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Why distant RR Lyrae stars? 
• Outer halo should contain lots of faint dwarf 

galaxies 
• Every dwarf that has been searched contains 

at least one RR Lyrae star  
• Stellar density of the halo probes the 

accreted population of satellites 
• Mass modeling of the Milky Way is 

constrained most strongly by the outermost 
probes 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 



Building up the Milky Way halo 

Models predict that 
the Milky Way should 
have accreted and 
subsequently tidally 
destroyed hundreds 
of low-mass galaxies 
in the past ∼12 Gyr. 

(e.g. Bullock & Johnston 
2005, ApJ, 635, 931) 

Bullock & Johnston 2005 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 



Simulated (accreted) stellar 
halos at d > 100 kpc  

Sanderson+2017 (MNRAS, 470, 5014) 

Model halos made from 
accreted satellites; 
Building blocks color-
coded separately 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 



Simulated (accreted) stellar halos  
Expect ~2,000-10,000 RR Lyrae 

stars between 100 < d < 282 kpc: 
All substructures Excluding bound 

 satellites 

Stars in bound satellites will be 
~1 arcmin from nearest star  

bound 
unbound 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 Sanderson+2017 (MNRAS, 470, 5014) 



Baker & Willman 2015 (AJ, 150, 160) 

Simulated 
(accreted) 
stellar halos  

Using Aquarius model 
stellar halos; 

~1,000-6,000 RR Lyrae 
expected at d>100 kpc 
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Fig. 20. Distribution of orbital parameters for the globular clusters in our sample. Three globular clusters are not shown in these plots: NGC 3201
and NGC 4590, which have apocentres ⇠ 30 kpc and large retrograde and prograde motions, respectively (|Lz| > 2000 kpc km s�1), and NGC 5466,
which has an apocentre ⇠ 50 kpc (given its orbital parameters, it was likely associated with the Sagittarius dwarf, as proposed by Bellazzini et al.
2003). We note the concentration of clusters with small pericentre and apocentre around Lz ⇠ 0 for Model-3. Such clusters are on box orbits in the
barred potential of Model-3, and hence do not conserve Lz, whose time average over the 10 Gyr of integration is approximately zero. The error
bars correspond to the 16th and 84th quantiles obtained from the orbit integration using the statistical errors. The e↵ect of the systematic error on
the orbits of the globular clusters is found to be negligible and is not shown here.

Fig. 21. Orbits integrated backward in time for 2.5 Gyr for the di↵erent dwarfs shown in di↵erent colours using the potential of Model-2.

Fig. 22 also confirms that Draco and Ursa Minor have very
similar orbital properties and hence possibly constitute a physi-
cally connected group. Bootes I appears close to these objects in
all panels of this figure, but as we show below, the orientation of
its angular momentum di↵ers by ⇠ 140 deg.

In Fig. 22 we have not plotted Leo I. This is because Leo I
has extreme orbital characteristics, and is unbound in roughly
20% of the realisations for Model-110, for example. In the cases
in which a bound orbit is found, the predicted median apocentres
are 819, 429, and 388 for Models 1, 2, and 3, respectively. Evi-

10 This is because this model has a lower dark matter halo mass.
For example, the escape velocity from the location of the Sun for
Model-2 is 812 km s�1, which may be compared to the value of
⇠ 533 km s�1derived by Pi✏ et al. (2014) from RAVE data and is con-
sistent with that of Model-1.

dently, the apocentre of Leo I is beyond the likely virial radius of
the Milky Way (estimated to be smaller than 300 kpc, see Bland-
Hawthorn & Gerhard 2016, and references therein). The orbit of
Leo I is quite eccentric, with medians in the range 0.6 to 0.8.
The radial period is greater than 5 Gyr and its estimate varies by
a factor of two for the various potentials, but a robust prediction
is that the last pericentric passage (at a distance of ⇠ 100 kpc)
took place approximately 1 Gyr ago.

The orientations of the orbital planes of the dwarfs, now in-
cluding the LMC and SMC11, averaged over the 10 Gyr of inte-
gration, are shown in the top panel of Fig. 23. It has been sug-
gested that the Milky Way dwarf galaxy satellites lie on a plane

11 We include the Magellanic Clouds here because the orientation of
their angular momenta has likely been less a↵ected by dynamical fric-
tion than the other orbital parameters.
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dSph orbits from Helmi+2018 (arXiv:1804.09381) 

T. Fritz et al.: Gaia DR2 Proper Motions and Orbits of Dwarf Galaxies within 420 kpc

Fig. 4. Properties of Crater II. Top: Orbital integration for Crater II in
the MWpotential14 for the standard light halo (solid line) and the heavy
DM halo (dashed line) plotted as the distance from the MW center as a
function of time. Bottom: hill radius of a galaxy of the mass of Crater II
(Caldwell et al. 2017) in two different MW potentials compared to the
size and apocenter of Crater II.

in Pawlowski & Kroupa (2013). The magenta circles of opening
angle θinVPOS = 36.87◦ denote areas of 10 per cent of the sphere
around these directions. We consider orbital poles that lie within
this region to orbit along the VPOS.

Based on the assumption that the satellite galaxies orbit
along the VPOS, Pawlowski & Kroupa (2013); Pawlowski et al.
(2015) predicted orbital poles for the satellite galaxies. We can
now test how well these predictions are met. The predicted or-
bital pole direction is the direction along the great circle perpen-
dicular to the satellite (as seen from the center of the Milky Way)
which minimizes the angle to the assumed VPOS normal, which
points to Galactic coordinates (l, b) = (169.3◦,−2.8◦). The cor-
responding minimum angle between the VPOS normal and the
pole of a satellite galaxy is θpred. The angle between the orbital
pole based on our proper motions and the VPOS normal is θobs.
The ratio between these gives a measure of how well an observed
orbital pole agrees with its predicted direction. Figure 6 plots
this ratio against a measure of the uncertainty in observed orbital
pole direction, ∆pole. The latter is defined as the angle from the
most-likely measured orbital pole of a satellite which contains
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Fig. 5. This Figure shows histograms of the ratio f = (dGC−rperi)/(rapo−

rperi), for both the high-mass and low-mass MW models (upper and
lower panels, respectively). A galaxy on the left of each histogram is
near pericenter, while a galaxy on the right of each histogram is near
apocenter.

68 per cent of the orbital poles sampled from its measurement
uncertainties. The ratio of observed to measured angle from the
VPOS is typically large for objects with poorly constrained or-
bital pole directions (∆pole > 20◦), but for those with smaller un-
certainties the majority of objects (15 out of 22) agree to within
a factor of two (dashed magenta line) with the predicted angle.
Satellites co-orbiting with the majority of the classical satellite
galaxies associated with the VPOS are plotted as green, upward
triangle, whereas red downward triangles are used for counter-
orbiting satellites. Satellites at larger distance are plotted with
larger symbols.

Table 4 provides an overview of the predicted (θpred) and
the measured (θobs) alignments of satellite orbital poles. The ob-
served angle is given a negative sign if the measured orbital pole
is counter-orbiting relative to the orbital direction of the majority
of the classical satellite galaxies associated with the VPOS. For
each satellite, we calculate the fraction p(inVPOS ) of Monte Carlo
sample orbital pole directions which falls to within θinVPOS of
the VPOS normal. For an orbital pole that is misaligned with the
VPOS, this indicates whether there nevertheless is a chance that
the pole might be aligned. Also given in the table is a measure
of how strong the constraints of each satellite’s pole are on its
alignment with the VPOS direction. For the latter, we assume
that the satellite’s intrinsic orbital pole aligns perfectly with its
predicted direction. We then vary its orbital pole direction by
sampling 2000 times from the measured uncertainties in orbital
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closer to peri             closer to apo 

Gaia DR2 orbits of MW satellites: 
More dwarf galaxies found near 

pericenter than apocenter – many 
more to be discovered? 

Fritz+2018 (arXiv:1805.00908) 



The slope of the halo density profile is sensitive 
to the host’s mass and its accretion history 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 

Based on Illustris simulations 
Pillepich+2014 (MNRAS, 444, 237) 
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Measuring the MW halo density profile 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 

18 HERNITSCHEK ET AL.

(a)

(b)

Figure 2. The PS1 3⇡ sample of RRab stars, shown in the Cartesian reference frame (X,Y, Z) as given in Equ. (1). This reference frame is
centered at the Galactic center, the Galactic disc is placed in the (X,Y ) plane, the X axis is pointing to the Sun and the Z axis to the North
Galactic Pole. The logarithmic source number density in each projection is given for 1 kpc2 wide bins.
Starting from a sample of 44,403 sources (Sesar et al. 2017b), containing overdensities like globular clusters and streams and affected by
sample incompleteness near the Galactic plane and apocenter (here shown in the top panel as “uncleaned sample”), we construct a sample of
11,025 sources outside of such known overdensities. To do so, we apply the selection cuts described in Sec. 3.2, to geometrically excise such
overdensities. The largest overdensities removed are the Sagittarius stream (we remove sources associated with the Sgr stream according to
Hernitschek et al. (2017)), as well as the thick disc (we remove sources within |b| < 10�) and close to the Galactic center and the bulge (we
remove sources within R

gc

 20 kpc). The effects of removing those sources is clearly visible in the lower panel, and are each labeled. The
dashed circle here represents the 20 kpc cut. Sources within the circle but further away are seen due to projection effects; the distinctly higher
density just after 20 kpc shows the stars that are no longer affected by this distance cut.

20 HERNITSCHEK ET AL.

(a)

Figure 4. Comparison between the observed distance distribution of the cleaned samples and the predicted distributions by the best-fit models,
with the number density shown in a log plot.
The black histogram shows the Galactocentric distance distribution of our cleaned sample of 11,025 RRab stars, whereas the grey histogram
gives the distance distribution of the full data set of 44,403 RRab stars from Sesar et al. (2017b). Removed overdensities are highlighted with
dashed lines, and are listed in Table 1.
The overplotted solid lines represent the best-fit model for each of the five halo profiles. As a result of the selection function, these models
don’t follow a straight line in the log plot, but drop much more rapidly especially beyond a Galactocentric distance of 80 kpc. For comparison,
dashed lines, in the same color as the solid lines, represent each ⇢

halo

⇥ S(l, b,D), where S is the selection function as given in Equ. (17). We
see that all each our five models can fit the distance distribution properly, and our assumption about the selection function S represents the true
selection effects and overdensity cuts.
The best-fit parameters for each of the models are given in Table 2.

Hernitschek+2018 (arXiv:1801.10260) 

~44,000 RR Lyrae 
from PanSTARRS1 



Measured slope of the MW halo 
density profile 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 
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See summary table in Medina+2018 (ApJ, 855, 43) 

All tracers 

RR Lyrae only 



Milky Way 
mass estimates 

vary by a 
factor of ~2  

14 Eadie and Harris
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Fig. 13.— Comparisons of Scenario XII M(R < r) profile credible regions to mass estimates from other studies (those not
mentioned in the text are Kochanek 1996; McMillan 2011; Kafle et al. 2012; Eadie et al. 2015b; Küpper et al. 2015). The shades of grey
(dark to light) correspond to the Bayesian credible regions (95, 75, and 50%). Left: Mass profile when all GC data are used in the analysis.
Right: Mass profile when GC data at Galactocentric positions r < 10kpc are excluded.

estimates with observations, we also estimate � directly
from the complete data (71 GCs have both radial and
tangential velocity measurements), and obtain a mean
value h�i = 0.209. This value is slightly but not dra-
matically smaller than the values in Table 3, and falls
within our 95% credible regions of the � estimates.
Taking all considerations into account, we choose Sce-

nario XII as our estimate for the Milky Way dark matter
halo. Using the posterior distribution from Scenario XII,
and assuming a Hubble constant of 67.8km s�1Mpc�1

(Planck Collaboration et al. 2015), we extrapolate out
to the virial radius defined by ⇢

200

= 200⇢
crit

. We
find r

vir

= 185+7

�7

kpc, and obtain a virial mass for the
Milky Way of 6.82⇥ 1011M�with 50% credible region of
(6.06, 7.53)⇥ 1011M�.

5.6. Sensitivity Test of the GC Sample

In this section, we run a simple sensitivity test of the
relative importance of the inner vs. outer GCs. Although
the GCs cover a range of 0.6 < r < 125kpc, many of
the GCs in our sample are within r = 30 kpc. Setting
� = 0.5 is akin to assuming an NFW potential beyond
' 10 kpc. However, a single power-law will not account
for the inner DM halo which is presumably flatter than

the outskirts. Furthermore, the inner GCs (r < 10kpc)
are in a region where the bulge and disk are important
contributors to the gravitational potential.
To investigate possible biases in our results, we per-

form a simple empirical test that has little reliance on
a particular form (such as NFW) for the shape of the
potential. We repeat the analysis for the whole suite of
investigations (Table 3) using four di↵erent r cut-o↵ val-
ues, r

cut

, for the data. Mass estimates within 125kpc are
obtained when GCs within 5,10,15, and 20kpc are ex-
cluded from the analysis respectively. We expect that
as r

cut

becomes larger, the uncertainties in the mass es-
timate will increase simply due to the lower number of
data points. The question remains whether or not there
is a significant trend towards a lower or higher mass as
r

cut

increases.
The number of data points decreases quickly as r

cut

increases. For r

cut

= 5kpc, only 53 GCs remain in the
sample (down from 89). For r

cut

values of 10, 15 and
20kpc, the number of GCs drops to 33, 24, and 16 respec-
tively. Furthermore, as r

cut

increases from 5 to 20kpc,
the percentage of incomplete data increases from 30.2%
to 81.2%, making the estimates of � in Scenarios III, VI,
IX, and XII more uncertain.
Figure 14 shows the median mass estimates within

Gaia DR2 globular cluster orbits (RGC < 40 kpc) 
Watkins+2018 (arXiv:1804.11348) 

(see also Posti & Helmi 2018 (arXiv:1805.01408) 

MW mass estimated using globular cluster orbits 
Eadie & Harris (2016, ApJ, 829, 108) 

using RR Lyrae circular velocity curve: 
Ablimit & Zhao (2017, ApJ, 846, 10) 



Searching for outer halo 
RR Lyrae stars 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 

•  DECam’s FOV makes mapping large areas efficient 
•  Started with archival data from the HiTS supernova survey 

(Förster+2016) 
•  ~20-30 epochs per field 
•  Have been awarded 7 nights (3 in 2017B, 4 in 2018A) via 

NOAO/CNTAC proposals (PIs: Carlin, Muñoz) 

HiTS: Förster+2016 



HiTS: 
•  2014 campaign results published (Medina+2018, ApJ, 855, 

43; Medina+2017, ApJL, 845, 1) 
•  2015 analysis in progress 

New DECam observing program (PIs Carlin, Muñoz): 
•  2017B: 16 DECam fields, 20-30 visits 
•  2018A: 24 DECam fields, ~20 visits 

Status of 
survey/data 

~120 deg2 

~110 deg2 

~50 deg2 

~70 deg2 

TOTAL: ~350 deg2 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 2017B 
2018A 

HiTS 2014/2015 
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RESULTS: 
“Serendipitous” (re-)discovery 
of Leo V dSph with HiTS 
(2014) RR Lyrae stars 

Medina+2017,  
ApJL, 845, 1 



Full HiTS (2014) results 
(Medina+2018, ApJ, 855, 43): 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 

Medina+2018, ApJ, 855, 43 

173 RR Lyrae stars,  
including 18 at d > 90 kpc 



J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 

Full HiTS (2014) results 
(Medina+2018, ApJ, 855, 43): 

Sextans dSph 

Leo V dSph 
Leo IV dSph 

d > 100 kpc RR Lyrae to <g> > 22  
(d > 200 kpc) 



J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 

Sextans dSph: 65 RR Lyrae 
stars (46 prev. unknown) 

Of course we found RR 
Lyrae in Leo V – all dSphs 

have them!* 

*maybe 



Measured slope of the 
MW halo density 
profile: n=-4.17 

Medina+2018, ApJ, 855, 43 

Similar to predictions from Illustris for 
MW-mass galaxy; Pillepich+2014 (MNRAS, 444, 237) 



The Large Synoptic Survey Telescope 
will again revolutionize our picture of our own cosmic backyard 

 (i) an 8.4-meter optical telescope, a 3.5-degree diameter field-of-
view, a 3.2 billion pixel camera, and 6 broad-band, optical filters 
that will observe more than half the sky hundreds of times 
over 10 years 
 (ii) a data facility that will process, archive, and distribute survey 
images, associated transient alerts, and calibrated catalogs. 
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LSST will open ~1,000 times the volume for 
studying the Local Universe with resolved stars 

compared to SDSS

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 

Figure: Keith Bechtol 



Conclusions: 
• We (Medina+2017, 2018) have discovered the most 

distant known RR Lyrae in the Milky Way, with many 
more to come. 

•  Serendipitous finding of Leo V RR Lyrae stars: RRLs can 
be beacons of distant ultra-faint dwarfs. 

Next steps: 
• HiTS 2015, DECam 2017B, 2018A results soon! 
•  Spectroscopy (velocities) 
• Time-series to more completely fill phase curves. 
• Deep imaging (are the distant RRLs in dSphs? 
•  Survey a larger area? THANK YOU! 

J. Carlin; DECam Community Science Workshop, Tucson, AZ, May 2018 



http://kicp-workshops.uchicago.edu/decam-nfc2018/


