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The Case of Palomar 5



The shape of dark matter halos

LCDM predicts triaxial 
dark matter halos

Observations inconclusive

In our galaxy we can take 
advantage of our 3D view 
of stellar streams 

Via Lactea II, Diemand+ 2008



Law & Majewski 2010



SDSS DR8 / Bonaca, Giguere, Geha



SDSS DR8 / Bonaca, Giguere, Geha

Odenkirchen+ 2003
 



Finding Pal 5’s orbit

Two different potentials - spherical halo vs. triaxial halo

We need:
- radial velocities (Odenkircken et al. 2002, 2009)
- distance to cluster (Dotter et al. 2011)
- position of cluster (Abell 1955)
- proper motions:
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Streakline method 
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Comparing to observations
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Figure 4. Radial velocities of the giant stars vs. galactic coordinate l cos b. The
giants of this study are shown by crosses with filled circles (same symbols as in
Figures 1 and 2). For comparison, uncrossed dots show the velocities of giants
from Paper II, which are located in the cluster core (at ∆l cos b ≈ 0◦). The
velocity of the cluster is given by the dotted line, the dashed line indicates a
velocity gradient of 1 km s−1 deg−1. The arrows mark outliers that are most
likely unrelated field stars (see also Figure 1).

The 13 UVES targets that cannot be unequivocally identified
as either giants or dwarfs turn out to be rather unimportant.
Only one of these unclassified targets has a radial velocity in
the critical range from −40 to −70 km s−1 and would hence
be regarded as being part of the debris if it were classified as
a giant. At most two more stars could possibly be debris stars
if somewhat larger deviations in radial velocity from the peak
of the velocity distribution in Figure 3 are allowed. This can be
seen in the velocity plot of Figure 4 which will be discussed in
the next section.

In contrast to the high-resolution spectra from UVES, the
medium-resolution spectra from GIRAFFE unfortunately do
not allow us to differentiate between dwarf and RGB stars
by visual inspection of the line shapes. The radial velocities
derived from the GIRAFFE spectra suggest that there are very
few Pal 5 members among these supplementary targets. It turns
out to be impossible to clearly identify these members without
preselection by stellar type. Therefore we restrict our further
analysis to the high-resolution UVES spectra.

3.2. Velocity Gradient and Dispersion

We recall that previous papers on Pal 5 inferred the existence
of a tidal stream solely from spatial overdensities and coherent
spatial structures. The strong peak in the velocity histogram of
Figure 3, which is centered almost exactly on the velocity of the
cluster, provides for the first time kinematic evidence for this
stream. It shows that the cluster’s debris forms a well defined
structure not only in coordinate space, but also in velocity space.
This structure in velocity space can be characterized by two local
parameters, the gradient of the mean velocity along the stream
and the dispersion.

Since the stars of our sample are spread over an arc of about
8.◦5 on the sky, their mean radial velocities are expected to
reveal a systematic variation from the cluster’s velocity as a

function of position. Figure 18 of D04 presents an example from
numerical simulations where the mean line-of-sight velocity of
the debris exhibits a linear variation by about 3.5 km s−1 per
degree along the cluster’s tails. The velocity distribution seen in
Figure 3, however, is remarkably narrow and thus suggests that
the observed gradient of the radial velocity along the stream in
the vicinity of the cluster is smaller than predicted by the above
example.

In Figure 4 we explore the dependence of the kinematics
on position by plotting the observed radial velocities versus
the rectified galactic longitude ∆l cos b. Note that, locally, the
∆l cos b is an appropriate and simple parameter for measuring
the position of a star in the stream (see Figure 2). Figure 4 reveals
that there is indeed a measurable trend in the radial velocity
data with position along the stream if we discard the four giants
with large velocity offsets that are likely to be nonmembers
(marked by arrows, see the previous section and Figure 3). In
the trailing tail (∆l cos b > 0), most of the stars have a higher
radial velocity while in the leading tail (∆l cos b < 0) most
of them have a lower radial velocity than the cluster (compare
with the dotted line in Figure 4). However, the differences are
small and the corresponding velocity gradient is only of the
order of 1 km s−1 deg−1 (see dashed line in Figure 4). Two of
the 17 supposed members of the stream stand out by having
substantially larger individual offsets from the mean trend than
the rest. These offsets are of the same size as the offset of the one
kinematic outlier found inside the cluster in Paper II. Hence they
are not completely untypical for Pal 5 and might be explainable
by orbital motion in binary star systems. Apart from these two
particular cases, the mean trend of the velocities as a function
of l cos b is almost perfectly linear. Only the outermost data
point in the trailing tail (∆l cos b ≈ 5.◦6) might suggest that
there is a curvature in this trend at larger angular distances from
the cluster. We cannot test this because further velocity data
are currently not available. However, the simulations from D04
suggest that the variation of the line-of-sight velocity of the tidal
debris as a function of l cos b should be linear out to at least 6◦

angular distance from the cluster. It therefore seems justified to
determine the local velocity gradient by fitting a straight line to
the observations.

Our first approach is a standard least-squares fit using differ-
ent choices of weights. We distinguish two samples, one com-
prising of all 17 supposed members of the stream and one with
only 15 members, leaving out the two stars that have velocity
offsets of the order of 10 km s−1 with respect to the rest. The
results of the fits are reported in Table 2. In case (a) all data
points are given equal weights while in case (b) the data points
are weighted by the inverse square of the measuring errors. The
solutions are very similar and both yield rms postfit residuals of
about 4.7 km s−1 (n = 17) and 2.2 km s−1 (n = 15), respec-
tively. This shows that the velocity dispersion is much larger
than the individual measuring errors. Instead of weighting the
data with these errors it is thus more appropriate to use weights
that combine the errors and the estimated dispersion as a quadra-
ture sum. The results of this third case are given in part (c) of
Table 2. Since the errors are small compared to the dispersion
of the data, the results of case (c) are almost identical to those
of case (a). The best estimates of the local radial velocity gradi-
ent from least-squares fitting hence are 0.4 ± 0.4 km s−1 deg−1

(n = 17) and 1.0 ± 0.2 km s−1 deg−1 (n = 15). Both values
agree within the given uncertainties. However, one has to keep
in mind that the method of least squares is always based on
the assumption that the data points are drawn from a Gaussian
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1. Run grid of streakline models with various proper 
motions

2. Find combination of proper motions that 
reproduces the positions (then also radial velocities) 
of the Pal 5 stream best

3. Run N-body simulation of this best model

In each potential:



Positions only

vtan = 449 km/s

Pearson et al. 2015

Palomar 5 in model of potential 
from Law & Majewski 2010



Palomar 5 in model of potential 
from Law & Majewski 2010

Positions + radial velocities

vtan = 115 km/s

Pearson et al. 2015



Pal 5 can not be reproduced within 
model of potential from 
Law & Majewski 2010



Vera-Ciro & Helmi 2013
Debattista+ 2013

Gomez, Besla et al. 2015

Pal 5 can not be reproduced within 
model of potential from 
Law & Majewski 2010



Palomar 5 in spherical halo 
(+disk +bulge)

Pearson et al. 2015

vtan = 123 km/s



No need for triaxiality to 
reproduce Pal 5’s properties



No need for triaxiality to 
reproduce Pal 5’s properties

Butzky+ 2015
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Due to nature of orbits?

Due to triaxiality of 
potential?

Pearson et al. 2015

Stream-fanning - what is it?
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Stream-fanning - what is it?

Due to nature of orbits?

Due to triaxiality of 
potential?

Both?

Pearson et al. 2015
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Sky projected surface density of the polar stream

Examples of stream-fanning
Generation of mock tidal streams 17

Figure 11. Simulations using a bulge-disk-halo potential, as discussed in the text Left columns: N -body simulations. Right columns:
particle-spray models. Upper row: regular orbit with q = 0.57. Lower row: apparently chaotic orbit with q = 0.60.

sition x0 = �17.59 kpc, y0 = �10.55 kpc, z0 = �18.89 kpc
and velocity v

x0 = �119.8 km s�1, v
y0 = 24.36 km s�1, and

v
z0 = �83.12 km s�1. We initialize the satellite with mass
4 ⇥ 104 M� and tidal factor f

t

= 0.7. The orbit is inte-
grated backwards from the given point for t

d

= 2694Myr,
and then the particle-spray and N -body simulations are
evolved to the present day. In the fixed potential used here,
the bulge is a Hernquist profile with mass 3.4 ⇥ 1010 M�
and radius 0.7 kpc. The disk is a Miyamoto-Nagai disk with
mass 1011 M�, a = 6.5 kpc, and b = 0.26 kpc. The halo is an
oblate logarithmic halo with �(R, z) = V 2

h

ln(R2 + (z/q)2 +
d2), V

h

= 115 km s�1, and d = 12 kpc. The only di↵erence
between the orbits used in the top and bottom rows is that
the top uses q = 0.57, and the bottom q = 0.60.

The thickness of the streams in the top and bottom rows
di↵ers markedly, for both the particle-spray models and N-
body simulations. This appears to be due to the nature of
the progenitor orbits. The orbit in the top case is regular, as
we verified using a Poincaré surface of section plot. In con-
trast, the surface of section for the bottom case is slightly
thickened, indicating a small degree of chaos. If we further
increase the flattening parameter to q = 0.63, the orbit be-
comes regular again, and in tandem the stream becomes
narrow again so that it much more closely resembles the top
panel. (Admittedly, the flattening in all of these halo poten-

tials is perhaps unrealistically high, but chaotic orbits can
be found in more realistic potentials as well, as in Hunter
2005.) It is worth noting that in this case, the thickening
of the stream arises within less than five radial oscillations.
Long integration times are apparently not required to see
the influence of chaos on tidal streams.

The results in Figure 11 demonstrate we can obtain rea-
sonable results from the particle-spray model, even when the
progenitor orbit is irregular, though some areas of disagree-
ment can be found in both rows. In fact, having first noticed
a highly thickened stream in a similar orbit and potential us-
ing the particle-spray model, we suspected a bug in our code
until the N -body model demonstrated the same behavior.
For the spray model to work on a chaotic orbit, the parti-
cle coordinates must be evolved by direct orbit integration
rather than by using an action-angle formalism.

The fraction of orbits exhibiting chaotic behavior is gen-
erally small, though nonzero, in the idealized axisymmetric
models often used in stream modeling (Hunter 2005). How-
ever, the fraction of orbits demonstrating chaotic behavior
in realistic galaxy potentials, which include triaxiality, ra-
dial shape dependence, time dependence, and substructure,
may well be higher. Also, real galaxy potentials and hence
the orbits within them evolve with time. In principle, or-
bits may sweep through chaotic regions, pu�ng up their

c� 2014 RAS, MNRAS 000, 1–20

Regular orbit

Chaotic orbit



Fardal+ 2014, eprint Ngan+ 2014, eprint

Tidal streams in high-resolution halo 9
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Fig. 12.— Sky projected surface density of the polar stream
in the smooth halo. The projection is seen from a hypothetical
observer situated in the galactic center. Compared to Figure 8,
the streams here contain diffuse ends sometimes as wide as the
length of the stream. Rather than tracing a line and subtracting
their curvatures on the sky, the streams shown here are simply
shifted so that the progenitors have φ = θ = 0, and then rotated
so they appear roughly horizontal.
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Fig. 13.— Linear density corresponding to the same stream
shown in Figure 12. A line has only been traced along the regions
up to 20◦ away from the progenitor. The progenitor at position 0◦

has been masked out. The density profiles show prominent density
spikes near the prongenitor, similar to the planar stream, but the
profiles quickly fall off to the diffuse regions without many intrinsic
features.

bits to have significant parts of their tidal tails disrupted
such that their surface brightnesses may be even lower
than that of the narrow stream itself, which is already dif-
ficult to observe. In NC14, the same progenitor orbiting
a spherical and idealized halo with similar eccentricity
to the planar and polar streams here could only produce
a narrow. This indicates that using realistic halo is im-
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Fig. 14.— Same as Figure 12, but in the lumpy halo. The stream
overall appears similar to the case in the smooth halo, but the
diffuse ends of the stream are even more prominent, and sometimes
even wider than the narrow part of the stream itself.

portant when studying the effects that subhalos have on
GD-1-like streams. In a future study, we aim to simulate
the tidal disruptions of globular cluster type satellites in
many orbits in both the smooth and lumpy halos in order
to study the survival rate of tidal tails.

5. SUMMARY AND CONCLUSION

We constructed a potential using the high resolution
dark matter halo in the z = 0 snapshot of the Via Lactea
II (VL-2) simulation. In the high resolution “main” halo,
we used a halo finder to remove and isolate subhalo par-
ticles. The potentials of the main halo and the subhalos
were then constructed individually. This allowed us to
simulate tidal streams in the main halo with and without
subhalos. We investigated the difference in the stream
between the two cases, and showed that even in a real-
istic potential without using idealized profiles, streams
remain a valuable probe to detect subhalos whose exis-
tence is a crucial prediction of the ΛCDM model.
The self-consistent field (SCF) method

(Hernquist & Ostriker 1992) has previous been ap-
plied to the Aquarius simulations (Springel et al. 2008;

Examples of stream-fanning
Regular orbit

Chaotic orbit



What would we observe?
Density cuts - do we not see it due to low density?

100 % 75 % 50 % 
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100 % 50 % 25 % 

What would we observe?



Density cuts - do we not see it due to low density?

100 % 50 % 25 % 

Ophiuchus Stream:
Bernard et al. 2014, 
Sesar et al. 2015

A thin stellar stream in Ophiuchus L85

The Pan-STARRS1 (PS1; Kaiser et al. 2010) 3π Survey, ob-
serving the whole sky visible from Hawaii, has the advantage of
providing some of the first deep imaging of the dense inner regions
of our Galaxy. With a sky coverage spanning twice that of the SDSS
footprint, it offers the possibility to survey these less well-studied
areas to seek new tidal streams as well as further extensions of
already known ones.

In this Letter, we report the discovery of a very thin stellar
stream located in the inner Galaxy close to the Galactic bulge. It
was found serendipitously when analysing PS1 data of wide areas
around nearby globular clusters for the presence of tidal debris. We
briefly describe the PS1 survey in Section 2, and present the new
stream and measurements of its properties in Section 3. A summary
is given in Section 4.

2 TH E PS1 3π SURVEY

The PS1 3π Survey (Kaiser et al. 2010; Chambers et al., in prepara-
tion) is being carried out with the 1.8 m optical telescope installed
on the peak of Haleakala in Hawaii. Thanks to the 1.4-gigapixel
imager (Onaka et al. 2008; Tonry & Onaka 2009) covering a 7 deg2

field of view (∼3.◦3 diameter), it is observing the whole sky north
of δ > −30◦ in five optical to near-infrared bands (gP1rP1iP1zP1yP1;
Tonry et al. 2012b) up to four times per year. The exposure time
ranges from 30 to 45 s, leading to median 5σ limiting AB magni-
tudes of 21.9, 21.8, 21.5, 20.7 and 19.7 for individual exposures in
the gP1rP1iP1zP1yP1bands, respectively (Morganson et al. 2012). At
the end of the survey, the 12 or so images per band will be stacked,
increasing the depth of the final photometry by ∼1.2 mag (Metcalfe
et al. 2013).

The individual frames are automatically processed with the Image
Processing Pipeline (Magnier 2006) to produce a photometrically
and astrometrically calibrated catalogue. A detailed description of
the general PS1 data processing is given in Tonry et al. (2012a).
The analysis presented in this Letter is based on the photometric
catalogue obtained by averaging the magnitudes of objects detected
in individual exposures (Schlafly et al. 2012). At the end of the
survey, the point source catalogue will be based on detections in the
stacked images, leading to a significantly deeper photometry and
better constraints on the tidal streams.

The catalogue used here was first corrected for foreground red-
dening by interpolating the extinction at the position of each source
using the Schlafly et al. (2014) dust maps with the extinction co-
efficients of Schlafly & Finkbeiner (2011). In this part of the sky,
E(B − V) ranges from 0.17 to ∼1.2 (see Fig. 1). We then cleaned
the catalogue by rejecting non-stellar objects using the difference
between point spread function and aperture magnitudes, as well as
poorly measured stars by keeping only objects with a signal-to-noise
ratio of 10 or higher.

3 A N E W ST R E A M IN O P H I U C H U S

The stream appears as a coherent structure in the maps showing
the stellar density of objects with colours and magnitudes corre-
sponding to the old, metal-poor main-sequence turn-off (MSTO) of
nearby globular clusters. The colour and magnitude cuts were then
refined based on the distribution of stars in the colour–magnitude
diagram (CMD) of the stream region (see below). The resulting
map is shown in Fig. 1 in both equatorial and Galactic coordinates,
along with the corresponding reddening maps from Schlafly et al.
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Figure 1. Top: density of stars with dereddened colours and magnitudes consistent with the main-sequence turn-off of an old and metal-poor population at
heliocentric distances of 8–12 kpc (see selection box in Fig. 2), shown in equatorial (left) and Galactic ( right) coordinates. Darker areas indicate higher stellar
density. Bottom: reddening maps of the corresponding fields, derived from Pan-STARRS1 stellar photometry (see Schlafly et al. 2014). The colour scale is
logarithmic; white (black) corresponds to E(B − V) = 0.17 (0.58). The stellar density and reddening maps have been smoothed with a Gaussian kernel with
full-width at half-maximum of 12 and 6 arcmin, respectively. The stream is located close to the centre of each panel. The thick lines in the right-hand panels
trace the best-fitting great circle containing the stream.
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What would we observe?



What can we learn from 
stream-fanning?

 
Thin long streams probably inhabit stable regions of sky

 
The lack of stream-fanning could be powerful 
potential probe



Summary

Morphology of streams can help us infer the shape 
of the galactic potential

No need for triaxiality in inner parts of halo: we 
should model streams simultaneously 

Lack of stream-fanning could be a powerful potential 
probe (see future work: Price-Whelan et al, in prep)
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