a). These values orrespond to measurements for these parti-

ular streams, whih are more metal-poor than the Sgr stream for similar ages.

Sine the absolute brightness of the turno� point for a given stellar population

depends on its age and metalliity, it is important to selet representative values

in order to derive the right photometri distanes.

The resulting distanes are olleted in Table 4.2 and displayed in �gures 4.15

and 4.16, respetively, where they are ompared to previous �ndings by other

groups. Both results show good agreement for the adopted age and metalliity

96



Finding halo streams with a penil-beam survey � new wraps in the

Sagittarius stream

Figure 4.13: Left : Dereddened CMD for the pointing ontaining the Palomar

5 stream as its primary feature; the template main sequene funtion and the

turno� point (green) are plotted for the maximum of the ross-orrelation. The

seondary main sequene at fainter magnitudes orresponds to the faint arm of the

Sgr stream. Right : Weighted-density diagram resulting from the ross-orrelation.

The maximum (white bin, blak ross) marks the top left orner of the template-

MS funtion at the position of the Palomar 5 stream's main sequene, whereas

the yan overdensity at fainter magnitudes orresponds to the Sgr stream.
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Figure 4.14: Left : Dereddened CMD for the pointing ontaining the Orphan

stream as its seondary feature; the template main sequene funtion and the

turno� point (green) are plotted for the maximum of the seondary ross-

orrelation. We have randomly removed 60% of the stars ontributing to the

primary detetion, whih orresponds to the bright arm of the Sgr stream. Right :

Weighted-density diagram resulting from the seondary ross- orrelation. The

maximum (white bin, blak ross) marks the top left orner of the template-MS

funtion at the position of the Orphan stream's main sequene. The primary

detetion has been removed, and thus it does not show in the density diagram.
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Table 4.2: Position and distanes to the Palomar5 and Orphan streams:

Field stream RA (deg) DEC (deg) µ(mag) d (kp) ∆d (kp)

A2050 Pal5 229.080749 0.08773 17.0 23.1 1.1

ZwCl1023 Orphan 235.040644 -3.33158 16.6 23.8 2.2

Figure 4.15: Photometri main sequene turno� point distanes along right as-

ension for the Palomar5 stream. Our data point (blue irle) is based on a single

stellar population of age 11.5 Gyr and metalliity [Fe/H] = −1.43. The other

values orrespond to Grillmair & Dionatos (2006a) (green triangles) and Vivas &

Zinn (2006) (pink star).

values.

4.4.2 In�uene of the age/Z isohrone values on the dis-

tanes

For the Palomar 5 stream and the Orphan stream, our penil-beam survey re-

turns only one detetion eah. We ompare their derived distane measure-

ments (Table 4.2) to previous work (�gures 4.15 and 4.16, respetively) and

�nd that our measurements are onsistent and well within the values to be ex-

peted from interpolations. We interpret this as an independent validation of

the stellar population parameters for these streams in the literature: 11.5 Gyr

and [Fe/H] = −1.43dex for the Pal5 stream (Martell et al. 2002; Harris 1996),

and 10.0 Gyr and [Fe/H] = −1.63dex for the Orphan stream (Casey et al.

2013a). Variations in the absolute magnitude for the turno� point of the the-

oretial isohrone assigned to a given stellar population (haraterized by a given

age and metalliity) propagate into the distane modulus, thus yielding variations

in the distane. For the Pal5 stream, our distane measurement an tolerate a

relative variation of ∆drel ≈ ±0.15 and still be in agreement with the previous

distane measurements; this variation threshold translates into an absolute mag-

nitude variation threshold of ∆M ≈ ±0.35. We �nd that variations in ∆t =+1.7
−3.2
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Figure 4.16: Photometri main sequene turno� point distanes along delination

for the Orphan stream. Our data point (blue irle) is based on the theoretial

isohrone for a 10.0 Gyr old stellar population with [Fe/H] = −1.63. The other
values orrespond to Belokurov et al. (2007b) (green triangles), Newberg et al.

(2010) (orange diamonds) and Casey et al. (2013a) (yan star).

Gyr (limited by the formation time of the �rst stars) or in ∆[Fe/H] =
+0.72
−0.82 dex

(limited by the minimum metalliity available in the set of theoretial isohrones)

for the age and metalliity of the employed theoretial isohrones meet this toler-

ane riterion. For the Orphan stream, our distane measurement an tolerate a

relative variation of ∆drel =
+0.24
−0.05, whih translates into ∆M =

+0.60
−0.11. Variations

in ∆t =+3.2
−1.3 Gyr or in ∆[Fe/H] =

+0.83
−0.49 dex (same limitations as above) for the

age and metalliity of the theoretial isohrones respet this requirement.

4.5 Conlusions

In this work we have used data from two deep luster surveys, whih provide

randomly sattered photometri penil-beams in g' and r', and a �eld of view of

1deg
2
per pointing. We have used this data to haraterize previously known sub-

struture in the stellar halo of the Milky Way. We analysed these data using two

novel ingredients: a PSF-homogenization for the images and a ross-orrelation

algorithm for the olour-magnitude diagram (CMD). The PSF-homogenization

algorithm orrets the inhomogeneous distortion of the soures aross an image

aused by the telesope's optis. In this way, it reovers the true shapes and

size distribution of the soures, improving the performane of any star/galaxy

separation proedure, speially at the faint end. The ross-orrelation algorithm

explores the CMD of eah �eld searhing for an overdensity with the shape of

a stellar main sequene, and returns the (olour,magnitude) oordinates of the

orresponding turno� point, from whih distanes an be derived. Through this

method, we have shown that it is possible to exploit a two-�lter penil-beam sur-

vey to perform suh a study of streams or satellites, provided that the ontrast-

to-noise ratio of the substruture's main sequene is moderately signi�ant. In
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Sagittarius stream

this way our method bypasses the need for nearby ontrol-�elds that an be used

to subtrat a referene foreground from the target CMDs.

Using a set of theoretial isohrones (Marigo et al. 2008; Girardi et al. 2010),

we have alulated the distanes to di�erent regions of the Sagittarius stream

(faint and bright branhes in both the northern and southern arms) and obtained

results in good agreement with previous work (Belokurov et al. 2006b; Koposov

et al. 2012, 2013; Slater et al. 2013) (see Figure 4.7).

We detet what seems to be the ontinuation of the northern-leading arm into

the Southern hemisphere; we �nd that its distanes are in exellent agreement with

the preditions by the models in Peñarrubia et al. (2010) and Law & Majewski

(2010b), while the trajetory seems to be loated at higher delinations. We also

�nd evidene for a nearby branh of the northern-trailing arm at RA > 160o.

Both the distanes and the footprint on the sky are in good agreement with the

preditions from the models, and are omparable to work by Correnti et al. (2010).

It is also ompatible with being the ontinuation of Gemini arm (laimed as part

of a northern-trailing wrap in Belokurov et al. (2014)) if it turns or broadens to

higher latitudes as it evolves westwards, but it does not follow the same distane

trend as branh C (Belokurov et al. 2006b). The �nal interpretation of these

di�erent overdensities in the ontext of the Sgr stream will require kinemati data

and a photometri onnetion between the known and the temptatively assoiated

regions.

We have also used age and metalliity measurements from previous work

(Martell et al. 2002; Harris 1996; Casey et al. 2013a), to alulate distanes to the

Pal5 stream and the Orphan stream. These distanes are in good agreement with

the results in the literature (Grillmair & Dionatos 2006a; Vivas & Zinn 2006; Be-

lokurov et al. 2007b; Newberg et al. 2010; Casey et al. 2013a), attesting �together

with the results from the Sgr stream for previously known regions of the stream�

the robustness and auray of the ross-orrelation.

The methods presented in this paper open the possibility of using deeper

existing penil-beam surveys (maybe originally aimed for extragalati studies)

to measure aurate distanes (or ages or metalliities, provided that two of the

three parameters are known) to streams, globular lusters or dwarf galaxies. The

existene of these penil-beam surveys or the redued requirements of prospetive

ones, allow for more omplete maps of the Galati halo substruture at redued

observational osts.
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4.5 Conlusions

102


