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The outer stellar halo of NGC 3115
Mark Peacock, Jay Strader, Aaron Romanowsky, Jean Brodie

T
h

e
 D

ig
it

iz
e

d
 S

k
y 

S
u

r
v

e
y 



✤ Resolved photometry of RGB stars 
in NGC 3115’s halo!

✤ HST observations !

✤ CMDs & Metallicity distribution !

✤ Radial trends !

✤ Comparison to globular clusters & 
their use as bright chemo-dynamical 
tracers of stellar populations!

✤ Comparison to other galaxy halos 

Overview 



✤ Quite nearby (d = 10.2 Mpc) !
✤ Early-type galaxy (S0) !
✤ stellar mass ~ 1011 Mo!

✤ Has a strongly bimodal globular 
cluster (GC) system & GCs are   
thought to trace the underlying      
stellar population. !

- a strongly bimodal GC system 
suggests there should be a 
corresponding bimodal stellar 
population !

- We target the region where metal-poor 
GCs start to dominate !

- Are GCs good tracers? We can test this.  

Why NGC3115? 

Arnold et al. (2011)

The Astrophysical Journal Letters, 736:L26 (5pp), 2011 August 1 Arnold et al.
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Figure 2. Rotation models for NGC 3115. Panels (a)–(d) plot line-of-sight velocities in two radial bins (R/Re ≈ 1, 5) vs. position angle for MRGCs (top) and MPGCs
(bottom). Solutions for rotational velocity (Vrot: solid black curves) and velocity dispersion (σ ) are determined for each data set using the kinemetry method described
in the text (dotted curves denote Vrot ± 2σ ). Smoothed rolling-fit rotational profiles with uncertainty envelopes are shown for the stellar light (black curve) and MRGCs
(red curve) in (e), and for the MPGCs (blue curve) in (f). In (g) the v/σ profile of NGC 3115’s MRGC subpopulation (red curve) is compared against a simulated
merger remnant with a 1:10 mass ratio (dashed: Bournaud et al. 2005). (h) The i-band ellipticity profile.
(A color version of this figure is available in the online journal.)
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Figure 3. Color distributions (g − i)0 of point sources around NGC 3115. Left: overall photometrically selected GCs (open histogram) and of stellar contaminants
(filled; as measured at R/Re > 14). Middle: resulting true GCs (open) after contaminant subtraction. Also shown are the spectroscopically confirmed GCs (filled).
Right: color (left axis) and [Fe/H] metallicity (right axis; see the text for details) vs. radius. Individual GCs are shown as squares according to the legend at right.
Solid curves denote rolling fits of the peak color of each GC subpopulation as estimated from a combination of mixture modeling methods (Ashman et al. 1994) and
an iterative Monte Carlo scheme to correct for the contaminant color bias. Associated error envelopes reflect both statistical and photometric uncertainties. We convert
the peak color difference between the inner (1–2 Re) and outer (>8 Re) portions of each GC system into merger mass ratios (see the text), with sample values shown
on the right-hand side.
(A color version of this figure is available in the online journal.)

as also inferred from their similar ages and metallicities (Norris
et al. 2006). At larger radii, this rotation decreases dramatically
(see also Figures 2(a) and (b)). The MPGCs have moderate
rotation with a decline outside ∼4Re.

An alternative rotation profile for the MRGCs is shown in
Figure 2(g), after normalizing by the local velocity dispersion.
The photometric ellipticity profile is also plotted, showing
a decrease with radius that parallels the rotational gradient.
The overall implication is for a bulge that has a high degree
of rotational flattening in its central regions, while becoming
rounder and dispersion-dominated in its outskirts.

Having found kinematic transitions in both GC subpopula-
tions, we look for analogous transitions in the radial metallic-
ity profiles. First we summarize the overall color distribution
of the GCs in Figure 3(a), which shows a classic bimodal-
ity. We will assume that this bimodality persists with increas-

ing radius, but that the location of the color peaks may shift.
At large radii we must cope with the contaminating effects
of foreground stars, whose color distribution we also show in
Figure 3(a), and use to construct Monte Carlo mock data sets
to iteratively correct for the contaminant bias on the color peak
locations.

Figure 3(c) shows color versus radius, both for individual
GC candidates and for the fitted peak locations. Both GC sub-
populations have radially decreasing colors, which we quan-
tify as power-law color gradients with slopes of −0.05 and
−0.07 mag dex−1 for MPGCs and MRGCs, respectively. Us-
ing our own empirical calibration to the (g − z) color used in
Advanced Camera for Surveys GC studies (Peng et al. 2006),
the gradients are −0.07 and −0.10 mag dex−1. Converting to
[Fe/H] metallicity (Peng et al. 2006), we estimate gradients of
−0.38 ± 0.06 and −0.17 ± 0.04 dex dex−1.
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Figure 3. GC color–metallicity relation. Metallicities are derived from our CaT measurement for 71 GCs, using the CaT–[Z/H] relation of Usher et al. (2012). The
dashed line is the color–metallicity model relation of Yoon et al. (2011a) and the solid line is a two-component, best-fit linear color–metallicity relation that provides
a better representation of the data.
(A color version of this figure is available in the online journal.)

Figure 4. GC metallicity distribution functions. The solid line is the MDF
derived from CaT measurements. It is bimodal at the 99.8% confidence level.
The dashed and dotted lines are obtained from (g − i)0 colors using the Yoon
et al. (2011a) model color–[Z/H] relation and the Usher et al. (2012) empirical
color–[Z/H] relation, respectively.
(A color version of this figure is available in the online journal.)

sample in NGC 4594 is larger, the spectra are generally of lesser
signal to noise than those of the 71 selected objects in NGC 3115.
More critically, the NGC 3115 system is the definitive litmus
test of metallicity bimodality because its color bimodality is
much clearer than in either NGC 4472 or NGC 4594.

NGC 5128 (Cen A) is another galaxy with a well-studied
GC system. Woodley et al. (2010) found bi/multimodality in
the spectroscopically derived metallicities and colors of the old

GCs in their sample. However, NGC 5128 is known to be the
remnant of a recent merger and has a population of relatively
young GCs, presumed to have formed in that merger (Beasley
et al. 2008). Although this galaxy is GC-rich and nearby, its
complexity and special, post-merger status make it far from
ideal as a bimodality benchmark.

Two well-studied GC-populous galaxies, M31 (Caldwell et al.
2011) and M87 (Cohen et al. 1998), have spectroscopic metal-
licity distributions that are not clearly bimodal, and for these
the issue is not with sample size or signal to noise. Neither of
these galaxies would fit our criterion for clear color bimodal-
ity. The peaks of the color distributions are poorly separated
and the kurtoses are positive (M31: DD = 1.47, k = 0.23;
M87: DD = 1.30, k = 0.19). Therefore, the lack of metal-
licity bimodality is to be expected. Moreover, only GCs sig-
nificantly brighter than the mean were included in the Cohen
et al. study. Interestingly though, in M87, Strader et al.
(2011) found evidence from subsample kinematics and col-
ors that multiple, old populations may be present, perhaps
as a result of ongoing accretion of infalling satellite galaxies
hosting GC systems with a range of masses and hence
colors and metallicities. In general, the extended formation his-
tories of central cluster galaxies like M87 may be expected to
produce more complex GC systems, especially when studied in
detail. M31 is also actively accreting satellite galaxies and their
associated GCs (Mackey et al. 2010), although it is not clear
whether this recent accretion history is typical of or unusual for
massive disk galaxies.

An important point in the context of this work is that spectro-
scopically inferred MDFs, whether unimodal or multimodal, do
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✤ Three HST fields: !
@ 19, 37, 54 kpc!

✤ Two filters: !
ACS F606W (V band) !
WFC3-IR F110W                    
(spans Y & J bands)

NGC3115 observations 



19kpc, 6’

54kpc, 18’

DSS image of NGC 3115
HST WFC3-IR images 



The observed CMDs

7re 14re 21re

galactocentric radius (along minor axis)



Dartmouth isochrones (Dotter ea. ’08)

10 Gyr,    [α/Fe] = 0.4,    [Z/H] = -2.2, -1.9, -1.6, -1.3, -1.0, -0.7, -0.4, -0.1, +0.2 



✤ Quite an enriched population 
at all radii, peaked at                   
[Z/H] ~ -0.5 to -0.65!

!

✤ Metal-poor population 
observed, peaked at                    
[Z/H] ~ -1.3

MDF of NGC3115’s stellar halo
8 Peacock et al.
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Figure 8. The completeness as a function of metallicity for stars
with F110W < 26.5. The red solid line is for the inner field (F1),
the green dotted line is for the middle field (F2) and the blue
dot-dashed line is for the outer field (F3).

with the density of sources increasing artificially towards
bluer colors.
The colors are clearly in excellent agreement with these

isochrones for RGB stars in NGC 3115. We note that,
while the TRGB is clearly visible as a dramatic decrease
in the number of sources, some sources with brighter
magnitudes are detected. Many of these are likely to
be AGB stars. We do not include the sources brighter
than the TRGB in our subsequent analysis.
In Figure 7, we consider the e↵ect of inaccuracies in the

choice of isochrones used to represent the stellar popu-
lation. For [Z/H] < �0.2, varying [↵/Fe] from 0.0 (so-
lar) to +0.4 has a negligible e↵ect on the isochrones for
constant [Z/H]. Similarly, varying the age of the stellar
population from 8 Gyr to 12 Gyr has only a small ef-
fect on the isochrones. Finally, we consider di↵erences
between the Dartmouth (red, solid) and Padova (blue,
dashed) isochrones. It can be seen that the two models
produce very similar colors, with only small di↵erences.
We conclude that our analysis is relatively robust to the
choice of model and our assumptions about the age and ↵

abundance. Such e↵ects are likely to produce systematic
errors in the resulting metallicities of ⇠0.1 dex. Since
much of our analysis is comparative between the three
radial fields, systematic errors will have little e↵ect on
our conclusions.

5.2. Metallicity distribution of NGC 3115’s stellar halo

The CMDs presented in Figures 3 and 6 can be used
to investigate the stellar metallicity distribution function
(MDF) in these three halo fields. To do this, we as-
sume that the stellar population is well represented by
the Dartmouth isochrones with an age of 10 Gyr and
[↵/Fe]=+0.4. We then match a star’s CMD location to
that of a grid of these isochrones separated in [Z/H] by
0.1 dex. As discussed above, small deviations in the age,
↵-abundance and model used should only introduce small
di↵erences in the derived metallicities.
To improve the statistics, the goal is to include as many

stars as possible in the derivation of the MDF. However,
the increased errors and narrowing of the color di↵er-
ence with metallicity for fainter stars act to artificially
smooth out the underlying MDF. The choice of magni-
tude limit is therefore non-trivial. In the Appendix, we
investigate the MDFs produced using di↵erent magni-
tude cuts. While small variations are observed between
the MDFs derived (see Figure A1), the key features are
quite insensitive to these choices. In the subsequent anal-
ysis we consider all stars with F110W < 26.5. This sim-
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Figure 9. MDFs for the inner field (F1, top), middle field (F2,
middle) and outer field (F3, bottom). The dotted histograms
show the observed MDFs before correcting for completeness.
The number of stars in each field is normalized to 1. The right
panels show zoomed in sections around the metal-poor peak.
The errorbars are the associated Poisson errors for each bin. In
all fields a relatively metal-rich population with [Z/H] ⇠ �0.5 is
present. However, the peak of this population is found to shift
to lower metallicities with increasing distance from the center of
the galaxy. A second lower metallicity peak can be seen in the
tail of the distribution of fields F1 and F3 at [Z/H] ⇠ �1.3. The
dashed lightgray, dot-dashed darkgray and dotted black lines show
model MDFs from a closed-box, a pre-enriched closed box and an
accreting gas model, respectively (see Section 6).

ple cut allows us to consider a large number of stars with
su�ciently accurate photometry.
Before studying the MDFs of NGC 3115’s halo, we

first calculate completeness corrections based on the ar-
tificial star tests discussed in Section 2. For stars with
F110W < 26.5, this correction is shown in Figure 8. It
can be seen that the completeness correction is only sig-
nificant for [Z/H] > �0.4 and is largest for the inner field
(where crowding lowers the detection of these relatively
metal-rich stars). We correct the observed MDFs using
these completeness corrections and restrict our analysis
to stars with [Z/H] < �0.15 (because at higher metal-
licities the completeness corrections become increasingly
large and unreliable).
Figure 9 shows the completeness corrected MDFs for

the three fields observed in NGC 3115’s halo (centered
at 19, 37 and 54 kpc from the center of the galaxy).
The black and gray lines in this figure show the chemical
enrichment models discussed in Section 6. It can be seen
that all three fields are dominated by a quite enriched
stellar population. The peak in the MDF shifts from
[Z/H] ⇠ �0.5 in the inner field to [Z/H] ⇠ �0.6 in the
outer field. We also note that the fraction of stars with
high metallicity ([Z/H] > �0.4) is much lower in the



Radial variations  
    &   
Comparison to the globular cluster system



Radial variations 

7re 14re 21re

19 kpc 37 kpc 54 kpc



Radial variations



✤ Metal rich and 
poor populations 
are similar !

!

✤ Metal poor GCs 
are much higher 
fraction of the 
halo than stars. 

GCs vs. Halo stars



Stellar density profile

Metal-rich  [Z/H] > -0.95 !
Metal-poor [Z/H] < -0.95 !
!
Best fit power laws 15 - 55 kpc: !
! αrich  = -2.7 !
! αpoor = -3.0 (flatter)!
!
The metal poor component: !
Stellar halo mass = 2 x 1010 M☉!

!
(14% of total stellar mass) !



Stellar density profile

Ratio of metal-poor to -rich stars increases with radius !
- similar variation observed with the GCs !

!
Fraction of metal-poor GCs much larger than ratio of metal poor stars 

GCs

Stars
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Comparison to 
other galaxies

✤ Other stellar halos: !
✤ NGC3379 (Harris ea. ’07) !
✤ NGC5128 (Rejkuba ea. ’14)!
✤ Milky Way (Carollo ea. ’10)!
✤ M31 (Ibata ea. ’14)



✤ From 15 - 60 kpc (6 - 23 re) we find: !

✤ the peak in the MDF decreases from [Z/H] -0.5 to -0.65 and the                  
mean metallicity decreases from -0.65 to -0.8!

✤ a distinct lower metallicity population in two of the fields,                   
peaked at [Z/H] ~ -1.3 !

✤ the metal-poor population has a flatter profile than the metal-rich!

✤ The metal-poor “halo” population’s mass estimated as 2 x 1010 M☉                    
(14% of the total mass) !

✤ The metal-rich and -poor GC density profiles and metallicities are 
consistent with the underlying stellar population (but ratios are different). !

✤ We only sample a small region of the halo - it’s important to compare such 
work with surface brightness photometry to investigate substructure. 

Summary: NGC 3115’s halo 


