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 Understand the role of  in situ star 
formation in Galactic halo construction 

  "All stars form in clusters" 
• Globular clusters were a site of  very strong 

star formation ~12 Gyr ago 
 Clusters lose stars in several ways 
• Early: residual gas loss  
•  Baumgardt et al. 2008 

• Persistent: tidal effects, 2-body 
interactions,... 
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  Palomar 5 
•  Known to have low 

density, significant mass 
segregation 

•  Known to have CN 
variations 

•  Smith 1985 

•  Large tidal tails found in 
SDSS star counts, 
matched-filter photometry  

•  Odenkirchen et al 2001, 
Rockosi et al 2002 
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  NGC 5466 
•  Low mass, relatively small 

rgc 

•  Tidal tails found through 
matched-filter photometry 
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  GD-1 
•  Stream of  stars found 

first through SDSS 
star counts 

•  Fairly uniform 
metallicity, small 
width: disrupted 
globular cluster? 
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Fig. 1.—Smoothed, summed weight image of the SDSS field after subtrac-
tion of a low-order polynomial surface fit. Darker areas indicate higher surface
densities. The weight image has been smoothed with a Gaussian kernel with

. The white areas are either missing data, clusters, or bright stars thatj p 0!.2
have been masked out prior to analysis.

timally filtered the , , , and star′ ′ ′ ′ ′ ′ ′ ′g ! u g ! r g ! i g ! z
counts independently and then co-added the resulting weight
images. In Figure 1 we show the final, combined, filtered star
count distribution, using a filter matched to the color-magnitude
distribution of stars in NGC 6205 (M13). The image has been
smoothed with a Gaussian kernel with . A low-order,j p 0!.2
polynomial surface has been subtracted from the image to ap-
proximately remove large-scale gradients due to the Galactic
disk and bulge.

3. DISCUSSION

Quite obvious in Figure 1 is a long, remarkably smooth,
curving stream of stars, extending over . On140! ! a ! 220!
the sky, the stream runs in an almost straight line through the
whole of Ursa Major and Leo Minor, ending in Cancer and
spanning a total of 63!. The stream is most evident when we
use a filter that is matched to the color-magnitude distribution
and luminosity function of stars in M13, although shifted faint-
ward by 0.2 mag. Optimal filters based on the other seven
globular clusters in DR4 did not yield the level of contrast that
we see in Figure 1. The stream is easily visible in each indi-
vidual color pair, including . There may be a second,′ ′g ! u
more diffuse feature with about 3! to the north174 ! a ! 200
of the stream, but we defer analysis of this feature to a future
paper.
The stream is not a product of our dereddening procedure;

careful examination of the reddening map of Schlegel et al.
(1998) shows no correlation between this feature and the applied
reddening corrections. The maximum values of areE(B! V )
≈0.03, with typical values in the range 0.01–0.02 over the length
of the stream. Rerunning the matched filter analysis without
reddening corrections yielded little more than a slight reduction
in the apparent strength of the stream.
We also ran our optimum filter against the SDSS DR4 galaxy

catalog to investigate whether the stream could be due to con-
fusion with faint galaxies. (Such a structure in the distribution
of galaxies would be no less interesting than a stellar stream
of these dimensions!) However, we found no feature in the
filtered galaxy counts that could mimic the stream apparent in
Figure 1.
At its southwestern end, the stream is truncated by the limits

of the available data. We attempted to trace the stream in the
portion of DR4 with but could find no convincing0! ! d ! 10!
continuation. Plausible orbits for the stream (see below) predict
a fairly narrow range of possible paths across this region and
generally a rather sharp increase in Sun-stream distance. We
attempted to recover the stream by shifting our filter from!1.0
to "3.0 mag, but to no avail. A continuation of the stream
may well be there, but the power of the matched filter is sig-
nificantly reduced as the bulk of the main sequence drops below
the survey data’s 50% completeness threshold. Combined with
the rapid rise in the number of contaminating Galactic disk
stars in this region, there appears to be little chance of recov-
ering the stream until much deeper surveys become available.
On the northeastern end, the stream becomes indiscernible

beyond R.A.p 220!. We attempted to enhance the northeastern
end of the stream by shifting the filter to both brighter and
fainter magnitudes, but again to no avail. Experiments in which
we inserted artificial stellar streams with surface densities sim-
ilar to those observed in Figure 1 revealed that they too largely
vanished beyond R.A. p 220!. Hence, while it is conceivable
that we are seeing the physical end of the stream, it is equally
possible that our failure to trace the stream any further reflects

once again the rapidly increasing contamination by field stars
at lower Galactic latitudes.
Sampling at several representative points, the stream appears

to be 30! wide (FWHM) on average. This width is similar to
those observed in the tidal tails of the globular clusters Pal 5
and NGC 5466 (Grillmair & Dionatos 2006; Grillmair & John-
son 2006). On the other hand, the width is much narrower than
the tidal arms of the Sagittarius dwarf (Majewski et al. 2003;
Martinez-Delgado et al. 2004; one of which runs along the
southern edge of the field shown in Fig. 1). This suggests that
the stars making up the stream have low random velocities and
that they were probably weakly stripped from a relatively small
potential. Combining this with a location high above the Ga-
lactic plane (see below) suggests that the parent body is or was
a globular cluster.
Integrating the background-subtracted, weighted star counts

over a width of ≈0!.8, we find the total number of stars in the
discernible stream to be . As is evident in Figure 1,1800" 200
the surface density of stars fluctuates considerably along the
stream. For stars with , the average surface density is′g ! 22.5

stars deg!2, with occasional peaks of over 70 stars deg!2.25" 5

3.1. Distance to the Stream

The power of the matched filter resides primarily at the main-
sequence turnoff and below, where the luminosity function
increases rapidly and the stars lie blueward of the bulk of the
foreground population. The blue horizontal branch can generate
much higher weights per star, but the typical numbers of
horizontal-branch stars in any likely progenitor are too low to
account for such a continuous and well-populated stream (e.g.,
Grillmair & Johnson 2006). Assuming that our filter is indeed
beating against the main sequence of the stream population,
we can use the filter response to estimate distances. We have
attempted to extract the color-magnitude distribution for the
stream stars directly, but contamination by foreground stars is
so high as to make differentiation between stream and field
distributions highly uncertain.
Varying the shift applied to the M13 matched filter from

!0.3 to "0.7 mag, we measured the background-subtracted,
mean weighted star counts along the stream in the regions

, , and . We140! ! a ! 154! 154! ! a ! 180! 180! ! a ! 220!
also measured a 1! segment centered on the strongest concen-
tration of stream stars at (R.A, decl.)p (144!.1, 30!.3). To avoid
potential problems related to a difference in age between M13
and the stream stars, we used only the portion of the filter with
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  Identify stars in the halo that originally 
formed in globular clusters, using their light-
element abundances 
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  SEGUE-I: 
Spectroscopic extension 
of  the SDSS, targeted at 
specific stellar 
populations  
•  Low-metallicity stars 
•  BHB stars 
•  G, K dwarfs 
•  K giants 

  640-fiber spectrograph, 
7 deg2 field of  view, 
R~2000, broad 
wavelength coverage 

  240,000 stars 
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 Data accessible via online SQL query 
• Flux-calibrated spectra, photometry, stellar 

parameters and abundances from the SSPP 
(Lee et al. 2008) 

 Selected a piece of  parameter space: 
•  [Fe/H] < -1.0 
•  S/N (4000-4100Å) > 15 
•  log(g) < 4.0 
•  (g-r)0 > 0.2 
•  22784 stars 
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  Trim down to 5066 
RGB stars 
•  Divide into 0.2-dex-

wide bins in [Fe/H], 
draw fiducials, 
remove stars > 3σ 
away 
•  Lower log(g) limit 
•  Remove carbon stars 

  Cut further to 1958 
stars 
•  -1.8 < [Fe/H] < -1.0 
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Carbon star 

CEMP star 

CN-strong star 

Typical halo star 



  Select stars with 
relatively strong  
CN, weak CH 
•  49 of  1958   

(2.5%) 

  Implication:  
GCs matter  
for halo  
formation  
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 Same spectrograph, new goals 
• Fewer, more distant stars 

• More focus on the halo 

•  120,000 new spectra 
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  Selected 2019 
SEGUE-2 stars: 
•  -1.8 < [Fe/H] < -1.0 
•  mean S/N > 20 
•  log(g) < 3.0 
•  (g-r)0 > 0.2 

  Trim down to 561 RGB 
stars 
•  Divide into 0.2-dex-wide 

bins in [Fe/H], draw 
fiducial sequence, remove 
stars > 3σ away 

•  Blue S/N > 15 
•  Remove carbon stars 
•  MV < +1.5 
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  Similar result: 16 stars 
(3%) are CN-strong 
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  Present-day globular clusters are 50/50 
CN-strong and CN-weak 
•  So for every CN-strong halo star, there must be 

one CN-weak star in the halo that came from 
the same cluster of  origin 

  5% of  the stellar halo (in mass) is 
equivalent to 100 present-day globular 
clusters (at 5x105M each) 
•  Not unreasonable: Mackey & van den Bergh 

estimate that the present-day GC population is 
2/3 of  its initial number (whereas we find 3/5) 
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 The 2.5% of  CN-strong halo stars can 
be extrapolated to 17%+ of  halo stars 
that originally formed in globular 
clusters 
• All of  the stars from completely dissolved 

clusters 

•  90% of  the first-generation stars from 
surviving clusters 

• Mainly CN-normal stars 

July 13, 2011 The Globular Cluster-Galaxy Connection 



  Measuring O, Na, Mg, Al abundances to 
confirm that CN-strong field giants carry the 
full globular cluster abundance pattern 
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  Measuring O, Na, Mg, Al abundances to 
confirm that CN-strong field giants carry the 
full globular cluster abundance pattern 

  Preliminary: 24 CN-strong stars  
plus 16 CN-normal "control"  
stars already observed at HET,  
plus 5 at Keck  

  5 analyzed, behave as we expect 
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 SDSS-III/APOGEE 
• Will determine C, N, O, Na, Mg, Al (among 

others) from high-resolution H-band spectra 

• Will observe classical "halo" fields and also 
stars at small Galactocentric distances 
•  Look at frequency of  stars with cluster-like 

abundances across a wide range of  rGC 

•  Origin of  extreme inner halo 
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Anticipated Spatial Distribution Model
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Anticipated Spatial Distribution Model
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  Intermediate-age populous clusters 
• From high-resolution spectroscopic studies 

in LMC clusters: O-Na anticorrelation only 
in old globulars, not in intermediate-age 
clusters (Mucciarelli et al. 2008; 2009) 
•  Caution: small sample size 

• Photometry at turn-off  is broad/bimodal for 
several clusters: multiple populations? 
•  Sgr clusters have unusual iron-peak 

abundances, few light-element abundance 
studies in literature 
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  Intermediate-age populous clusters 
• From high-resolution spectroscopic studies 

in LMC clusters: O-Na anticorrelation only 
in old globulars, not in intermediate-age 
clusters (Mucciarelli et al. 2008; 2009) 
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Fig. 1.—ACS/WFC CMDs and Hess diagrams for NGC 1846, 1783, and 1806. Radial cuts of or have been imposed as marked. In the second column′′ ′′30 60
the sizes of typical photometric uncertainties are indicated. Each Hess diagram has bin sizes of 0.01 mag in color and 0.05 mag in . The field CMDs consistmF435W

of stars taken as far as possible from each cluster center (typically beyond ∼120!) over areas equivalent to those used for the central MSTO extractions.

. A small region of overlap between the lists was used to19
calculate and eliminate any small global offsets (typically"0.02
mag).

3. ANALYSIS

Our CMDs for NGC 1846, 1783, and 1806 are presented in
Figure 1. In these plots, we have isolated the cluster sequences
from the surrounding low-level field populations by imposing
radial cuts of and as marked. Full CMDs are shown in′′ ′′30 60
the left-hand column, while the second column shows close-ups
of the cluster MSTOs and the third column presents Hess dia-
grams of these MSTO regions. In the right-hand column are
CMDs constructed by taking stars as far as possible from each
cluster center over areas equivalent to those used for the central
MSTO extractions. These outer CMDs likely still contain a few
cluster members, and are hence not completely pure field sam-
ples. Nonetheless, they clearly demonstrate that the unusual
CMD features described below are not the result of field star
contamination.

All three clusters exhibit striking, unusual MSTOs. That for
NGC 1846 possesses two clear branches, as demonstrated pre-
viously by Mackey & Broby Nielsen (2007) from shallower ACS
observations (S/N ∼ 150 at the MSTO, compared with S/N ∼

250 here). The MSTO for NGC 1806 also possesses two clear
branches, spaced similarly to those of NGC 1846. In contrast,
the MSTO for NGC 1783 is not evidently split into branches;
instead, the spread in color of the MSTO for this cluster is much
larger than can be explained by the photometric uncertainties
(marked in Fig. 1; note also the narrowness of the main sequence
below the turnoff). This may represent individual MSTO
branches which are closely spaced and unresolved by the ob-
servations, or a smoothly spread distribution of stars. We find
no evidence in the three clusters that stars belonging to different
MSTO sections (e.g., upper/lower branches) possess different
spatial distributions. Mucciarelli et al. (2007) previously noted
a spread in color about the MSTO of NGC 1783; however, their
CMD was from shallower data such that the observed spread
was consistent with that expected from the photometric
uncertainties.

Apart from the peculiar MSTO morphologies, the CMDs in
Figure 1 are as expected for intermediate-age clusters. The main
sequences, subgiant branches (SGBs), and red giant branches
(RGBs) are narrow and the red clumps are well defined, implying
that the MSTO structures are not due to significant line-of-sight
depth or differential reddening in these clusters. The narrow CMD
sequences further suggest minimal internal dispersions in [Fe/H];



  Take low-resolution 
(VLT/FORS2) 
spectra of  20-30 RGB 
stars per cluster 

  Look for CN-CH 
anticorrelation 

  Look at effects of  
large-scale 
environment on 
cluster self-
enrichment 
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