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ABSTRACT

We show that tagging RR Lyrae stars according to their locdti the period-amplitude diagram can be used
to shed light on the genesis of the Galactic stellar halo.mheure of RR Lyrae of ab type, separated into
classes along the lines suggested by Oosterhoff, displstysrag and coherent evolution with Galactocentric
radius. The change in the RR Lyrae composition appearseict with the break in the halo’s radial density
profile at~25 kpc. Using simple models of the stellar halo, we estaltlishat least three different types of
accretion events are necessary to explain the observed Bétalvior. Given that there exists a correlation
between the RRab class fraction and the total stellar coofendwarf satellite, we hypothesize that the field
halo RRab composition is controlled by the mass of the pridgiecontributing the bulk of the stellar debris
at the given radius. This idea is tested against a suite oficlogical zoom-in simulations of Milky Way-like
stellar halo formation. Finally, we study some of the mosinpinent stellar streams in the Milky Way halo
and demonstrate that their RRab class fractions followriedis established previously.

Key words: Milky Way — galaxies: dwarf — galaxies: structure — Local Gpo- stars: vari-
ables: RR Lyrae

1 INTRODUCTION tion spectra of stars across a range of halo locations renpaoy
hibitively arduous. For example, the most recent attempuic
vey the halo at high resolution beyond the Solar neighbatt{eee
Battaglia et al. 201)yincludes only 28 stars, whose heliocentric dis-
tances are mostly limited to within 30 kpc. Note, howevegtth
while the field halo remains poorly explored (in terms of prec
sion chemistry), there exists a large amount of spectrosatgia
on the surviving satellites. Curiously, while similar inno@pt, the
genealogy of the disc and the halo differ substantially acfice. In
the disc, chemo-dynamicists attempt to rewind the stark tosthe
low-mass star clusters they were born in. In the halo, a mictler
variety of progenitors are available: stellar systems withsses
from that of a giant molecular cloud to that of the Large Méay@t
Cloud (LMC) could have all contributed to the halo formation

“Chemical tagging” postulates the existence of a stellar fin
gerprint — a unique pattern of elemental abundances — that
each star carries and that can be used to trace it back
to its location of origin Freeman & Bland-Hawthorn 2002
This hypothesis has motivated many spectroscopic surveys
(Gilmore et al. 2012 Allende Prieto et al. 2008Majewski et al.
2017 De Silva et al. 2015Cui et al. 2012 and has kick-started

a number of observational (e.gelmi et al. 2006 Majewski et al.
2012 Blanco-Cuaresma et al. 20&nd theoretical (e.d-ont et al.
2006 RoSkar etal. 2008 Bland-Hawthorn et al. 2020 inves-
tigations, opening a new field of astrophysical enquiry —
Galactic chemo-dynamics (see e§chonrich & Binney 2009
Minchev et al. 20132014). The application of the “chemical tag-

ging” idea to the studies of the Galactic disc has enjoyedtplef For example, by comparing the abundance trends in the globu-
success (e.de Silva et al. 2007Bensby et al. 201/Bovy 2018, lar clusters (GCs) and the local halo stars, several authaira that

yet inevitab|y’ has uncovered a number of Stumb"ng b|oohg$ee as much a$0% of the stellar halo could have Originated in GCs
e.g.Mitschang et al. 2014Ting et al. 2015Ness et al. 201)7 (Carretta et al. 20ZMartell & Grebel 2010 Martell et al. 201}.

In the Milky Way’s halo, progress has so far been much The above calculation relies heavily on the theory that tizs G
slower, mainly because acquiring a large number of highlueso ~ Were 10-20 times more massive in their youth and have experte
prolific mass loss since — the argument put in place to explan
ratios between the second and first generations of their remb
* E-mail:vasily@ast.cam.ac.uk stars (se&ratton et al. 2012for a review). However, the study of
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Deason et al2015 argues against the stellar halo creation through
GC disruption. They base their argument on the measurernénts
the ratio of the number of Blue Horizontal Branch stars td tifa
Blue Stragglers. Bear in mind though that,@sung et al(2016)
show, this constraint may perhaps be circumvented by imgpltie
loss of most of the first generation stars early in a clustié€’s

At the other end of the mass spectrum, observational evidenc
is mounting for the most massive dwarf galaxies to contabat
significant fraction of the stellar halo. First, accordimgthe a-
elements to iron abundance ratio (as gleaned both from lalv an
high resolution spectroscopy), the local stellar halo appesim-
ilar to galaxies like the LMC and Sgr (see e\gnn et al. 2004
Tolstoy et al. 2009de Boer et al. 2014 Additionally, the Milky
Way (MW) halo’s radial density profile shows a break at around
25 kpc Watkins et al. 2009Deason et al. 201 Sesar et al. 2091
which according tdDeason et al(2013 could be best explained
with an early accretion of a massive stellar system. The Ghe
can be found in the study of the make-up of the RR Lyrae popu-
lation of the Galactic halo. For exampl8tetson et al(2014) and
Fiorentino et al(2015 demonstrate that high amplitude short pe-
riod (HASP) RRab stars can be used to decipher the relative co
tributions of the GCs, Ultra-Faint dwarfs (UFDs), clastidaarf
spheroidals (dSph) and massive systems such as the LMC and th
SMC. They point out that while the HASP RR Lyrae are a common
denizen of the halo, these stars are completely lacking ist sur-
viving dwarfs (including all UFDs), except for Sagittari{®gr) and
the Magellanic Clouds. In GCs, &3orentino et al.(2015 show,
only the more metal-rich systems have sizeable HASP pdpofat
Thus the only pathway to HASP creation is via a massive system
with rapid metal enrichment. This picture is in full agreemheith
the earlier analysis of the period-amplitude distributfnown as
the Bailey diagram) of the RRLs in the halo and the MW sagdlit
(see e.gCatelan 2009Zinn et al. 2014. Note, in addition, an inter-
esting mechanism for the HASP pulsator production via igsts-
like evolution of the RR Lyrae along the horizontal branchpee-
sented irBono et al(1997).

The hypothesis of the stellar halo creation by way of a mas-
sive dwarf galaxy disruption does not directly contradfa ev-
idence for a substantial GC contribution. IncontroveytiblGCs
do not form on their own but always require a host, an unlucky
galaxy destined to be tidally destroyed (see &gijssen 2015
Bekki & Tsujimoto 2016 Boylan-Kolchin 2017 Renaud et al.
2017. Note that these models also allow formation of some of the
metal-rich clusters in-situ (also see formation scenadissussed
in Carretta et al. 2000 However, it seems likely that an in-situ
stellar halo would possess some residual spin still obbérvat
the present day. Indeed, in the MW, there have been somesclaim
of a detection of an in-situ halo population (see €ayollo et al.
2007, 2010. However, given that no substantial rotation has been
reported for the Galactic metal-poor halo tracers (3eason et al.
2017, it is safe to assume that the in-situ contribution to the MW
old halo at high Galactitz| is minimal.

Importantly, given that the debris mixing times are a strong
function of Galactocentric radius and that the dynamiciatitm
depends most notably on the satellite’s mass and its ogatam-
eters, it is naive to expect the properties of the stelléw tmbe
the same across the Galaxy. Unfortunately, the exploraifadhe
evolution in the stellar halo’s make-up has been hinderethby
excessive cost of running a spectroscopic survey of suchman e
mous volume at such a low target density. In this paper, weqz®
to decipher the fractional contributions of stellar systevhdiffer-

ent masses by mapping out the change in the mixture of pudgati
RR Lyrae variables.

Our proposed tagging scheme relies on the ide&@osterhoff
(1939 1944, who pointed out striking differences in the period
distributions of the fundamental-mode (i.e., RRab) star&Cs.
Specifically, clusters in the MW halo appear to be separatite i
two classes (the “Oosterhoff dichotomy”), one with a mean pe
riod (P.b,) ~ 0.55 days and another withP,;,) ~ 0.65 days —
nowadays commonly referred to as groups Oosterhoff | (Oad) a
Oosterhoff Il (Ooll), respectively. In between the two, dimeds
the so-called “Oosterhoff gap,” with few bona-fide MW gloérd
(the “Oosterhoff-intermediate” [OolInt] ones) being presever
the rangel.58 < (Pa.p) < 0.62 days Catelan 20042009. Arp
(1955 and Preston(1959 showed early on that there is a ten-
dency for Ooll clusters to be more metal-poor than those jpé ty
Ool, while more recently, it has also been found that Oolkoty
are slightly older than Ool systems, on average (&cgatton et al.
2010 Sollimaetal. 2013 Ooll clusters have characteristically
bluer horizontal branches (HBs) than do Ool clusters. The RR
Lyrae are also brighter in Ooll clusters, possibly due to <o
bination of evolutionary effects (e.gvan Albada & Baker 1973
Lee et al. 1990Pritzl et al. 2002 Sollima et al. 201%and an in-
creased He abundance, compared to the RR Lyrae in Ool sys-
tems (e.g.Gratton et al. 2010Jang et al. 2014Jang & Lee 2015
VandenBerg et al. 201@&nd references therein). As discussed by
Sollima et al(2014 andVandenBerg et a{2016), none of the pro-
posed solutions account for all the available data, andhitlvas be
concluded that a fully satisfactory explanation of the @dsaff di-
chotomy has not yet been achieved. What does appear clear, ho
ever, is that the lack of Oolnt GCs is due to the non-monotonic
behavior of HB morphology with metallicity: the metalligitange
—2.0 < [Fe/H] < —1.8 is largely occupied by GCs with com-
pletely blue HBs, which have accordingly failed to produce R
Lyrae stars in significant numberG4stellani 1983Renzini 1983.

The reason for this non-monotonic behavior is not fully ustteod,

but could be a consequence of the way mass loss efficiencyeon th
red giant branch changes as a function of metallicity (€gtter
2008 and references therein).

The fact that the Oosterhoff phenomenon carries important i
formation to decipher the earliest stages of the formatibthe
MW halo is confirmed not only by its dependence on metallicity
and age as discussed above, but also by the presence ofaeorrel
tions between Oosterhoff status and the spatial positiahan
bital properties of RR Lyrae-bearing systems (evgn den Bergh
1993¢ 2011, Lee & Carney 1999 Note, in addition, that while
Oolnt GCs are not present in large numbers in the MW halo, the
situation changes dramatically in the immediate vicinifyoar
galaxy, where it has been shown that the Oolnt region is Hgtua
favored, compared with the Ool and Ooll loci, {.,) — [Fe/H]
and other similar diagrams. This suggests that the MW haloaa
simply have formed from the accretion of the early countespaf
the present-day population of MW dwarf satellit€atelan 2004
2009 Stetson et al. 2094 On the other hand, most of the UFDs
have been found to be Ooll systems, which is consistent Wi t
very low metallicities and the trends seen in the MW halo.(e.g
Clementini 2014 Vivas et al. 2015 — though it should be noted
that some of the more RR Lyrae-rich UFD systems, such as CVn |
and UMa |, like most of their more massive dSph counterparts,
actually OolInt Kuehn et al. 2008Garofalo et al. 2013

Presented with the distinct behaviour of RR Lyrae in the
period-amplitude space as described above, we put forwsird-a
ple observational diagnostic for the genesis of the Galdid

Downl oaded from https://acadeni c. oup. coml mras/ advance-articl e-abstract/doi/10. 1093/ mras/ st y615/ 4925003
by Durham University Library user
on 05 April 2018



Unmixing the Galactic Halo with RR Lyrae tagging 3

halo population. We propose to shed light onto the likelyotzb-
genitors by mapping out the fraction of the pulsators octgpy
different locations in the Bailey diagram. This analysicd@tin-
gent on the fact that the MW satellites do not contain RRats sta
of a particular Oosterhoff type, but rather host mixtureghafse
(Catelan 2009 Here, we concentrate in particular on the differ-
ence in the 3D distribution of the RRab stars that fall appnately
into the Ool and Ooll groups (see Secti@rfor details). More-
over, motivated by the results presentedStetson et al(2014)
andFiorentino et al(2015, we compare the behavior of these two
classes with the spatial evolution of the fraction of the HPARri-
ables. Note that, compared to the multitude of in-depthistudf
the Oosterhoff dichotomy in the surviving satellites of alaxy,
little has been done so far with regards to the field RR Lyrge po
ulation. This is not an omission but rather a delay due to dlc& |
(until recently) of large all-sky RR Lyrae samples.

While precious few in number, several previous studies of
the period-amplitude make-up of the MW field population £xis
For example, the Oosterhoff dichotomy in the Galactic haRaR
stars is studied iMiceli et al. (2008, who find that within 20-30
kpc from the Galactic center, the Ooll RRabs follow a steeper
dial density law compared to those belonging to the Ool group
Zinn et al.(2014) explore not only the field halo but also the promi-
nent halo sub-structures crossing the field-of-view ofrthei800

in Drake et al.(20133 and the complementary southern portion
analysed inforrealba et al(2015, contain the bulk of the data. To
these we add the RR Lyrae frobrake et al.(20130, Drake et al.
(2014 andDrake et al(2017). After the cross-match of all five cat-
alogs, 31,301 unique RR Lyrae survive. The distributionhairt
periods and amplitudes is shown in the left panel of Figure
Note that, in this analysis, the CRTS amplitudes are cagtebly
0.15 mag as explained ibrake et al.(20133. Here, we use the
RR Lyrae heliocentric distances as published in the aboaazss.
To convert to Galactocentric distances, we assume a sa#iqro

8 kpc away from the Galactic centre. Only RRab stars are densi
ered in this work. These are selected according to the faligw
Period (P) and Amplitude (Amp) criteria:

0.43 < P(d) < 0.9
0.6 < Amp (mag) < 1.45
Amp < 3.75 — 3.5P.

@)

This first cut ensures that, compared to the bulk of the RRaais st
possible contaminating variables with shorter (a minwsadn-
tamination from RRc stars at short periods and small anggitu
is still possible) or longer periods are excluded. Note thathave
checked that the results presented below do not changéicagiy
if the lower amplitude boundary is increased. The secondatut

ded survey, such as the Sgr stream and the Virgo Stellar Streamtempts to minimise the effects of the CRTS selection effijee-
(VSS). They measure the shape of the stellar halo and seara cle lated to the pulsation amplitude. Only stars with Ax(h6 mag

break (see the discussion above) in the radial density law2at
kpc. While Zinn et al. (2014 detect no noticeable change in the
Oosterhoff mixture across the break, they caution thatdbidd
simply be due to the small RRL sample size available to them-C
centrating on the Sgr stream, they notice that the streamaicsna
smaller fraction of short period pulsators (compared ta¢henant)
and link this to the chemical abundance gradients in thegmioor.
Most importantly, they point out a great level of similarifgtween
the period-amplitude distribution in the field halo and ie targe
sub-structures such as the Sgr stream and the VSS. Movisgrclo
to the center of the Galaxitunder & Chaboye2009 scrutinize
the bulge RR Lyrae population and notice an apparent diftere
between the period-amplitude distribution of the bulge RRak
and of those elsewhere in the MW. More precisely, they oleserv
a much higher fraction of shorter period objects (at fixed lamp
tude), which they link to an enhanced metal enrichment (s¢s0
Kunder et al. 2013Pietrukowicz et al. 2015or an updated analy-
sis). Based on the observed differen€ander & Chaboye(2009
conjecture that the progenitor(s) of the Galactic bulgehbug be
distinct from the halo parent system(s).

This paper is structured as follows. In Sect@rwe describe
the sources of the RR Lyrae data used here as well as theigelect
boundaries in the period-amplitude space. We show how tke mi
ture of RRab stars from different portions of the Bailey déag
evolves with Galactocentric radius in Secti@rThe Oosterhoff di-
chotomy in the currently known most prominent stellar streas
discussed in Sectiod. Finally, we provide the summary and the
context for this study in Sectidh

2 RRLYRAE DATA

This work relies, in part, on the all-sky RR Lyrae data relyent
made publicly available by the Catalina Real-Time Transgur-

are detected out to 50 kpc without a significant loss in coteple
ness. This is demonstrated in the right panel of Figurehere the
density of the CRTS RR Lyrae in the space spanned by the ampli-
tude and the Galactocentric distance is displayed. Indbedpw
amplitude stars are only detected at small distances. Hawev
as emphasized by the black horizontal line — no strong distan
dependent selection bias is visible in this figure for the BRak
with Amp> 0.6 mag located within 50 kpc from the Galactic cen-
ter. There aréViot = 27,491 RRab stars available after this selec-
tion. The Ool and Ooll stars are demarcated by the line given i
Equation 11 oZorotovic et al(2010 but offset by +0.15 in ampli-
tude, namely

Amp = —2.477 — 22.046 log P — 30.876(log P)*.  (2)

As evidenced by Figurd, this selection boundary wraps tightly
around the over-density of Ool stars. Note that, accordinthé
above definition, the Class 2 will include both Ooll and Oalht
jects. From here onwards, we refer to the RRab stars fallitigrw
these selection boxes as Type (or Class) 1 and 2 stars. Tétanns
the lower panel of Figuré shows the amplitude distributions of the
RR Lyrae belonging to the two Types. The two histograms appea
barely distinguishable, thus supporting our assumptighefikely
constancy of the selection effects with Class membership.

Finally, we select HASP RR Lyrae according to the following
conditions:

0.43 < P (d) < 0.48

0.9 < Amp (mag) < 1.45. @)

We complement the CRTS data with a sample of RR Lyrae
stars in GC and dSph satellites of the MW. The GC RR Lyrae
are taken from the updated version (s8kment 2017#) of
the catalog presented @lement et al.(2001). Finally, we also

vey (CRTS). The CRTS sample was released in several install- use the following catalogues of RR Lyrae stars in the MW
ments: the two largest subsets, namely the northern skyasteel dSphs: in Cetus and Tucana Bgrnard et al(2009, in Draco by
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Figure 1. Left: Density of CRTS RR Lyrae stars in the plane of V-band ampdit(id magnitudes) and period (in days). Locations of the Tyfed), Type 2
(blue) and the HASP (black) objects are shown. Selectiomtiaies are stipulated in the main text. Note that accortiirtis selection, Type 1 objects are
predominantly Ool RR Lyrae, while Type 2 is composed of Ooidl ©olnt objectsRight: Logarithm of the CRTS RR Lyrae density in the space spanned
by the amplitude and Galactocentric distance. As the shaihe dower edge of the distribution indicates, the compless of the low-amplitude objects is a
strong function of distance. However, for stars with Amp.6 mag (black horizontal line), the effects of the selectioastappear to be minimal. The inset
shows the histograms of the amplitude for the stars in Cla@gsd) and 2 (blue). Given that the two distributions are Iyeidentical, we assume that the

completeness affects both classes equally.

Kinemuchi et al(2008), in Carina byCoppola et al(2013), in For-

nax by Greco et al.(2009, in Leo | by Stetson et al(2014), in
Sculptor byKaluzny et al.(1995), in the LMC by Soszynski et al.
(2003 and in the SMC bKapakos et al(2011). For the Sgr dwarf,

we use the catalogue &oszynski et al(2014) and extract all RR
Lyrae within 10 degrees from the center of the dwarf and kxtat
between 22 and 31 kpc from the Sun. We also use RR Lyrae in
some of the brightest UFDs, such as Bo®h('Ora et al. 2008,
UMa | (Garofalo et al. 201B8and CVn | Kuehn et al. 2008

3 RRAB MIXTURE EVOLUTION WITH
GALACTOCENTRIC RADIUS

Figure 2 displays the change in the fraction of Type 1 (red) RR
Lyrae with respect to all stars selected using Equatibns.g.
Ji(R) = Ni(R)/Nwot(R), as a function of Galactocentric radius.
By design,Niot = N1 + Na, thusfo = 1 — fi1. All type frac-
tions come with their associated uncertainties, which aneputed

by propagating the Poisson errors. As we are not taking the ef
fects of the completeness into account, the above errorddshe
considered as lower bounds. Note that for this and otherr&gu
showing the change in the RR Lyrae mixture with radius, weyapp
additional cuts in Galactic height(to minimize the contamination
form the thick disc) and extinction:

E(B-V) <025

|z| > 1kpc. “)

sub-structure, i.e. the Sgr Stream (see Figure captiondtaild).
After the three extra cuts, we are left witfi... = 19,669 RRab
stars, of thesd 3,267 are Type 16402 are Type 2 and 538 are
HASP. Also shown in Figur@ is the fraction of Type 2 (HASP)
objects in blue (black). While the CRTS completeness is@gtr
function of magnitude and to a lesser extent of position enstty,
we believe that the selection biases affect in equal medserstars

in the three groups considered. This, of course, assumethtra
are no dramatic differences in the amplitude distributioitbe two
classes. This assumption appears to be valid given the taipli
distributions of the Classes 1 and 2 shown in the inset ofitite r
panel of Figurel. Thus, based on our experiments with the sample
selection boundaries, we believe that the fraction curigsayed
indicate the actual change in the RR Lyrae mixture througtioei
Galaxy. Across the distance range allowed by the data (58] k
the Type 1 objects dominate, comprising approximately trals

of the overall RR Lyrae population, in accordance with poesi
studies (seliceli et al. 2008 Abbas et al. 2014Zinn et al. 2014.

As the Figure evidently demonstrates, this fraction alstesasig-
nificantly with radius:f; drops in the innermost halo, and also be-
yond 30 kpc. At the edge of the CRTS survey, thdraction drops
to 50% and most likely continues to decrease further in therou
halo of the Galaxy. The peak ifi fraction, somewhere between 20
and 30 kpc, appears to match the location of the break in gie st
lar halo’s radial density profile (sé¥atkins et al. 2009Sesar et al.
2011, Deason et al. 2001

Evidently more dramatic is the change in the HASP fraction.
The proportion of the HASP RR Lyrae changes by a fact8ifrom

For each star, the reddening is obtained using the maps of 10% around the Galactic center t&3in the outer halo. Intrigu-

Schlegel et al(1998. We also exclude the most significant halo

ingly, the fuasp behavior does not match fully the evolution f
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Figure 2. The RRab mixture evolution as a function of Galactocentsic r
dius (kpc). Fractiongf; (red), f2 (blue) andfpasp (black, scaled up by

a factor of 2) are each shown to vary significantly with radiNste that
fuasp + f1 + fo # 1 as HASP RRab are (almost entirely) a subset of
the Type 1 objects. The red and blue curves are mirror imajgyesob other

by definition, whereas the HASP fractigig o sp behaves differently from
both f1 and f2. The thick grey vertical line marks the location of a break in
the stellar halo radial density profile (séé@tkins et al. 2009Deason et al.
2011, Sesar etal. 2091 The stars belonging to the Sgr stream (see Sec-
tion 4) have been excluded by excising all objects with streantutdei
|B| < 8°, where the stream coordinates are obtained by rotating R&, D
to align with the great circle with a pole &t, §) = (303.63°,59.68°).

First, similar to Type 1 objects, the proportion of HASP RRdg
drops around 30 kpc. However, in the inner parts of the Galaxy
R < 10 kpc, fuasp shows a strong increase, in the range where
/1 is shown to be declining. Given that, by construction, theSPA
sub-sample contains the RR Lyrae with the highest ampliwed-
able, we believe that the measurement of the evolutiofiafsp
with radius is not significantly affected by the possibleestibn
biases discussed earlier.

To illustrate the differences in the behavior of Type 1/Type
2/HASP RR Lyrae with radius, Figui2presents simple toy mod-
els of the fraction evolution: a ratio of power-law (Plumméen-
sity profiles in dashed (dotted) black curves. Here, the Riem
density model isn = no(1 + r2r;2)~%/2 with two parameters,
describing the density normalization, and the scale radius;.
The power-law is simplyn = nor®, wherea is the power-law
index. For the power-law density, we use the indices medsoye
Miceli et al. (2008, and given in their Equations 28-29, namely,
—2.7 for Class 1 and-3.2 for Class 2. The density profiles sug-
gested byMiceli et al. (2008 appear to give a reasonable descrip-
tion of the f; behavior within the distance range probed by their
data. Beyond 30 kpc, however, this model does not agree hgth t
CRTS data: it predicts a continuing increase in the fraatiofiype
1 stars, while a clear drop is registered. Using a ratio of Rlvon-
mer models with scale radii 30 kpc (21 kpc) for Class 1 (2) exs
a marginal improvement, in particular in the very inner mor$ of
the halo, from 5 to 15 kpc.

0.8
0.6~
: |
8 [
g |
I 04k Plummer ratio
b - — — — Power law ratio -
% - PL + constant 1
A
0.2}
0.07“HHHmHHHmHHHm\mHHumuummuum
0 10 20 30 40 50 60
R, kpc

Figure 3. f1 and fgasp radial profiles (as shown in Figu@® with toy
mixture models overlaid. The dashed line shows théraction in the halo
where Type 1 and Type 2 RR Lyrae are distributed accordingpbefical)
power-law models reported Miceli et al. (2008, namely: power law index
-2.7 for Type 1 and -3.2 for Type 2. The dash-dotted line poads to a
power-law density model as above but with an additional @oriddensity
component. The dotted line is a halo where each RRab typgiesented
with a Plummer density model: Type 1 with a scale radius of 86, land
Type 2 with 21 kpc.

Given thef; behaviour out to 30 kpc — as shown in Figuges
and3— one simple explanation of the change in the Galactic RRab
mixture is to invoke two types of progenitors. In this scémaa
stellar system with a higher fraction of Type 1 RR Lyrae (Comp
nent 1) deposits tidal debris which then relaxes into aibigtion
with a flatter density profile as compared to the stars lefirzeh
by the progenitor(s) with a higher fraction of Type 2 RRalrsta
(Component 2). Please note that the models shown in FRjase
sume an extreme case where one type of progenitor contibllte
RR Lyrae of a particular type. However, from our experimemith
these simple models, it is clear that more realistic valties: 0.2
would also hold well against the data. This simple picturegia
convincing explanation of the fractional increase in Typabjects
at small distances, but seemingly breaks down at large Galk-
tric distances, wheré; is observed to drop again.

Such a drop in thef; fraction (or, equivalently, increase in
f2) beyond the break radius could possibly be accounted fdr wit
an addition of a third progenitor type — that with an extrenfét
radial density distribution, as illustrated by the dasltetbline in
Figure3. This model has an additional component whose density is
constant with radius. As evident in the Figure, the contrdyuof
the third component appears to be enough to explain theverno
in the f1 curve beyond 30 kpc. There is perhaps a more prosaic ex-
planation for the peak and the turnover of thecurve. Rather than
requiring an additional component, such behavior couldaind/
be the result of the difference in sphericity between the gament
1 and 2 debris. The change in the stellar halo flattening witla&
tocentric radius has recently been reported in a numberndies
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Figure4. Left: Fraction of Class 1 RRab stars in the MW GCs. The size of tlhutediepresents the number of RR Lyrae in the cluster (witfsthallest symbol
corresponding to samples with 30 objects and the largest to samples with as many 440 RRab stars), while the colour encodes the GC'’s metalliwiith
violet/blue being the most metal-poor and orange/red thet metal-rich. Note the well-known Oosterhoff dichotomyesd GCs tend to avoid intermediate
values 0f0.4 < f1 < 0.7. Middle: Fraction of HASP RRab stargasp in GCs. Very few, typically moderately metal-ricifg/H] > —1.5 dex), objects
achievefiasp > 0.15. Note that only objects with more than 1 HASP star are indudehis panelRight: The distribution of GCs in the space spanned by
f1 and fiasp. In all three panels, the black solid line shows the measentiof the Galactic stellar halo.
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Figure 5. Same as Figuré but for surviving Galactic dwarf spheroidals. Note that tioéour coding is different here, with colour representihg satellite’s
stellar mass. Additionally, the dSphs are not shown at theirent distances in the Galaxy, but are instead offsetddittucial R ~ 20 kpc for comparison
with the stellar halo measurement (solid black). For the Rk show a tentative measurementfpfbased on the data for UMa | (0.2), CVn | (0.23) and
Boo | (0.0). For the vast majority of other (fainter) UFDs hetGalaxy, the number of RRab stars is too low to warrant ablelimeasurement of the class
fraction. Note however, that the bulk of the RR Lyrae starthalow-luminosity UFDs are likely Type 2, thus indicatirfg ~ 0 for the population of the
UFDs as a whole. A correlation betweg¢n and dwarf’s stellar mass is visible in the Left panel. Whiie surviving dwarfs — occupying the so-called Oolint
regime — match well the range of the stellar halgis none of the currently observable systems reach the higiislef fi;Asp reported for the field halo.

(seeXue et al. 2015Das et al. 2016lorio et al. 2017. Quite sim- it continues to fall precipitously as one moves into the phtdo.

ply, a significant vertical (with respect to the Galacticjliiatten- In summary, given this distinct evolution, changesfimsp can-

ing of the Component 1 debris would likely result in a deceeafs not be described by the simple two-component model proposed
f1 at large radii. Finally, if, as argued lyeason et al(2013, the above. Nonetheless, to illustrate the differences and camafities
break in the stellar halo density is created by the accretfame betweenf1, f> and fuasp, Figure3 shows the inverted versions of
massive stellar system, Component 1 might not be extendirdpm  the power law and the Plummer models described above. glearl
beyond the apo-centre of the host satellite, thus yieldirstpap both power-law density ratio and Plummer density ratio cqoeen
truncation at around the break and subsequent drgp.ifihis sce- crudely the global shape of thfeasp curve. For example, a simple
nario, of course, works very well in conjunction with the yioeis three component model can match the rise at the halo brealsrad
hypothesis, i.e that of a difference in the component flaiten but does not have the subsequent fall-off in the outer halo.

The evolution of the fraction of Type 1 RRab stars can be con-
trasted with the change in the fraction of HASP pulsatorsysh
as a black solid line in Figurésand3. The HASP fraction evolves
in the opposite sense f and out to~15 kpc follows the trend in
f2 fraction. Beyond that, it switches from followinf, and starts It is instructive to compare the mixture of the field halo RRéth
to track f1. Apart from a bump in the'masp profile at~20 kpc, that found in Galactic satellites, such as GCs and dSph igalax

3.1 RRab mixturein Galactic satellites
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Figure4 comparesf; (left panel) andfuasp (middle panel) curves
for the field halo (as described above) with the correspanfiac-
tions in the GCs at the appropriate distance. The colouredfilied
circle indicates the metallicity of the cluster, with blued) cor-
responding to relatively low (high) values of [Fe/H]. Theesiof

the circle is proportional to the number of RR Lyrae in thestdu.

As described in a number of previous studies, the GCs display
clear Oosterhoff dichotomyf; fractions are clustered arourd.3
and~0.8, with few examples of intermediate values. The halo, on
the other hand, occupies exactly the range avoided by the i&Cs
0.5 < fi < 0.75. Unfortunately, there are not many RR Lyrae-
rich GCs in the outer halo — most have extreme HB morphologies
either too red or too blue to produce significant numbers of RR
Lyrae. Thus, it is not possible to track the behaviour of Eug;
with Galactocentric radius, with the majority of the datiy® ly-

ing within 20 kpc. With regard tgmasp, most GCs do not host as

tic center. In fact, only three satellites, namely Sgr, th4CSand

the LMC have enough HASP stars to warrant a believable mea-
surement. Curiously, in terms of both and fuasp values, the
Sgr dwarf appears to sit around the top of the distributibnst
indirectly confirming that the progenitor system was onelwf t
most massive satellites of the MW, in accord with the studies
Niederste-Ostholt et a(2010 and Gibbons et al(2017). Finally,

as the right panel of Figurb illustrates, the values of; in the

top three most massive dwarfs around the MW are too high while
at the same timefuasp fractions are too low in comparison to
the field halo. These results are in good agreement with ttierea
measurements bytetson et al(2014) andFiorentino et al(2015.

4 HALO SUB-STRUCTURE

many HASP RRab stars as does the field halo at this radius. ForFigure6 compares density distributions of Type 1 and 2 RR Lyrae

a small number of clusters that have more than 1 HASP sta¥, a di
chotomy similar to that of Type 1/2 is observed. Note, howeve
that the cluster data agrees well with the outer hAlasp frac-
tion. Finally, the right panel of Figuré gives the track of the field
halo in the space spanned lfy and fiiasp. Once again, this plot
emphasizes the lack of GCs with intermediat®(6) values off;
and (simultaneously) high<(0.1) values offuasp. Note however
that even thoughfiasp can not be reliably measured for some of
the GCs with lowf; values, it is plausible that they contain suffi-
ciently small (if any) number of these RR Lyrae. Thereforihw
the current data, it is impossible to unambiguously ruletbat a
combination of disrupted GCs can not yield a mixture of RRaleyr
similar to that of the field halo.

As pointed out in many previous studies, tfiefraction in
dSphs, as shown in Figuke is intermediate between those of GCs
of types Ool and Ooll. This is the well-known flip-side of thesd-
erhoff dichotomy (see Sect). On the other hand, the figure also
shows that the values gfi seen amongst dSphs actually match
those seen in the field halo. In and of itself, this does noesec
sarily imply that the halo field (or even individual dSphsr;, fhat
matter) does not show the Oosterhoff dichotomyfasalues that
are intermediate between those seen in Ool and Ooll objeatd ¢
in principle also arise simply from an arbitrary mix coniamthese
two types of stars. Note that, in the left and right panels,d8ph
fractions are not shown at the satellites’ distance bueattare
grouped around the fiducial location of 20 kpc (given thatkiik
of the surviving dwarfs is beyond the reach of the CRTS). The
colour of the symbol indicates the total stellar mass of ttels
lite, with low-mass systems (like Draco and Carina) showpur
ple and blue and the largest galaxies (such as the Sgr dwarf an
the Clouds) shown in orange and red. A clear correlation éetw
the stellar mass and thg fraction is visible (hints of this cor-
relation are discussed in e.8tetson et al. 2014~iorentino et al.

at three different heliocentric distances. At each distatite halo
looks remarkably different depending on the RRab type utkd.
choice between Type 1 and 2 affects the appearance of both the
smooth component as well as the sub-structure. The largeahss
such as Sgr (see e.plajewski et al. 2003Belokurov et al. 2006
and VSS (se®uffau et al. 2006Newberg et al. 200Duffau et al.
2014 are seen predominantly in the left column, while the nar-
rower/colder OrphanBelokurov et al. 2007 Grillmair 2006 is
clearly discernible only on the right. Moreover, splittittge halo
RRab population according to the position in the Bailey thags
helps to clarify the sub-structure’s 3D behavior. For exiamthe
Sgr trailing stream separates cleanly into the faint andbtight
components (se&oposov et al. 201Pwhen Type 1 objects are
considered. As evidenced by the middle left and bottom lefigts

of the Figure, these two branches are not only off-set onkiést
also are located at slightly different distances, in agegmvith
previous measurements (selater et al. 20183

4.1 Stellar Streams

To further study the mixture of RR Lyrae stars in previouslgriti-
fied halo substructures, we select likely members of theethtel-

lar streams: Sgr, VSS and Orphan. Additionally, we split Sog
stream into four portions: the trailing and leading tails aach di-
vided into a “bright” and “faint” component following the assi-
fication introduced irBelokurov et al.(2006 and Koposov et al.
(2012 which relies on the stream latitudi®|. The RA, Dec selec-
tion boundaries for each stream are shown in the top leftlpzne
Figure7. These regions are chosen to follow the great circles that
approximately match the average stream track on the sky.ilVe a
the 2D selection with a cut on heliocentric distance astilaied

in the bottom left panel of the Figure. The resulting measamets

of fi1 (fuasp) fractions are given in the middle (right) panel of the

2019. Please note that only the most massive systems host enougtFigure. Note that, even though the selection is perform@birthe

Type 1 RRab stars (with the exception of Draco) to match tla pe
in the field halo atf; ~0.75 at~ 25 kpc. Also shown as a large
filled black circle is an estimate of thg fraction for the brightest
of the UFDs, namely Boo I, CVn | and UMa |. While the latter
two objects have valueg ~ 0.2, already for Boo | this fraction
is consistent with zero. Even though it does not seem pessibl
estimatef; in most of the (fainter) UFDs (due to small numbers
of RR Lyrae detected), it is likely that the ultra-faint emdse as a
whole hasf; very close to zero (as indicated by the black arrow).
In terms of the HASP population (middle panel), none of
the dwarfs can attairfuasp ~ 0.1 observed near the Galac-

samples of likely stream members do suffer from field halo-con
tamination. Thus the type fraction estimates are biasedrtisthe
typical field value at the corresponding position, in cositkaith the
measurements in the Galactic satellites where the congimimis
essentially negligible.

As the middle and the right panels of Figufelemonstrate,
even in the presence of some field contamination, a divedsity
RRab mixtures is observed in the Galactic stellar strearns.Sgr
stream and the VSS possess the highest valuef .oFor Sgr,
this is another indication of the high original mass and téle r
atively fast enrichment history of the progenitor galaxggslso
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Figure 6. Density of RRab stars of Type 1 (left) and Type 2 (right) in &muial coordinates for three heliocentric distance raisgewn in the top left corner
of each panel). There are 55 pixels in the RA dimension and@gaDec. The maps are smoothed with a Gaussian kernel witH¥Wf 1.1 pixels. The

number of stars per pixel corresponding to the black andendtides of grey is shown in the top right corner of each p@hel.‘hot” over-dense pixels in
the density maps correspond to the known satellites of thaxg@amostly GCs.

de Boer et al. 20142015 Gibbons et al. 2017 As analysed here, here. Alternatively, this could be a clue that the VSS oagga in
the leading debris is further away from the progenitor comaga a massive accretion event. For exam@eubert et al(2017) have

to the trailing material, and, accordingly, is dynamicadider, recently extended the view of the stream further below thesee
i.e. stripped earlier. Thus, the difference in the RRab unixtbe- tial equator and pointed out that the VSS is perfectly aligwith
tween the leading and trailing tails — if detected at an gmpro the Magellanic Stream (MS), thus speculating that the sirads
ate significance level — could strengthen our understandlirige nothing else but the leading arm of the disrupting MCs. Nb& t
metallicity gradients in the Sgr dwarf before in-fall. Notieat in all simulations of the MS, such a stream is produced by-stri
population gradients along the stream have been detecesit pr  ping the SMC rather than the LMC. Therefore, to test the hHypot
ously (seeMonaco et al. 2007Chou et al. 2010Hyde et al. 201k esis of the VSS origin, one ought to compare the stellar @epul

These spectroscopic measurements agree with a strongagecre tions in the stream to those reported for the SMC. Accordiripé
in both f1 and fuasp between the progenitor and the stream as studies ofDuffau et al.(2006 2014, the mean metallicity of the
measured here. Note that the RR Lyrae have been used before td&RR Lyrae in the VSS igFe/H] ~ —1.8, which agrees well with

trace metallicity gradients in dwarf satellites of the MVédse.qg. the measurement of [Fe/H] —1.7 for the RR Lyrae in the SMC
Martinez-Vazquez et al. 20L8Moreover, the difference iy be- (seeHaschke et al. 20)2Intriguingly, a stream-like alignment of
tween the bright and faint branches, if significant, coulip rethe several GCs coincident with the VSS was reported/bgn & Lee
future to shed light onto the creation of the so-called strééur- (2002. However, unlike the stellar component of the VSS, the GCs
cation (seaBelokurov et al. 2006Koposov et al. 201 Currently, in the alleged stream represent a metal-poor sub-groupedddil

three models have been put forward to explain the split irSpe objects.
tails (Fellhauer et al. 2006Pefarrubia et al. 201GGibbons et al.
2016. In all three scenarios, the dynamical age of the debrikén t

two branches is different, which can be exploited to linkktacthe Of the streams considered here, Orphan stands out as the only
stellar populations gradients in the progenitor beforarkfll. structure likely dominated by the Class 2 RR Lyrae. Thev 0.4
in the stream is at the lowest limit of the range of the valuiss d
For the VSS, the elevated fractiorfs and fuasp may sig- played by the Classical dwarfs. However, the stream’s Qlldiszc-
nify much higher levels of contamination, which is not sising tion measured here is most likely an upper bound, given theide
given that this is the “fluffiest” structure of the ones coeséatl erable contamination by the field halo. Therefore, we prepbat
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Figure7. Top Left: Selection boundaries in equatorial coordinates for eadlasstream considered in this Papgottom Left:Stream candidate member stars
in the plane of stream longitude and heliocentric distaiiddle: Fraction f; computed for stream candidate member stars (selected ws simthe left)
compared to the field stellar halo (black soliRjght: fi;asp for the selected streams. Empty black circle shows the mesmnt of the RRab class fraction

for the Sgr dwarf core (see Figu.

the progenitor of the Orphan Stream was a UFD, in contrast wit
the conclusion reached in the recent studydehdel et al(2017).

5 DISCUSSION AND CONCLUSIONS

This Paper demonstrates that in the MW field halo, there ®xist
a strong evolution of the mixture of RRab stars as a functibn o
Galactocentric radius. More precisely, the fraction of &yip(ap-
proximately corresponding to Ool) stars changes frof¥ 60 the
inner 10-15 kpc to 7% at 25 kpc, falling back to 6@ beyond 40
kpc. There is a remarkable agreement between the locatithreof
bump in thef; fraction and the break in the radial density of the
stellar halo (se®Vatkins et al. 2009Deason et al. 201 Besar et al.
2011). As such, our results are in direct contradiction with #hos
presented iZinn et al.(2014), but we attribute the disagreement to
the differences in the size of RR Lyrae samples used.fT thehav-
ior can be compared to the change in the fraction of HASP RRab
variables. Thefuasp ratio also shows an increase at aroun20
kpc and an even steeper fall-off beyond 30 kpc, where the HASP
fraction drops by a factor of 5. Unlike the Type 1 RRab profile,
however, there appears to be an excess of HASP RR Lyrae olose t
the Galactic centre (i.e., within the innermost 10 kpc or ksing
simple toy models of the stellar halo, we show that the cbation
from at least three different accretion components is reqo ex-
plain the patterns in thg; and fuasp fractions. As we elucidate
in Section3, one plausible interpretation of the peak in bgthand
fuasp fractions at~25 kpc is a combination of i) different flat-
tening of the spatial distribution of shorter-period RR &grstars
and ii) a sharp truncation of the distribution of the RR Lyweith
short periods. Both of these conditions may be accommodated
a scenario with an early accretion of a single massive sytiem
Deason et al. 2013

To help calibrate th¢; and fizasp estimates, we also analyze
the mixture of RRab stars in the surviving MW satellites,lsas
GCs and dSphs (see Figureand5). As noted previously by many
authors, the GCs show a clear dichotomy, with some prefghoin
values off; and some high. The dSphs, on the other hand, tend to
have intermediate values ¢gf. While many of the GCs lie either
too low or too high compared to thg in the field halo, dSphs ap-
pear to match the range of the observed halo Type 1 fractiahmu

better. This does not necessarily imply that the halo fietcey@n
individual dSphs, for that matter) is devoid of the Oostéfriad
chotomy, as intermediatf values between those seen in Ool and
Ooll objects could in principle also arise from an arbitrarix con-
taining these two types of stars. We register a correlatewéen
the dwarf’s stellar mass anfl, with the three most massive satel-
lites, namely Sgr, the SMC and the LMC, reachifig ~ 80%,
slightly above the halo peak ¢f ~ 75%. Even though there exist
objects amongst both the GCs and the dSphs with sufficieigly h
f1 values, neither of the two satellite classes containsifmastof
HASP RR Lyrae similar to the halo. The bulk of the GCs and the
dSphs (including the most massive ones) contain a factowof t
lower numbers of HASP variables. There is a small number of GC
with fractions fuasp a factor of 1.5 higher compared to the peak
of the field halo. However, as the right panel of Figdii#ustrates,
the exact combination of intermediafeand elevateduasp is not
realised in any of the surviving satellites, be it a GC or aldSp

Stepping aside from studying the average properties of ke R
Lyrae mixture in the field, maps of the RRab density shown @3 Fi
ure6 reveal striking differences in the properties of the stéi@o
depending on the Type of the pulsator used. We choose thiée we
known halo sub-structures whose 3D properties have beepadap
out previously, namely the Sgr Stream, the VSS and the Orphan
Stream. We detect clear signs of evolution of bgthand fuasp
along the Sgr tails: compared to the progenitor, the stregmis
reduced by 30% anduasp by a factor of 3. We hypothesize that
our measurements are consistent with chemical abundaadée gr
ents in the progenitor. We suggest that in the future, a meea-a
rate RR Lyrae fraction estimate might help elucidate the efeodf
the Sgr dwarf disruption and the genesis of the stream laifime.
Surprisingly, we find that the VSS possesses high values tf bo
f1 and fuase, which would imply its origin in a massive galaxy,
perhaps similar to the SMC. If not a result of field halo contam
ination, our measurement lends support to the recent disgf
Boubert et al(2017), who point out a close connection between the
extended view of the VSS they uncover and the Magellanic @ou
Finally, the Orphan Stream contains the lowest fractionygferl
RR Lyrae, fi ~ 0.4, which, given a likely non-zero contamina-
tion, is only an upper bound on its trife. Our measurement gf;
for the Orphan Stream has two important consequences, st
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Figure 8. Left: Mean progenitor mass at the given Galactocentric distamaixisimulated MW stellar halos. The thick grey band represéhe average
between the blue and the red curves. Colour is used to dissindetween individual halos and link to the accretiondmisshown in the middle panel.
Middle: Accretion histories of the simulated stellar halBgght: Same as left panel, but for stellar halos simulated withdedrgonic disc. Note that the disc
grown between redshifts 3 and 1 affects the debris distabun the stellar halo and can sometimes turn a rather flaggamtor mass profile (as shown in the
right panel) into a “bumpy” one (as shown in the left panel).

value is smaller than those for the classical dSphs, and reag b at small distances from the halo’s center. The fake MWs with e

better agreement with the extremely low valuesfof< 0.2 for tended or recent accretion (shades of green) display a fist pra-
the surviving UFDs. Second, it shows that the search forrnmags file across the range of distances considered here, i.eebat®0
sub-structure in the halo can be significantly improved bpgia and 70 kpc. Those halos whose accretion history peaked early
particular sub-set of RRab stars, more precisely thosengelg to those coloured purple, blue, orange and red all show a drtigein
Class 2. average progenitor mass beyond 30-60 kpc. Clearly, the skape

of the mean progenitor mass profile is very sensitive to thailde
of the host accretion history, which cannot be exhaustisaiypled
with the small number of simulations presented here. Fostith-
tion purposes, we also show a combination of the two mean mass
profiles (for the halos shown in red and blue) as a thick grey. iAs
demonstrated in the Figure, MWs with an accretion histoakpe
between 8 and 10 Gyr ago can indeed possess a stellar hala with
characteristic bump in the mean progenitor mass profileyesy
similar to the one implied by the RRab studies presented zre
riously, as shown in the right panel of FiguBethe corresponding
zoom-in simulations without a disc do not show any of thedesen
discussed above. Regardless of the accretion historygeet®vand
50 kpc, the mean progenitor mass profiles appear rather fiat. W
therefore conclude that the changes in the mean mass profieea
in the left panel of the Figure are put in place by the actiothef
disc. As the disc grows from11 to~8 Gyr ago, it helps to migrate
Yhe stellar debris accumulated so far from the outer pattsoiialo
into the inner regions. Around the Galactic enter, this tiebort-
ing” induced by the disc growth creates an excess of the mter
accreted the earliest (11-13 Gyr) — and thus mostly cortiibby
the lower mass objects (as bigger dwarfs require some tigeoto
before falling into the MW). The stars stripped from the Ergys-
tems later on (8-11 Gyr) are moved closer to the Galacticecent
. but cannot be packed as tightly, hence resulting in an ogasity
M. = 3.4 x 10° M, ( Mpeax ) ’ ©) at intermediate radii (20-30 kpc). Therefore, the thredastbalo
109Mg ’ components required by the RR Lyrae mixture changes could be

similar to the approach ibe Lucia & Helmi (2008); Bailin et al. 1) the debris from low-mass objects accreted early (10-16) Gyd

(20149. In order to only sample the stellar halo, stars within 2itid cor_1tr|but|ng to the_lnner region of the halp todayls kpe), if) ma-
radii of the remaining sub-haloes at= 0 are excluded. terial from a massive system merging with the MW between 8 and

11 Gyr ago and dominating the halo at the distances between 10
The left panel of Figur® presents the average progenitor stel- and 30 kpc, and iii) the stars from the rest of the unlucky Géaa

What is the most straightforward interpretation of the ahdi
evolution of thef; fraction as shown in Figurg? Given the cor-
relation between the stellar mass and fhdraction exhibited by
the dSphs currently in orbit around the MW, the Galagtiprofile
may simply be a reflection of the change in the fractional ot
tion of the halo progenitors of different masses. In otherdspat
distances below 15 kpc and beyond 40 kpc whgrés at its low-
est, an enhanced contribution from lower-mass systempéetad.
Between 15 and 30 kpc, where the peaks in bgtand fuasp are
observed, the stellar halo is dominated by the debris frorassive
progenitor — a hypothesis similar to the halo break theoyfqu
ward byDeason et al(2013. To test this conjecture, we analyse a
suite of Cosmological zoom-in simulations of MW halo forinat
The details of the simulations can be foundathwa et al(2016).

In essence, the six simulated stellar halos considereddasnple

a range of MW masses and capture some of the effects induced b
the baryons present in the real Galaxy, i.e. the action ofltbe

The baryonic disc is implemented parametrically and is gravi-
abatically between redshifts 3 and 1. To create the stedliar, the

3% most bound dark matter particles in each in-falling sulehal
are tagged as stars. This is done by determining when eaeh sub
halo reaches its peak mass and then assigning it a stellar ohas

lar mass as a function of Galactocentric radius in the shukited satellites fallen into the MW during its lifetime.
halos whose accretion histories are displayed in the mipaltes!.
All (but one) halos display a drop in the average progenitassn To summarize, the changes in the RRab mixture with radius
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can be explained with the evolution of the relative conttitou

of progenitors of different masses. Given the behavioyfgfthe
field halo at low and high Galactocentric distances might doa-d
inated by debris from systems not unlike a typical dSph oleskr
around the MW today. The intermediate distances in the Galax
appear to have an increased contribution from the most weassi

Agreement n. 308024. A.D. is supported by a Royal Society Uni
versity Research Fellowship. A.D. also acknowledges stfimm
the STFC grant ST/P000451/1. NWE thanks the Center for Com-
putational Astrophysics for hospitality during a workinigit.

The authors gratefully acknowledge support by CONI-
CYT/RCUK'’s PCI program through grant DP120140066 (“New-

systems, perhaps as massive as Sgr/SMC/LMC. However, the ex ton Funds”). M.C. is additionally supported by the Ministoy the

act nature of such a “giant dwarf” progenitor is unclear as th
halo’s fuasp fraction at these distances is almost twice that of
the most massive surviving dwarf (LMC). Of course, such an an
cient progenitor system might not necessarily be a replich®
LMC. Note that the LMC — which appears to have arrived to the
Galaxy rather recently (see eKpllivayalil et al. 2013 — has had a
prolonged period of relative inactivity, restarting starmation in
earnest only 5 Gyrs ago (skelarris & Zaritsky 2009Meschin et al.
2014 Monteagudo et al. 2038The hypothesised halo progenitor,
on the other hand, evolved much closer to the MW, and thulylike
had a different — probably, faster — enrichment history. ldme
portion of Type 1 RR Lyrae stars around the 15-30 kpc has thdee
been contributed via an early merger with a massive systamay

be possible to pick up tracers of this accretion event in the-k
matics of stars in the future Gaia data releases. Note thay @al
GCs tend to prefer retrograde orbits accordingzam den Bergh

Economy, Development, and Tourism’s Millennium Sciendddn
tive through grant IC 120009, awarded to the Millennium itnge

of Astrophysics (MAS); by Proyecto Basal PFB-06/2007; agd b
FONDECYT grant #1171273.

REFERENCES

Abbas M. A., Grebel E. K., Martin N. F., Burgett W. S., Flevied) H.,
Wainscoat R. J., 2014INRAS, 441, 1230

Allende Prieto C., et al., 200&\stronomische Nachrichte329, 1018

Arp H. C., 1955AJ, 60, 317

Bailin J., Bell E. F., Valluri M., Stinson G. S., Debattista R/, Couchman
H. M. P., Wadsley J., 201#pJ, 783, 95

Battaglia G., North P., Jablonka P., Shetrone M., Minnitj Diaz M.,
Starkenburg E., Savoy M., 2017, prepringr i v: 1710. 01320)

Bekki K., Tsujimoto T., 2016ApJ, 831, 70

(1993ha), who suggested the merger of a massive ancestral ob-Bell E. F., Xue X. X., Rix H.-W., Ruhland C., Hogg D. W., 2018,

ject(s) on a retrograde orbit as the origin of the MW's Ool pom
nent. With regards to the short period RRab stars, it appa#ier
plausible that the sharp rise fixasp as one approaches the Galac-
tic center is due to an increasing contribution by bulgesstar
agreement with the earlier studieskidinder & Chaboyei(2009.
Finally, our hypothesis of a strong evolution in the masshef t
“typical” contributing progenitor as a function of Galacemtric
radius appears to be supported by a comparison to the Cagimolo
cal zoom-in simulations of the MW halo formation in the prese

of a baryonic disc.

140, 1850
Belokurov V., et al., 20064ApJ, 642, L137
Belokurov V., et al., 2007ApJ, 658, 337
Bensby T., Feltzing S., Oey M. S., 2014&A , 562, A71
Bernard E. J., et al., 2009pJ, 699, 1742
Blanco-Cuaresma S., et al., 20BXA , 577, A47
Bland-Hawthorn J., Krumholz M. R., Freeman K., 202pJ, 713, 166
Bono G., Caputo F., Castellani V., Marconi M., 198&AS, 121, 327
Boubert D., Belokurov V., Erkal D., lorio G., 2017, preprint
(ar Xi v: 1707. 03833)
Bovy J., 2016 ApJ, 817, 49

The ideas discussed here are complementary to the analysig3oylan-Kolchin M., 2017MNRAS, 472, 3120

of the stellar population mixture as encoded in colour-nitage
space (see e.gle Jong etal. 20)0and have many similarities
with other studies of variations in the ratio of distinctdhalacers
(seeBell et al. 2010 Deason et al. 203 %rice-Whelan et al. 2035
Given the diversity of the behaviour of the simple test stai$ pro-
posed here, such &s and fuasp fractions, we surmise that the dis-
tribution of RR Lyrae in the period-amplitude space appéatse
unique enough to be used as a progenitor fingerprint. Inquéati,

it may be possible to use it to tease out signatures of thetaor
of low-mass satellites. There is also an added value in beihg
to leverage the unique properties of the RR Lyrae as starwdard
dles to disentangle the hotchpotch of the stellar halo inADin
all, in the view of the imminent Gaia Data Release 2, unmixhey
Galactic halo with RR Lyrae tagging should become feasibtbeé
near future.

ACKNOWLEDGMENTS

The authors wish to thank Kathryn Johnston and Douglas Boube
for stimulating discussions that helped to improve thisgpaygB is
grateful to Natalia Mora-Sitja for the careful proof-téag of the
manuscript. The authors thank the anonymous referee féhniser
thorough reading of the paper.

Carollo D., et al., 2007Mature 450, 1020

Carollo D., et al., 2010ApJ, 712, 692

Carretta E., Bragaglia A., Gratton R. G., Recio-Blanco Aucétello S.,
D'Orazi V., Cassisi S., 201A&A , 516, A55

Castellani V., 1983, Mem. Soc. Astron. ltaliarts, 141

Catelan M., 2004, in Kurtz D. W., Pollard K. R., eds, Astroricah Society
of the Pacific Conference Series Vol. 310, IAU Collog. 193ridlale
Stars in the Local Group. p. 118 Xi v: ast r o- ph/ 0310159)

Catelan M., 2009Ap&SS, 320, 261

Chou M.-Y., Cunha K., Majewski S. R., Smith V. V., Patterson R,
Martinez-Delgado D., Geisler D., 2018pJ, 708, 1290

Chung C., Lee Y.-W., Pasquato M., 20MINRAS, 456, L1

Clement C., 2017a, in European Physical Journal Web of Cenées. p.
01021,doi:10.1051/epjconf/201715201021

Clement C. M., 2017b, VizieR Online Data Catal&d,50

Clement C. M., et al., 2004J, 122, 2587

Clementini G., 2014, in Guzik J. A., Chaplin W. J., Handler Egulski A.,
eds, IAU Symposium \ol. 301, Precision Asteroseismology.1g9—
136,d0i:10.1017/S174392131301421X

Coppola G., et al., 2013pJ, 775, 6

Cui X.-Q., et al., 2012Research in Astronomy and Astrophysitg, 1197

Dall’'Ora M., et al., 2006 ApJ, 653, L109

Das P., Williams A., Binney J., 2018INRAS, 463, 3169

De Lucia G., Helmi A., 2008MINRAS, 391, 14

De Silva G. M., Freeman K. C., Asplund M., Bland-HawthornBessell
M. S., Collet R., 2007AJ, 133, 1161

De Silva G. M., et al., 2018/INRAS, 449, 2604

The research leading to these results has received fundingpeason A. J., Belokurov V., Evans N. W., 20MNRAS, 416, 2903

from the European Research Council under the European @nion Deason A. J., Belokurov V., Evans N. W., Johnston K. V., 2048},
Seventh Framework Programme (FP/2007-2013) / ERC Grant 763, 113

Downl oaded from https://acadeni c. oup. coml mras/ advance-articl e-abstract/doi/10. 1093/ mras/ st y615/ 4925003
by Durham University Library user
on 05 April 2018


http://dx.doi.org/10.1093/mnras/stu633
http://adsabs.harvard.edu/abs/2014MNRAS.441.1230A
http://dx.doi.org/10.1002/asna.200811080
http://adsabs.harvard.edu/abs/2008AN....329.1018A
http://dx.doi.org/10.1086/107232
http://adsabs.harvard.edu/abs/1955AJ.....60..317A
http://dx.doi.org/10.1088/0004-637X/783/2/95
http://adsabs.harvard.edu/abs/2014ApJ...783...95B
http://arxiv.org/abs/1710.01320
http://dx.doi.org/10.3847/0004-637X/831/1/70
http://adsabs.harvard.edu/abs/2016ApJ...831...70B
http://dx.doi.org/10.1088/0004-6256/140/6/1850
http://adsabs.harvard.edu/abs/2010AJ....140.1850B
http://dx.doi.org/10.1086/504797
http://esoads.eso.org/abs/2006ApJ...642L.137B
http://dx.doi.org/10.1086/511302
http://adsabs.harvard.edu/abs/2007ApJ...658..337B
http://dx.doi.org/10.1051/0004-6361/201322631
http://adsabs.harvard.edu/abs/2014A%26A...562A..71B
http://dx.doi.org/10.1088/0004-637X/699/2/1742
http://adsabs.harvard.edu/abs/2009ApJ...699.1742B
http://dx.doi.org/10.1051/0004-6361/201425232
http://adsabs.harvard.edu/abs/2015A%26A...577A..47B
http://dx.doi.org/10.1088/0004-637X/713/1/166
http://adsabs.harvard.edu/abs/2010ApJ...713..166B
http://dx.doi.org/10.1051/aas:1997289
http://adsabs.harvard.edu/abs/1997A%26AS..121..327B
http://arxiv.org/abs/1707.03833
http://dx.doi.org/10.3847/0004-637X/817/1/49
http://adsabs.harvard.edu/abs/2016ApJ...817...49B
http://dx.doi.org/10.1093/mnras/stx2164
http://adsabs.harvard.edu/abs/2017MNRAS.472.3120B
http://dx.doi.org/10.1038/nature06460
http://adsabs.harvard.edu/abs/2007Natur.450.1020C
http://dx.doi.org/10.1088/0004-637X/712/1/692
http://adsabs.harvard.edu/abs/2010ApJ...712..692C
http://dx.doi.org/10.1051/0004-6361/200913451
http://adsabs.harvard.edu/abs/2010A%26A...516A..55C
http://adsabs.harvard.edu/abs/1983MmSAI..54..141C
http://arxiv.org/abs/astro-ph/0310159
http://dx.doi.org/10.1007/s10509-009-9987-8
http://adsabs.harvard.edu/abs/2009Ap%26SS.320..261C
http://dx.doi.org/10.1088/0004-637X/708/2/1290
http://adsabs.harvard.edu/abs/2010ApJ...708.1290C
http://dx.doi.org/10.1093/mnrasl/slv161
http://adsabs.harvard.edu/abs/2016MNRAS.456L...1C
http://dx.doi.org/10.1051/epjconf/201715201021
http://adsabs.harvard.edu/abs/2017yCat.5150....0C
http://dx.doi.org/10.1086/323719
http://adsabs.harvard.edu/abs/2001AJ....122.2587C
http://dx.doi.org/10.1017/S174392131301421X
http://dx.doi.org/10.1088/0004-637X/775/1/6
http://adsabs.harvard.edu/abs/2013ApJ...775....6C
http://dx.doi.org/10.1088/1674-4527/12/9/003
http://adsabs.harvard.edu/abs/2012RAA....12.1197C
http://dx.doi.org/10.1086/510665
http://adsabs.harvard.edu/abs/2006ApJ...653L.109D
http://dx.doi.org/10.1093/mnras/stw2167
http://esoads.eso.org/abs/2016MNRAS.463.3169D
http://dx.doi.org/10.1111/j.1365-2966.2008.13862.x
http://adsabs.harvard.edu/abs/2008MNRAS.391...14D
http://dx.doi.org/10.1086/511182
http://adsabs.harvard.edu/abs/2007AJ....133.1161D
http://dx.doi.org/10.1093/mnras/stv327
http://adsabs.harvard.edu/abs/2015MNRAS.449.2604D
http://dx.doi.org/10.1111/j.1365-2966.2011.19237.x
http://adsabs.harvard.edu/abs/2011MNRAS.416.2903D
http://dx.doi.org/10.1088/0004-637X/763/2/113
http://adsabs.harvard.edu/abs/2013ApJ...763..113D

12  Vasily A. Belokurov et al

Deason A. J., Belokurov V., Weisz D. R., 20MNRAS, 448, L77

Deason A. J., Belokurov V., Koposov S. E., Gomez F. A., Gfand., Mari-
nacci F., Pakmor R., 201RINRAS, 470, 1259

Dotter A., 2008 ApJ, 687, L21

Drake A. J., et al., 2013#pJ, 763, 32

Drake A. J., et al., 2013ApJ, 765, 154

Drake A. J., et al., 2014pJS 213, 9

Drake A. J., et al., 201MNRAS, 469, 3688

Duffau S., Zinn R., Vivas A. K., Carraro G., Méndez R. A., Wick R.,
Gallart C., 2006ApJ, 636, L97

Duffau S., Vivas A. K., Zinn R., Méndez R. A., Ruiz M. T., 2014&8A ,
566, A118

Fellhauer M., et al., 200&\pJ, 651, 167

Fiorentino G., et al., 201%\pJ, 798, L12

Font A. S., Johnston K. V., Bullock J. S., Robertson B. E.,&08pJ,
638, 585

Freeman K., Bland-Hawthorn J., 200%RA&A , 40, 487

Garofalo A., etal., 20137\pJ, 767, 62

Gibbons S. L. J., Belokurov V., Erkal D., Evans N. W., 20MINRAS,
458, L64

Gibbons S. L. J., Belokurov V., Evans N. W., 20MWNRAS, 464, 794

Gilmore G., et al., 2012, The Messengbt?, 25

Gratton R. G., Carretta E., Bragaglia A., Lucatello S., z@rV., 2010,
A&A, 517, A81

Gratton R. G., Carretta E., Bragaglia A., 20B&ARv, 20, 50

Greco C., etal., 200%pJ, 701, 1323

Grillmair C. J., 2006 ApJ, 645, L37

Harris J., Zaritsky D., 2009, 138, 1243

Haschke R., Grebel E. K., Duffau S., Jin S., 20A2, 143, 48

Helmi A., Navarro J. F., Nordstrom B., Holmberg J., Abadi G, Stein-
metz M., 2006 MNRAS, 365, 1309

Hendel D., et al., 2017, preprinta( Xi v: 1711. 04663)

Hyde E. A, et al., 2015ApJ, 805, 189

lorio G., Belokurov V., Erkal D., Koposov S. E., Nipoti C.,d&ernali F.,
2017, preprint, &r Xi v: 1707. 03833)

Jang S., Lee Y.-W., 201%\pJS 218, 31

Jang S., Lee Y.-W., Joo S.-J., Na C., 200M\NRAS, 443, L15

Jethwa P, Belokurov V., Erkal D., 2016,
(ar Xi v: 1612. 07834)

Kallivayalil N., van der Marel R. P., Besla G., Anderson Jcdkek C., 2013,
ApJ, 764, 161

Kaluzny J., Kubiak M., Szymanski M., Udalski A., Krzemindki, Mateo
M., 1995, A&AS, 112, 407

Kapakos E., Hatzidimitriou D., Soszyhski |., 20MNRAS, 415, 1366

Kinemuchi K., Harris H. C., Smith H. A., Silbermann N. A, Ster L. A.,
La Cluyzé A. P., Clark C. L., 200&J, 136, 1921

Koposov S. E., etal., 2012pJ, 750, 80

Kruijssen J. M. D., 2015VINRAS, 454, 1658

Kuehn C., et al., 2008ApJ, 674, L81

Kunder A., Chaboyer B., 2009\J, 138, 1284

Kunder A., Stetson P. B., Catelan M., Walker A. R., Amigo R12 AJ,
145, 33

Lee J.-W.,, Carney B. W., 1999J, 118, 1373

Lee Y.-W., Demarque P., Zinn R., 199@pJ, 350, 155

Majewski S. R., Skrutskie M. F., Weinberg M. D., Ostheime€J. 2003,
ApJ, 599, 1082

Majewski S. R., Nidever D. L., Smith V. V., Damke G. J., Kunk§l E.,
Patterson R. J., Bizyaev D., Garcia Pérez A. E., 2002, 747, L37

Majewski S. R., et al., 201AJ, 154, 94

Martell S. L., Grebel E. K., 201A&A , 519, Al4

Martell S. L., Smolinski J. P., Beers T. C., Grebel E. K., 20ARA ,
534, A136

Martinez-Vazquez C. E., et al., 20IdNRAS, 461, L41

Meschin |., Gallart C., Aparicio A., Hidalgo S. L., Monelli MStetson P. B.,
Carrera R., 2014yINRAS, 438, 1067

Miceli A., et al., 2008 ApJ, 678, 865

Minchev I., Chiappini C., Martig M., 201A&A , 558, A9

Minchev I., Chiappini C., Martig M., 2014A&A , 572, A92

preprint,

Mitschang A. W., De Silva G., Zucker D. B., Anguiano B., Beyndh, Feltz-
ing S., 2014MNRAS, 438, 2753

Monaco L., Bellazzini M., Bonifacio P., Buzzoni A., FerrdfoR., Marconi
G., Shordone L., Zaggia S., 2008&A , 464, 201

Monteagudo L., Gallart C., Monelli M., Bernard E. J., Stet$d B., 2018,
MNRAS, 473, L16

Ness M., et al., 2017, preprintai Xi v: 1701. 07829)

Newberg H. J., Yanny B., Cole N., Beers T. C., Re FiorentirSBhneider
D. P., Wilhelm R., 2007ApJ, 668, 221

Niederste-Ostholt M., Belokurov V., Evans N. W., Pefaiaub, 2010ApJ,
712,516

Oosterhoff P. T., 1939, The Observatd®g, 104

Qosterhoff P. T., 1944, Bull. Astron. Inst. Netherlantle, 55

Pefiarrubia J., Belokurov V., Evans N. W., Martinez-Ddly®., Gilmore
G., Irwin M., Niederste-Ostholt M., Zucker D. B., 201MNRAS,
408, L26

Pietrukowicz P., et al., 2013\pJ, 811, 113

Preston G. W., 195%pJ, 130, 507

Price-Whelan A. M., Johnston K. V., Sheffield A. A., LaporteFCP., Sesar
B., 2015,MNRAS, 452, 676

Pritzl B. J., Smith H. A., Catelan M., Sweigart A. V., 200%], 124, 949

Renaud F., Agertz O., Gieles M., 20IMNRAS, 465, 3622

Renzini A., 1983, Mem. Soc. Astron. Italiar4, 335

Ro3kar R., Debattista V. P., Quinn T. R., Stinson G. S., \iggd3., 2008,
ApJ, 684, L79

Schlegel D. J., Finkbeiner D. P., Davis M., 198§J, 500, 525

Schonrich R., Binney J., 200BJNRAS, 396, 203

Sesar B., Juri¢ M., IveziZ., 2011,ApJ, 731, 4

Slater C. T., et al., 201#\pJ, 762, 6

Sollima A., Cassisi S., Fiorentino G., Gratton R. G., 20MNRAS,
444, 1862

Soszynski I., et al., 2003, Acta Astro3, 93

Soszyhski l., et al., 2014, Acta Astro64, 177

Stetson P. B., Fiorentino G., Bono G., Bernard E. J., Mohéllilannicola
G., Gallart C., Ferraro I., 2014ASP 126, 616

Ting Y.-S., Conroy C., Goodman A., 201ApJ, 807, 104

Tolstoy E., Hill V., Tosi M., 2009ARA&A , 47, 371

Torrealba G., et al., 2018/NRAS, 446, 2251

VandenBerg D. A., Denissenkov P. A., Catelan M., 2046J, 827, 2

Venn K. A., Irwin M., Shetrone M. D., Tout C. A., Hill V., Tolsy E., 2004,
AJ, 128, 1177

Vivas A. K., et al., 2016AJ, 151, 118

Watkins L. L., et al., 2009MNRAS, 398, 1757

Xue X.-X., Rix H.-W., Ma Z., Morrison H., Bovy J., Sesar B. nésh W.,
2015,ApJ, 809, 144

Yoon S.-J., Lee Y.-W., 2005cience 297, 578

Zinn R., Horowitz B., Vivas A. K., Baltay C., Ellman N., Haggka E.,
Rabinowitz D., Miller L., 2014ApJ, 781, 22

Zorotovic M., et al., 2010AJ, 139, 357

de Boer T. J. L., Belokurov V., Beers T. C., Lee V. S., 20MNRAS,
443, 658

de Boer T. J. L., Belokurov V., Koposov S., 20MNRAS, 451, 3489

de Jong J. T. A., Yanny B., Rix H.-W., Dolphin A. E., Martin N., Beers
T.C., 2010ApJ, 714, 663

van Albada T. S., Baker N., 1978pJ, 185, 477

van den Bergh S., 19934/, 105, 971

van den Bergh S., 1993MNRAS, 262, 588

van den Bergh S., 19938pJ, 411, 178

van den Bergh S., 201PASPR 123, 1044

Downl oaded from https://acadeni c. oup. coml mras/ advance-articl e-abstract/doi/10. 1093/ mras/ st y615/ 4925003
by Durham University Library user
on 05 April 2018


http://dx.doi.org/10.1093/mnrasl/slv001
http://adsabs.harvard.edu/abs/2015MNRAS.448L..77D
http://dx.doi.org/10.1093/mnras/stx1301
http://adsabs.harvard.edu/abs/2017MNRAS.470.1259D
http://dx.doi.org/10.1086/593149
http://adsabs.harvard.edu/abs/2008ApJ...687L..21D
http://dx.doi.org/10.1088/0004-637X/763/1/32
http://cdsads.u-strasbg.fr/abs/2013ApJ...763...32D
http://dx.doi.org/10.1088/0004-637X/765/2/154
http://adsabs.harvard.edu/abs/2013ApJ...765..154D
http://dx.doi.org/10.1088/0067-0049/213/1/9
http://adsabs.harvard.edu/abs/2014ApJS..213....9D
http://dx.doi.org/10.1093/mnras/stx1085
http://adsabs.harvard.edu/abs/2017MNRAS.469.3688D
http://dx.doi.org/10.1086/500130
http://adsabs.harvard.edu/abs/2006ApJ...636L..97D
http://dx.doi.org/10.1051/0004-6361/201219654
http://adsabs.harvard.edu/abs/2014A%26A...566A.118D
http://dx.doi.org/10.1086/507128
http://esoads.eso.org/abs/2006ApJ...651..167F
http://dx.doi.org/10.1088/2041-8205/798/1/L12
http://adsabs.harvard.edu/abs/2015ApJ...798L..12F
http://dx.doi.org/10.1086/498970
http://adsabs.harvard.edu/abs/2006ApJ...638..585F
http://dx.doi.org/10.1146/annurev.astro.40.060401.093840
http://adsabs.harvard.edu/abs/2002ARA%26A..40..487F
http://dx.doi.org/10.1088/0004-637X/767/1/62
http://adsabs.harvard.edu/abs/2013ApJ...767...62G
http://dx.doi.org/10.1093/mnrasl/slw018
http://esoads.eso.org/abs/2016MNRAS.458L..64G
http://dx.doi.org/10.1093/mnras/stw2328
http://adsabs.harvard.edu/abs/2017MNRAS.464..794G
http://adsabs.harvard.edu/abs/2012Msngr.147...25G
http://dx.doi.org/10.1051/0004-6361/200912572
http://adsabs.harvard.edu/abs/2010A%26A...517A..81G
http://dx.doi.org/10.1007/s00159-012-0050-3
http://adsabs.harvard.edu/abs/2012A%26ARv..20...50G
http://dx.doi.org/10.1088/0004-637X/701/2/1323
http://adsabs.harvard.edu/abs/2009ApJ...701.1323G
http://dx.doi.org/10.1086/505863
http://adsabs.harvard.edu/abs/2006ApJ...645L..37G
http://dx.doi.org/10.1088/0004-6256/138/5/1243
http://adsabs.harvard.edu/abs/2009AJ....138.1243H
http://dx.doi.org/10.1088/0004-6256/143/2/48
http://adsabs.harvard.edu/abs/2012AJ....143...48H
http://dx.doi.org/10.1111/j.1365-2966.2005.09818.x
http://adsabs.harvard.edu/abs/2006MNRAS.365.1309H
http://arxiv.org/abs/1711.04663
http://dx.doi.org/10.1088/0004-637X/805/2/189
http://adsabs.harvard.edu/abs/2015ApJ...805..189H
http://arxiv.org/abs/1707.03833
http://dx.doi.org/10.1088/0067-0049/218/2/31
http://adsabs.harvard.edu/abs/2015ApJS..218...31J
http://dx.doi.org/10.1093/mnrasl/slu064
http://adsabs.harvard.edu/abs/2014MNRAS.443L..15J
http://arxiv.org/abs/1612.07834
http://dx.doi.org/10.1088/0004-637X/764/2/161
http://adsabs.harvard.edu/abs/2013ApJ...764..161K
http://adsabs.harvard.edu/abs/1995A%26AS..112..407K
http://dx.doi.org/10.1111/j.1365-2966.2011.18784.x
http://cdsads.u-strasbg.fr/abs/2011MNRAS.415.1366K
http://dx.doi.org/10.1088/0004-6256/136/5/1921
http://adsabs.harvard.edu/abs/2008AJ....136.1921K
http://dx.doi.org/10.1088/0004-637X/750/1/80
http://adsabs.harvard.edu/abs/2012ApJ...750...80K
http://dx.doi.org/10.1093/mnras/stv2026
http://adsabs.harvard.edu/abs/2015MNRAS.454.1658K
http://dx.doi.org/10.1086/529137
http://adsabs.harvard.edu/abs/2008ApJ...674L..81K
http://dx.doi.org/10.1088/0004-6256/138/5/1284
http://adsabs.harvard.edu/abs/2009AJ....138.1284K
http://dx.doi.org/10.1088/0004-6256/145/2/33
http://adsabs.harvard.edu/abs/2013AJ....145...33K
http://dx.doi.org/10.1086/301008
http://adsabs.harvard.edu/abs/1999AJ....118.1373L
http://dx.doi.org/10.1086/168370
http://adsabs.harvard.edu/abs/1990ApJ...350..155L
http://dx.doi.org/10.1086/379504
http://adsabs.harvard.edu/abs/2003ApJ...599.1082M
http://dx.doi.org/10.1088/2041-8205/747/2/L37
http://adsabs.harvard.edu/abs/2012ApJ...747L..37M
http://dx.doi.org/10.3847/1538-3881/aa784d
http://adsabs.harvard.edu/abs/2017AJ....154...94M
http://dx.doi.org/10.1051/0004-6361/201014135
http://adsabs.harvard.edu/abs/2010A%26A...519A..14M
http://dx.doi.org/10.1051/0004-6361/201117644
http://adsabs.harvard.edu/abs/2011A%26A...534A.136M
http://dx.doi.org/10.1093/mnrasl/slw093
http://adsabs.harvard.edu/abs/2016MNRAS.461L..41M
http://dx.doi.org/10.1093/mnras/stt2220
http://adsabs.harvard.edu/abs/2014MNRAS.438.1067M
http://dx.doi.org/10.1086/533484
http://adsabs.harvard.edu/abs/2008ApJ...678..865M
http://dx.doi.org/10.1051/0004-6361/201220189
http://adsabs.harvard.edu/abs/2013A%26A...558A...9M
http://dx.doi.org/10.1051/0004-6361/201423487
http://adsabs.harvard.edu/abs/2014A%26A...572A..92M
http://dx.doi.org/10.1093/mnras/stt2320
http://adsabs.harvard.edu/abs/2014MNRAS.438.2753M
http://dx.doi.org/10.1051/0004-6361:20066228
http://adsabs.harvard.edu/abs/2007A%26A...464..201M
http://dx.doi.org/10.1093/mnrasl/slx158
http://adsabs.harvard.edu/abs/2018MNRAS.473L..16M
http://arxiv.org/abs/1701.07829
http://dx.doi.org/10.1086/521068
http://adsabs.harvard.edu/abs/2007ApJ...668..221N
http://dx.doi.org/10.1088/0004-637X/712/1/516
http://adsabs.harvard.edu/abs/2010ApJ...712..516N
http://adsabs.harvard.edu/abs/1939Obs....62..104O
http://adsabs.harvard.edu/abs/1944BAN....10...55O
http://dx.doi.org/10.1111/j.1745-3933.2010.00921.x
http://esoads.eso.org/abs/2010MNRAS.408L..26P
http://dx.doi.org/10.1088/0004-637X/811/2/113
http://adsabs.harvard.edu/abs/2015ApJ...811..113P
http://dx.doi.org/10.1086/146743
http://adsabs.harvard.edu/abs/1959ApJ...130..507P
http://dx.doi.org/10.1093/mnras/stv1324
http://adsabs.harvard.edu/abs/2015MNRAS.452..676P
http://dx.doi.org/10.1086/341381
http://adsabs.harvard.edu/abs/2002AJ....124..949P
http://dx.doi.org/10.1093/mnras/stw2969
http://adsabs.harvard.edu/abs/2017MNRAS.465.3622R
http://adsabs.harvard.edu/abs/1983MmSAI..54..335R
http://dx.doi.org/10.1086/592231
http://adsabs.harvard.edu/abs/2008ApJ...684L..79R
http://dx.doi.org/10.1086/305772
http://adsabs.harvard.edu/abs/1998ApJ...500..525S
http://dx.doi.org/10.1111/j.1365-2966.2009.14750.x
http://adsabs.harvard.edu/abs/2009MNRAS.396..203S
http://dx.doi.org/10.1088/0004-637X/731/1/4
http://adsabs.harvard.edu/abs/2011ApJ...731....4S
http://dx.doi.org/10.1088/0004-637X/762/1/6
http://adsabs.harvard.edu/abs/2013ApJ...762....6S
http://dx.doi.org/10.1093/mnras/stu1564
http://adsabs.harvard.edu/abs/2014MNRAS.444.1862S
http://adsabs.harvard.edu/abs/2003AcA....53...93S
http://adsabs.harvard.edu/abs/2014AcA....64..177S
http://dx.doi.org/10.1086/677352
http://adsabs.harvard.edu/abs/2014PASP..126..616S
http://dx.doi.org/10.1088/0004-637X/807/1/104
http://adsabs.harvard.edu/abs/2015ApJ...807..104T
http://dx.doi.org/10.1146/annurev-astro-082708-101650
http://adsabs.harvard.edu/abs/2009ARA%26A..47..371T
http://dx.doi.org/10.1093/mnras/stu2274
http://cdsads.u-strasbg.fr/abs/2015MNRAS.446.2251T
http://dx.doi.org/10.3847/0004-637X/827/1/2
http://adsabs.harvard.edu/abs/2016ApJ...827....2V
http://dx.doi.org/10.1086/422734
http://adsabs.harvard.edu/abs/2004AJ....128.1177V
http://dx.doi.org/10.3847/0004-6256/151/5/118
http://adsabs.harvard.edu/abs/2016AJ....151..118V
http://dx.doi.org/10.1111/j.1365-2966.2009.15242.x
http://adsabs.harvard.edu/abs/2009MNRAS.398.1757W
http://dx.doi.org/10.1088/0004-637X/809/2/144
http://esoads.eso.org/abs/2015ApJ...809..144X
http://dx.doi.org/10.1126/science.1073090
http://adsabs.harvard.edu/abs/2002Sci...297..578Y
http://dx.doi.org/10.1088/0004-637X/781/1/22
http://adsabs.harvard.edu/abs/2014ApJ...781...22Z
http://dx.doi.org/10.1088/0004-6256/139/2/357
http://adsabs.harvard.edu/abs/2010AJ....139..357Z
http://dx.doi.org/10.1093/mnras/stu1176
http://adsabs.harvard.edu/abs/2014MNRAS.443..658D
http://dx.doi.org/10.1093/mnras/stv946
http://adsabs.harvard.edu/abs/2015MNRAS.451.3489D
http://dx.doi.org/10.1088/0004-637X/714/1/663
http://adsabs.harvard.edu/abs/2010ApJ...714..663D
http://dx.doi.org/10.1086/152434
http://adsabs.harvard.edu/abs/1973ApJ...185..477V
http://dx.doi.org/10.1086/116485
http://adsabs.harvard.edu/abs/1993AJ....105..971V
http://dx.doi.org/10.1093/mnras/262.3.588
http://adsabs.harvard.edu/abs/1993MNRAS.262..588V
http://dx.doi.org/10.1086/172817
http://adsabs.harvard.edu/abs/1993ApJ...411..178V
http://dx.doi.org/10.1086/662132
http://adsabs.harvard.edu/abs/2011PASP..123.1044V

	Introduction
	RR Lyrae data
	RRab mixture evolution with Galactocentric radius
	RRab mixture in Galactic satellites

	Halo sub-structure
	Stellar Streams

	Discussion and Conclusions

