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Signatures of accretion

Illustris simulations 
Transition radius to halo defined in simulations 
Link between metallicity gradient and ex-situ 
fraction 
Transition radius from Planetary Nebulae as low 
as 1 Re (Pulsoni et al 2018).
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fixed mass, the accreted fraction varies significantly and is
correlated with both ∇[Z/H] and ∇ΣV, as shown by Pearson r2

coefficients in each panel of Figure 4. Galaxies that have
accreted more of their halo stars have flatter metallicity profiles
than those that were dominated by in situ growth. The same is
true in regards to the surface-brightness profiles, in agreement
with previous results (Figure 5, lower-right panel of Pillepich
et al. 2014).

Given that both the stellar halo metallicity and surface-
brightness gradients are correlated with the accreted fraction,
we should expect a tight relation between the two. In Figure 5,
we show this is indeed the case. In the range 2–4 Re the best fit
line is given by:

= + SZ H 0.92 0.63 . 5V[ ] ( )

The location of a galaxy along this relation depends on the
amount of accretion it has experienced in its stellar halo, as
shown by the colors in Figure 5. The fit explains 80.3% of the
variation in the data, as determined via the explained variance
regression score (Wall & Jenkins 2012).

The tight correlation between Z H[ ] and SV in the
stellar halo implies that the information content between the
two is similar. Both profiles are tracing the accretion history of

the stellar halo: halos with higher accreted fractions have both
flatter metallicity and surface-brightness profiles.
The weak correlation between age and fex suggests that the

age profile retains relatively little information content. There is
still, however, a slight correlation between age and Z H[ ] in
the stellar halo, as shown in the top panel of Figure 6. As shown
in the bottom panel of Figure 6, the anticorrelation between

Z H[ ] and age on average results in little variation in stellar
halo color gradients within the Illustris ETG sample; the majority
are very close to -g r≈−0.1 mag dex−1. Only a small
number (36 of 537) of Illustris color gradients deviate by more
than 0.25mag dex−1 from the mean, and nearly all such cases
occur in in low-mass galaxies which are not entirely quenched of
star formation (close to our quiescent selection criterion of
SSFR< 10−11 yr−1). In contrast, Hirschmann et al. (2015)
predicts a large variety of color profiles that is dependent on
merging history, but these simulations show larger z=0 star
formation rates than are observed (Hirschmann et al. 2013). We
therefore conclude that the small variations in Illustris color
gradients are caused by low levels of residual star formation. For
these reasons, we do not consider color gradients further as a
probe of accretion history properties.
In addition to the cumulative amount of accretion, we also

investigate the influence of merger mass-ratio on the stellar

Figure 4. Relations between stellar population gradients and local ex situ fractions in the stellar halo (2–4 Re). We select galaxies in three bins of mass (increasing
from left to right), and show stellar halo metallicity (top), age (middle), and surface-brightness (bottom) gradients. The lines show the best-fit relation between the
properties, denoted with the corresponding Pearson r2. In all mass bins, there is a significant correlation between both the metallicity and surface-brightness gradients
and the local ex situ fraction. At fixed mass, stellar halos with larger accreted fractions tend to have flatter gradients (∇[Z/H] or ∇ΣV closer to 0). There is at most a
weak trend with ∇age, which exists only at large masses.
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The partial correlation coefficient between variables x1 and x2,
controlling for the influence of x3, is given by:
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where r is the Pearson correlation coefficient. Thus, rp
represents the correlation between the two variables beyond
what can be explained from mutual correlation with the third
(potentially confounding) variable.

In Figure 8, we show rp
2 as a function of galactic radius,

computed between the three gradients (∇) and the local
accretion history parameters ( fex and μ). We control for the
confounding influence of stellar mass ( �Mlog ), which is shown
in Figure 3 to be correlated with the ex situ fraction. The
uncertainty is quantified using 10,000 bootstrap resamplings.
Therefore, rp

2 represents the amount of variation in each
gradient that is solely explained by the accretion properties.

Comparing the left and right panels of Figure 8, the gradients
correlate much more strongly with the ex situ fraction than with
the mean merger mass-ratio. It is apparent that the stellar
population gradients are tracing the total amount of accretion,
not whether that accretion was via major or minor mergers.

Figure 8 also shows that the information content of accretion
is retained in the stellar population profiles only at very large
radii from the galaxy. In the inner galaxy region (0.1–1 Re),
there is no correlation between the accreted fraction and any of
the gradients. At successively larger radii, ∇[Z/H] and ∇ΣV
become increasingly correlated with the local ex situ fraction,
with fex explaining as much as 30%–40% of the variation in the
gradients when measured very far (2–10 Re) into the stellar
halo. The metallicity gradient Z H[ ] does not retain more
information content than the surface-brightness profile SV ,
except possibly in the very farthest regions of the stellar halo.
∇age is not a strong probe of the accretion information content
at any radius. These findings suggest that deep photometry in
galactic stellar halos should be equal probes of galactic
accretion histories as spectroscopic metallicity measurements.

3.4. Redshift Evolution of Stellar Population Profiles

We have shown that Illustris stellar halos with larger
accreted fractions tend to host flatter gradients in metallicity
and surface-brightness. If this is a causal relation—
i.e.,accretion actively flattens these stellar population profiles
—then we would expect most galaxies to have steeper profiles
at earlier times, when they had accreted less material. To
investigate this, we study the evolution of metallicity and
surface-brightness profiles as a function of redshift.
We use the Illustris SubLink merger trees (Rodriguez-

Gomez et al. 2015) to identify the z=0.5 and z=1
progenitors of each galaxy in our quiescent sample. We project
the positions of particles in each progenitor galaxy against a
random line of sight, then average the profiles at each redshift
in three bins, according to the z=0 mass. The results are
shown in Figure 9. We note that faithfully comparing the
evolution of these profiles to observations will be difficult
because of progenitor bias (van Dokkum & Franx 2001;
Wellons et al. 2016).
From z=1 to the present, none of the profiles evolve

significantly over the inner ≈10 kpc. This is particularly
interesting in the case of the surface-brightness profile, as the
inner surface-density profiles (not shown) do increase by a
factor of ≈3 over this time period. The combination of
accretion and passive evolution of an old stellar population in
these central regions appears to roughly cancel out any changes
to the inner 10 kpc of the surface-brightness profiles.
In the outer regions of the galaxies, the metallicity and

surface-brightness profiles flatten noticeably since z=1. The
galaxies that are quiescent at z=0 were not necessarily
quenched at higher redshifts, so this does not only represent
ex situ mass growth. However the lack of any significant
change to the inner profiles (where in situ growth would show
substantial effects) suggests that the majority of this evolution
comes from the accretion of material into the galactic outskirts.
In the two lower mass bins, the profiles steepen even more
significantly beyond 4 Re, supporting the indications from

Figure 8. Partial correlation coefficient (rp
2, see text) between stellar population gradients (∇) and the accretion properties ( fex, left, and μ, right) computed as a

function of radius range. The partial correlation coefficient represents the information content retained in each gradient (see text), and in each radius range is calculated
between ∇[Z/H] (black circles, solid line), ∇age (open blue diamonds, dashed line), or∇ΣV (red squares, dashed line) and the accretion properties. The vertical error-
bars are computed via bootstrapping. Left: in the inner galaxy range (0.1–1 Re), the gradients are not correlated with ex situ fraction at all. The correlation increases
with radius, from the outer galaxy (1–2 Re) to the stellar halo (2–4 Re), and is strongest when measured from 2 to 10 Re, although ∇age is never strongly correlated
with the local ex situ fraction. Right: none of the stellar population gradients are good probes of the mean merger mass-ratio at any radius.
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Metallicity gradients in transition

profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
ranges defined above.

Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
in the star, measured at the time when the latter reached its
maximum stellar mass (see Rodriguez-Gomez et al. 2015). μ is
the average of this ratio over all stars in each of the three radius

ranges, and thus characterizes the relative influence of major
and minor mergers to the accretion history.

3. RESULTS

3.1. Stellar Population Gradients

We begin with a comparison of the gradients of stellar
populations, measured in Illustris quiescent galaxies, to
observations. Figure 2 shows the gradients in the quiescent
galaxies as a function of velocity dispersion within Re

1
8

(σ0, to
compare with observations) in the three radius ranges defined
above, with comparisons to available observations.
The top panels of Figure 2 show metallicity gradients

(� Z H[ ]). Almost all Illustris metallicity gradients are
negative, in agreement with observed ETGs (e.g., Sánchez-
Blázquez et al. 2007; Pastorello et al. 2014; González Delgado
et al. 2015; Greene et al. 2015). In the inner galaxy region, we
find no significant mass-dependence, unlike Spolaor et al.
(2010), who found evidence of a tight correlation between
� Z H[ ] and σ0 at low masses. Likewise, we find no strong
mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent

Figure 2. Measured stellar-population gradients as a function of central velocity dispersion σ0, with columns showing three radius ranges. Dotted black lines show a
flat gradient. Observational comparisons: S10 (Spolaor et al. 2010); P14 (Pastorello et al. 2014); SB07 (Sánchez-Blázquez et al. 2007); G15 (Greene et al. 2015); D14
(D’Souza et al. 2014); GD15 (González Delgado et al. 2015); F06 (Ferrarese et al. 2006). Top: metallicity gradients are almost all negative with no significant mass-
dependence, except in the stellar halo where low-mass galaxies have steeper gradients. Our measurements in the outer galaxy do not agree with the observations of
Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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region.
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ments match the stacked observations from the MASSIVE
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flat gradient. Observational comparisons: S10 (Spolaor et al. 2010); P14 (Pastorello et al. 2014); SB07 (Sánchez-Blázquez et al. 2007); G15 (Greene et al. 2015); D14
(D’Souza et al. 2014); GD15 (González Delgado et al. 2015); F06 (Ferrarese et al. 2006). Top: metallicity gradients are almost all negative with no significant mass-
dependence, except in the stellar halo where low-mass galaxies have steeper gradients. Our measurements in the outer galaxy do not agree with the observations of
Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent

Figure 2. Measured stellar-population gradients as a function of central velocity dispersion σ0, with columns showing three radius ranges. Dotted black lines show a
flat gradient. Observational comparisons: S10 (Spolaor et al. 2010); P14 (Pastorello et al. 2014); SB07 (Sánchez-Blázquez et al. 2007); G15 (Greene et al. 2015); D14
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at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
ranges defined above.

Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
in the star, measured at the time when the latter reached its
maximum stellar mass (see Rodriguez-Gomez et al. 2015). μ is
the average of this ratio over all stars in each of the three radius

ranges, and thus characterizes the relative influence of major
and minor mergers to the accretion history.

3. RESULTS

3.1. Stellar Population Gradients

We begin with a comparison of the gradients of stellar
populations, measured in Illustris quiescent galaxies, to
observations. Figure 2 shows the gradients in the quiescent
galaxies as a function of velocity dispersion within Re
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find no significant mass-dependence, unlike Spolaor et al.
(2010), who found evidence of a tight correlation between
� Z H[ ] and σ0 at low masses. Likewise, we find no strong
mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent
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Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
in the star, measured at the time when the latter reached its
maximum stellar mass (see Rodriguez-Gomez et al. 2015). μ is
the average of this ratio over all stars in each of the three radius

ranges, and thus characterizes the relative influence of major
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MaNGA

left panel of Figure 18 shows the distribution of seeing FWHM
observed for all exposures by the guider during the first year of
observations. The median seeing is 1 50, and the range is
1″–2 5.

In our DRP, we model the focal-plane PSF seen by the fiber
bundles with a double-Gaussian function:
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We prefer to model the PSF as a double Gaussian rather than a
Moffat because Gaussians are much faster to integrate over an
aperture46 than Moffat functions and Moffat functions provide
only moderate improvements. Figure 17 shows a typical PSF
measured by the guider with a 1 5 FWHM. A double Gaussian
provides an adequate description of the central region but
misses the extended tail beyond 3″. A Moffat function only
does slightly better and cannot fit the extended tail either. The
extended tail contains about 3% of the total flux. If one is
concerned with features in MaNGA galaxies that involve large
surface brightness contrasts, this issue may be important.
The PSF seen by the guider may be slightly different from

that seen by the fiber bundles. This is because the guider
system modifies the PSF in two ways. First, cross-talk between
individual fiber strands in an imaging fiber can smear the PSF.
Second, small focus offsets in the imaging camera could also
modify the PSF.
To address the impact of these effects, we refine the scales of

the PSF, using mini-bundle observations of standard stars,
assuming thatthe shape of the PSF is the same as seen by the

Figure 15. Example spectra from a typical MaNGA data cube. This galaxy was observed with IFU 12704 on plate 8138. The inset shows the SDSS color image with
the hexagonal IFU footprint overlayed. The top spectrum is from the central spaxel; the bottom spectrum is from 1.24Re away from the center and is multiplied by a
factor of 6 for easier comparison with the central spectrum. No smoothing has been applied. Even the outer spectrum, which is fainter by a factor of 30 in r-band flux,
has sufficient S/N to clearly detect numerous spectral features, which are marked with the short lines on top. The sharp spikes in the near-IR, particularly in the bottom
spectrum, are due to sky subtraction residuals. Note that the two spectra have very different shapes and feature emission lines with significantly different strengths
relative to the continuum.

Figure 16. Example stacked guider image made from co-adding 37 individual
flat-fielded guider frames taken during a 15-minute exposure. The 16 guide
fibers are positioned in this particular configuration on the fiber output block
thatis imaged by the guide camera. The bright dot in the upper left is a Tritium
spot,which can be used to check the focus of the camera. The two larger guide
fibers near the bottom left and bottom right are acquisition fibers. They provide
a larger area for us to measure the sky background. 46 We need the computation to be fast because we need to compute many

fiber-convolved PSFs with different sizes during the flux calibration step (Yan
et al. 2016).The integration of the Moffat function does not have an analytic
formula, and we have to integrate numerically, which is very slow. Integration
of the Guassian function is easy to compute using the error function, and no
numerical integration is required. Therefore, they differ by orders of magnitude
in computation time.
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Yan et al 2016; Wake et al 2017

Mapping Galaxies at APO

SDSS-IV collaboration, 2014-2020, PI Kevin Bundy 
10,000 galaxies, mass-selected above 109 Msun, 
z=0.005-0.15 (30ₒATLAS3D)
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Full Spectral Fitting Code FIREFLY

Gives an array of fits, each as a combination of 
single-burst modes (SSPs), to get SFH, metallicity, 

age distribution, etc.

Fast computation of likelihood 
surfaces of properties

Ability to change and compare input 
stellar population model ingredients 

Reconstructs SFHs from 
combinations of bursts

SP models of Maraston & Strömbäck 2011
Wilkinson et al 2015, 2017; 
Goddard et al 2017b
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Maps of stellar population parameters

Goddard et al 2017b
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Figure 8. Examples of light and mass-weighted radial profiles of age (Columns 2, 3), metallicity (Column 4, 5) and E(B�V ) values (Column 6) obtained from full spectral fitting for five galaxies from the MaNGA
survey of varying IFU size. Column 1 shows the SDSS image of the galaxy. From top to bottom: MaNGA ID 1-596678 (127 fibre), MaNGA ID 12-84679 (91 fibre), MaNGA ID 1-252070 (61 fibre), MaNGA ID
1-235530 (37 fibre) and MaNGA ID 12-110746 (19 fibre). Grey circles represent the individual Voronoi cells from the DAP data cube, the orange line shows the running median and the red line shows the straight
line fit. The value of the stellar population gradient is quoted in the legend.
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Metallicity gradients with MaNGA

SDSS-IV MaNGA: metallicity gradient in SFGs 3887

Figure 3. Stacked 2D maps of gas (top row) and stellar metallicity (middle row) and their difference (bottom row) as a function of galaxy stellar mass. Each
column indicates one mass bin from low mass at the left-hand side to high mass at the right-hand side. The coordinates of the maps are in units of effective
radius. The gas metallicity is derived using the theoretical R23 method.

Fig. 3. The median effective radii re are 2.9, 3.9, 5.5, and 8.5 kpc for
galaxies in the four mass bins, respectively. Fig. 4 shows a direct
comparison of the gas and stellar metallicity radial profiles for
galaxies in each mass bin. The shaded region indicates the 1σ error
of the median value in each mass and radial bin which is obtained
through bootstrapping. The four different mass bins are indicated
by the different colours. The two gas metallicity calibrations, the
theoretical R23 and the empirical N2 methods, are shown in the
left-hand and right-hand panels, respectively.

It can easily be appreciated that gas metallicity is always higher
than the stellar metallicity at all radii in agreement with the global
properties discussed in Paper I. As discussed there, this is indeed to
be expected if the metal enrichment is a monotonous process and
the gas metallicity is set primarily by the instantaneous chemical
enrichment rather than by the past history of the system (Lilly et al.
2013). Although a higher gas metallicity is expected, we show in
Paper I that the relatively large difference poses a challenge to
chemical evolution models that generally fail to reproduce gas and
stellar metallicity simultaneously.

In Paper I, we find that this difference between gas and stel-
lar metallicity is dependent on stellar mass with the difference
being largest in the lowest mass galaxies. In Fig. 4, this trend
can still be appreciated. In addition to this dependence on stel-

lar mass, we can now also see a clear dependence on radius. The
discrepancy between gas and stellar metallicity clearly increases
with increasing radius. In other words, the stellar metallicity gra-
dient is much steeper than the gas metallicity gradient. A key
motivation of this paper is to reproduce these radial profiles to
set constraints on the galaxy chemical enrichment and formation
histories.

It is also interesting to note that the stellar metallicity gradi-
ent significantly steepens with increasing stellar mass while the
gas metallicity gradient hardly changes. This is consistent with
the 2D maps shown in Fig. 3. This trend also implies that galaxy
bulges tend to have significantly enhanced stellar metallicities but
only slightly higher gas metallicities compared to the disc, sug-
gesting different metal enrichment histories for different galaxy
components. The mass dependence of the stellar metallicity gra-
dient in early-type galaxies is similar but much milder compared
to the late-type galaxies as shown in Goddard et al. (2017b). A
more complicated picture of the mass dependence in early-type
galaxies is proposed by Spolaor et al. (2010) and Kuntschner
et al. (2010). Another interesting fact worth noting in Fig. 4
is that, unlike the inner region of galaxies which have a stel-
lar metallicity strongly dependent on the global stellar mass, the
outer discs beyond 1 re tend to show similar stellar metallicities
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radius. The gas metallicity is derived using the theoretical R23 method.

Fig. 3. The median effective radii re are 2.9, 3.9, 5.5, and 8.5 kpc for
galaxies in the four mass bins, respectively. Fig. 4 shows a direct
comparison of the gas and stellar metallicity radial profiles for
galaxies in each mass bin. The shaded region indicates the 1σ error
of the median value in each mass and radial bin which is obtained
through bootstrapping. The four different mass bins are indicated
by the different colours. The two gas metallicity calibrations, the
theoretical R23 and the empirical N2 methods, are shown in the
left-hand and right-hand panels, respectively.

It can easily be appreciated that gas metallicity is always higher
than the stellar metallicity at all radii in agreement with the global
properties discussed in Paper I. As discussed there, this is indeed to
be expected if the metal enrichment is a monotonous process and
the gas metallicity is set primarily by the instantaneous chemical
enrichment rather than by the past history of the system (Lilly et al.
2013). Although a higher gas metallicity is expected, we show in
Paper I that the relatively large difference poses a challenge to
chemical evolution models that generally fail to reproduce gas and
stellar metallicity simultaneously.

In Paper I, we find that this difference between gas and stel-
lar metallicity is dependent on stellar mass with the difference
being largest in the lowest mass galaxies. In Fig. 4, this trend
can still be appreciated. In addition to this dependence on stel-

lar mass, we can now also see a clear dependence on radius. The
discrepancy between gas and stellar metallicity clearly increases
with increasing radius. In other words, the stellar metallicity gra-
dient is much steeper than the gas metallicity gradient. A key
motivation of this paper is to reproduce these radial profiles to
set constraints on the galaxy chemical enrichment and formation
histories.

It is also interesting to note that the stellar metallicity gradi-
ent significantly steepens with increasing stellar mass while the
gas metallicity gradient hardly changes. This is consistent with
the 2D maps shown in Fig. 3. This trend also implies that galaxy
bulges tend to have significantly enhanced stellar metallicities but
only slightly higher gas metallicities compared to the disc, sug-
gesting different metal enrichment histories for different galaxy
components. The mass dependence of the stellar metallicity gra-
dient in early-type galaxies is similar but much milder compared
to the late-type galaxies as shown in Goddard et al. (2017b). A
more complicated picture of the mass dependence in early-type
galaxies is proposed by Spolaor et al. (2010) and Kuntschner
et al. (2010). Another interesting fact worth noting in Fig. 4
is that, unlike the inner region of galaxies which have a stel-
lar metallicity strongly dependent on the global stellar mass, the
outer discs beyond 1 re tend to show similar stellar metallicities
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Gas vs stars and IMF

Jianhui Lian

3890 J. Lian et al.

Figure 5. Comparison between the MaNGA data and model predictions for test chemical evolution models of the radial profile of gas metallicity and mass-
weighted stellar metallicity (right-hand panel). The top and bottom panels show results where gas metallicity has been measured through the theoretical R23 and
empirical N2 methods, respectively. Dashed lines represent the observed radial profiles, while solid lines are the model predictions. Different colours represent
different mass bins as illustrated by the legend in the bottom left-hand panel. These test models are tuned to only match the gas metallicity observations.

Table 1. Parameter values adopted in the test chemical evolution models in Fig. 5.

[O/H] calibration Mass bin Aks Ainf
a τ inf fout α1 α2

– log(M⊙) – M⊙ yr−1 Gyr – – –

R23 [9, 9.5] 0.10 6 r
re

e− r
re 5 0.52 1.3 2.3

R23 [9.5, 10] 0.06 13 r
re

e− r
re 5 0.19 1.3 2.3

R23 [10, 10.5] 0.06 23 r
re

e− r
re 5 0.0 1.3 2.3

R23 [10.5, 11] 0.10 25 r
re

e− r
re 5 0.0 1.3 2.3

N2 [9, 9.5] 0.10 5 r
re

e− r
re 5 0.78 1.3 2.3

N2 [9.5, 10] 0.10 13 r
re

e− r
re 5 0.72 1.3 2.3

N2 [10, 10.5] 0.13 26 r
re

e− r
re 5 0.68 1.3 2.3

N2 [10.5, 11] 0.20 26 r
re

e− r
re 5 0.67 1.3 2.3

Note a: The radial dependence of parameters is illustrated as an exponential or a linear function of radius in the table.
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Spatially resolved stellar initial mass function 3967

Figure 14. NaI line-strengths for the mass bins as a function of radius, with 1σ errors calculated using a Monte Carlo-based analysis, and stellar population
model fittings using M11-MARCS (top panels) and VCJ (bottom panels). Left: Models shown as lines for a Kroupa IMF with the age, metallicity, [α/Fe], and
[Na/Fe] as derived in Sections 3.1 and 3.2. Centre: Models (lines) with varying IMF. Right: Open squares show the IMF slopes of the best-fitting models shown
in the middle panels.

comprehensive discussion of these results including a full compar-
ison with the literature is given in Section 4.

VCJ models:Similar to the procedure with M11-MARCS, we also
model the NaI feature with the VCJ models. The lower and upper
bounds on the IMF slope are the same as before. The bottom panels
in Fig. 14 show the results. We plot the predictions from the VCJ
models with Kroupa IMF as lines in the bottom left-hand panel of
Fig. 14.

Just like with the M11-MARCS models, the observations are
generally well reproduced for the low-mass bin, and the biggest
difference is at the centres in the higher mass bins. This difference
becomes smaller as radius increases, however it is non-negligible
at the half-light radius. Again, the fits can be further improved by
including the IMF slope as an additional variable, and the resulting
models and the corresponding IMF slopes are shown in the bottom
middle and right-hand panels of Fig. 14, respectively.

The adjustments to the IMF slope yield a better representation of
the data. This is particularly true at the centres where the enhanced
NaI absorption requires a steepening of the IMF slope. Consistent
with the analysis using the M11-MARCS models, a radial gradi-
ent in the IMF slope is found. The gradients derived with VCJ
models are in agreement, to 1σ , with the gradients derived through
M11-MARCS. However, the absolute values of the IMF slope are
systematically higher for the VCJ models, requiring super-Salpeter
slopes in the centre and a slope of around 2 (between Kroupa and
Salpeter) at the half-light radius. This discrepancy is caused by the
lower [Na/Fe] ratios obtained with the VCJ models compared to
TMJ (see Section 3.2).

The discrepancy in gradient appears most extreme in the lowest
mass bin, where a sub-Kroupa IMF slope at the half-light radius and
a significant negative gradient in IMF slope, albeit with large errors,
are found with the VCJ model, in contrast to the shallow gradient
around a Kroupa IMF derived with M11-MARCS. The origin of this

discrepancy is unclear. We point out, though, that the VCJ Kroupa
IMF model still appears to be a good fit to the data as can be seen
from the bottom left-hand panel of Fig. 14, which highlights the low
sensitivity of the NaI index as the IMF gets more bottom-light i.e.
the IMF needs to become significantly more bottom-light to cause
a small change in the index.

3.3.2 FeH

The Wing-Ford band, FeH, is generally considered a strong IMF
slope indicator because of the virtual absence of this feature in giant
stars (Conroy & van Dokkum 2012a). The radial profiles of the FeH
measurements are shown as filled circles in the left-hand and middle
panels of Fig. 15, which is the FeH equivalent of Fig. 14. Note that
when discussing the Wing-Ford band we only consider data within
0.5 Re as opposed to 1 Re, because the S/N ratio falls below the
central value of 200 pixel−1, well below the values compared the
rest of the spectra beyond 0.5 Re (see Section 2.3.2 and Fig. 4).

It is evident that the profiles of FeH are very different from NaI.
They tend to be flat for the lowest mass bin, positive for intermediate
masses, and a significant upturn around 0.5 Re for the highest mass
bin. Note that in Fig. 7 we show that much of this radial change in
the FeH index is driven by the red pseudo-continuum.

Results obtained with the M11-MARCS and VCJ models are
again shown in the top and bottom panels, respectively. The pa-
rameters for these models have been obtained by simultaneously
fitting FeH (instead of NaI) and the optical indices. Hence, we ob-
tain slightly different ages, metallicities, and element abundances.
These parameters, as well as the fits to the optical indices, are shown
in Appendix D.

M11-MARCS models:The M11-MARCS model sets (lines) do not
reproduce the observed FeH strengths without adjustment of the
IMF slope, as can be seen from the top left-hand panel of Fig. 15.
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Figure 7. Same as Fig. 6 for the near-IR, IMF-sensitive absorption features.

galaxy mass increases (Ferreras et al. 2013). We show clearly here
that this same pattern (increase in depth and blueshift) is seen with
decreasing galaxy radius (orange to black lines). In contrast to NaI,
the Wing-Ford band FeH is more complex, and no clear pattern is
visible from the spectra (bottom panels in 7). If at all, the radial trend
appears to be reversed with a stronger FeH absorption at larger radii.
Any possible dependence on galaxy radius and/or mass appears to be
dominated by the observed flux in the red pseudo-continuum band.
We will discuss this point in detail in Section 3 when comparing
measurements of FeH with stellar population model predictions.

Finally, for a spatial visualization of the data, in Fig. 8 we present
2D maps of the seven indices for the three mass bins. Mass increases
from left to right, and each row corresponds an index. These maps
are created using stacks of the index measurements for individual
spaxels in individual galaxies after spatial scaling. Hence, they are
not based on the stacked spectra used in the present analysis and
although systematic errors remain in these maps, random noise
is reduced so they are able to serve as an illustration of the data
properties. Gradients are clearly visible for all the features. The
maps further support our first interpretation of the data based on
Figs 6 and 7. The strengths of Mgb, Fe5270, Fe5335, NaD, and NaI
increase, while the strengths of H β and FeH decrease towards the
galaxy centre. These profiles generally get stronger with increasing
galaxy mass, a trend that is most pronounced in NaD.

2.4 Models

The analysis of galaxy spectra naturally is sensitive to the stel-
lar population model used. Kuntschner (2004a) and Conroy et al.
(2018) compare models by Thomas, Maraston & Bender (2003);
Thomas, Maraston & Johansson (2011a), Schiavon (2007), and
Conroy et al. (2018) and find encouraging agreement for opti-
cal absorption features. Modelling of near-IR features including
the IMF-sensitive indices, instead, is more challenging (Lyubenova
et al. 2010, 2012; Spiniello et al. 2014; Baldwin et al. 2018). We
therefore use a combination of different model sets in the present
analysis as outlined below.

2.4.1 TMJ and M11-MARCS

We use the Thomas et al. (2011a, hereafter TMJ) stellar popu-
lation models of the optical Lick absorption indices at the 2.5 Å
MILES resolution (Beifiori et al. 2011; Falcón-Barroso et al. 2011;
Prugniel, Vauglin & Koleva 2011) in our analysis. In brief, the
TMJ models are an update and extension of the earlier models
by Thomas, Maraston & Bender (2003) and Thomas, Maraston &
Korn (2004) and based on the Maraston (1998, 2005) evolutionary
synthesis code. The update uses new empirical calibrations by Jo-
hansson, Thomas & Maraston (2010) based on the MILES stellar
library (Sánchez-Blázquez et al. 2006). Element response functions
from Korn, Maraston & Thomas (2005) are adopted. The models
are carefully calibrated with galactic globular clusters and repro-
duce the observations well for the spectral featured used in this
study (Thomas, Johansson & Maraston 2011b). The models are
available for different ages, metallicities, variable element abun-
dance ratios, in particular [α/Fe] and [Na/Fe], and a Salpeter IMF.
Element variation are calculated at constant total metallicity, hence
the TMJ models enhance the α-elements and suppress the Fe-peak
elements according to equations 1– 3 in Thomas et al. (2003). The
models are provided for Lick and MILES spectral resolution. We
use the latter in the present work because it is well matched to the
MaNGA resolution over the relevant wavelength range.

In combination with these, we use the Maraston & Strömbäck
(2011, M11) models based on the theoretical MARCS (Gustafsson
et al. 2008) library. The theoretical library MARCS allows us to
extend our analysis to NaI and to FeH without loss of stellar param-
eter coverage. These models are available for Kroupa and Salpeter
IMFs. Using the power-law form φ ∝ M−x, a Salpeter IMF refers to
a single power law with x = 2.35 and a Kroupa IMF refers to a dou-
ble power law with x = 1.3 between 0.1 and 0.5 M⊙ (shallower than
Salpeter) and x = 2.3 between 0.5 and 100 M⊙. These are shown
in Fig. 9, normalized to the same mass. We note that the turnover
to a shallower slope at low stellar masses is also present in other
versions of the IMF like Chabrier (2003) or the recently widely
discussed integrated galactic IMF Kroupa & Weidner (2003); Wei-
dner & Kroupa (2005); Kroupa et al. (2013); De Masi, Matteucci

MNRAS 477, 3954–3982 (2018)
Downloaded from https://academic.oup.com/mnras/article-abstract/477/3/3954/4953432
by University of Portsmouth Library user
on 06 June 2018

Spatially resolved stellar initial mass function 3961

Figure 7. Same as Fig. 6 for the near-IR, IMF-sensitive absorption features.

galaxy mass increases (Ferreras et al. 2013). We show clearly here
that this same pattern (increase in depth and blueshift) is seen with
decreasing galaxy radius (orange to black lines). In contrast to NaI,
the Wing-Ford band FeH is more complex, and no clear pattern is
visible from the spectra (bottom panels in 7). If at all, the radial trend
appears to be reversed with a stronger FeH absorption at larger radii.
Any possible dependence on galaxy radius and/or mass appears to be
dominated by the observed flux in the red pseudo-continuum band.
We will discuss this point in detail in Section 3 when comparing
measurements of FeH with stellar population model predictions.

Finally, for a spatial visualization of the data, in Fig. 8 we present
2D maps of the seven indices for the three mass bins. Mass increases
from left to right, and each row corresponds an index. These maps
are created using stacks of the index measurements for individual
spaxels in individual galaxies after spatial scaling. Hence, they are
not based on the stacked spectra used in the present analysis and
although systematic errors remain in these maps, random noise
is reduced so they are able to serve as an illustration of the data
properties. Gradients are clearly visible for all the features. The
maps further support our first interpretation of the data based on
Figs 6 and 7. The strengths of Mgb, Fe5270, Fe5335, NaD, and NaI
increase, while the strengths of H β and FeH decrease towards the
galaxy centre. These profiles generally get stronger with increasing
galaxy mass, a trend that is most pronounced in NaD.

2.4 Models

The analysis of galaxy spectra naturally is sensitive to the stel-
lar population model used. Kuntschner (2004a) and Conroy et al.
(2018) compare models by Thomas, Maraston & Bender (2003);
Thomas, Maraston & Johansson (2011a), Schiavon (2007), and
Conroy et al. (2018) and find encouraging agreement for opti-
cal absorption features. Modelling of near-IR features including
the IMF-sensitive indices, instead, is more challenging (Lyubenova
et al. 2010, 2012; Spiniello et al. 2014; Baldwin et al. 2018). We
therefore use a combination of different model sets in the present
analysis as outlined below.

2.4.1 TMJ and M11-MARCS

We use the Thomas et al. (2011a, hereafter TMJ) stellar popu-
lation models of the optical Lick absorption indices at the 2.5 Å
MILES resolution (Beifiori et al. 2011; Falcón-Barroso et al. 2011;
Prugniel, Vauglin & Koleva 2011) in our analysis. In brief, the
TMJ models are an update and extension of the earlier models
by Thomas, Maraston & Bender (2003) and Thomas, Maraston &
Korn (2004) and based on the Maraston (1998, 2005) evolutionary
synthesis code. The update uses new empirical calibrations by Jo-
hansson, Thomas & Maraston (2010) based on the MILES stellar
library (Sánchez-Blázquez et al. 2006). Element response functions
from Korn, Maraston & Thomas (2005) are adopted. The models
are carefully calibrated with galactic globular clusters and repro-
duce the observations well for the spectral featured used in this
study (Thomas, Johansson & Maraston 2011b). The models are
available for different ages, metallicities, variable element abun-
dance ratios, in particular [α/Fe] and [Na/Fe], and a Salpeter IMF.
Element variation are calculated at constant total metallicity, hence
the TMJ models enhance the α-elements and suppress the Fe-peak
elements according to equations 1– 3 in Thomas et al. (2003). The
models are provided for Lick and MILES spectral resolution. We
use the latter in the present work because it is well matched to the
MaNGA resolution over the relevant wavelength range.

In combination with these, we use the Maraston & Strömbäck
(2011, M11) models based on the theoretical MARCS (Gustafsson
et al. 2008) library. The theoretical library MARCS allows us to
extend our analysis to NaI and to FeH without loss of stellar param-
eter coverage. These models are available for Kroupa and Salpeter
IMFs. Using the power-law form φ ∝ M−x, a Salpeter IMF refers to
a single power law with x = 2.35 and a Kroupa IMF refers to a dou-
ble power law with x = 1.3 between 0.1 and 0.5 M⊙ (shallower than
Salpeter) and x = 2.3 between 0.5 and 100 M⊙. These are shown
in Fig. 9, normalized to the same mass. We note that the turnover
to a shallower slope at low stellar masses is also present in other
versions of the IMF like Chabrier (2003) or the recently widely
discussed integrated galactic IMF Kroupa & Weidner (2003); Wei-
dner & Kroupa (2005); Kroupa et al. (2013); De Masi, Matteucci
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Figure 5. Comparison between the MaNGA data and model predictions for test chemical evolution models of the radial profile of gas metallicity and mass-
weighted stellar metallicity (right-hand panel). The top and bottom panels show results where gas metallicity has been measured through the theoretical R23 and
empirical N2 methods, respectively. Dashed lines represent the observed radial profiles, while solid lines are the model predictions. Different colours represent
different mass bins as illustrated by the legend in the bottom left-hand panel. These test models are tuned to only match the gas metallicity observations.

Table 1. Parameter values adopted in the test chemical evolution models in Fig. 5.

[O/H] calibration Mass bin Aks Ainf
a τ inf fout α1 α2

– log(M⊙) – M⊙ yr−1 Gyr – – –

R23 [9, 9.5] 0.10 6 r
re

e− r
re 5 0.52 1.3 2.3

R23 [9.5, 10] 0.06 13 r
re

e− r
re 5 0.19 1.3 2.3

R23 [10, 10.5] 0.06 23 r
re

e− r
re 5 0.0 1.3 2.3

R23 [10.5, 11] 0.10 25 r
re

e− r
re 5 0.0 1.3 2.3

N2 [9, 9.5] 0.10 5 r
re

e− r
re 5 0.78 1.3 2.3

N2 [9.5, 10] 0.10 13 r
re

e− r
re 5 0.72 1.3 2.3

N2 [10, 10.5] 0.13 26 r
re

e− r
re 5 0.68 1.3 2.3

N2 [10.5, 11] 0.20 26 r
re

e− r
re 5 0.67 1.3 2.3

Note a: The radial dependence of parameters is illustrated as an exponential or a linear function of radius in the table.
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Figure 7. Comparison between MaNGA data and the prediction of models with time-dependent metal outflow fractions. Radial profiles of gas metallicity
(from the R23 method), mass-weighted stellar metallicity, mass surface density, and SFR surface density are shown. The observational data are shown as
dashed lines while the model predictions are represented by solid lines. Different colours represent different mass bins as indicated in the legend in the top
left-hand panel. The parameters adopted in the variable outflow model are listed in Table 2.

Figure 8. Schematic plot to illustrate the linear function adopted for the time evolution of the IMF slope at low-mass end.

MNRAS 476, 3883–3901 (2018)
Downloaded from https://academic.oup.com/mnras/article-abstract/476/3/3883/4875953
by University of Portsmouth Library user
on 06 June 2018

Lian et al 2018a,b

Taniya Parikh

Spatially resolved stellar initial mass function 3967

Figure 14. NaI line-strengths for the mass bins as a function of radius, with 1σ errors calculated using a Monte Carlo-based analysis, and stellar population
model fittings using M11-MARCS (top panels) and VCJ (bottom panels). Left: Models shown as lines for a Kroupa IMF with the age, metallicity, [α/Fe], and
[Na/Fe] as derived in Sections 3.1 and 3.2. Centre: Models (lines) with varying IMF. Right: Open squares show the IMF slopes of the best-fitting models shown
in the middle panels.

comprehensive discussion of these results including a full compar-
ison with the literature is given in Section 4.

VCJ models:Similar to the procedure with M11-MARCS, we also
model the NaI feature with the VCJ models. The lower and upper
bounds on the IMF slope are the same as before. The bottom panels
in Fig. 14 show the results. We plot the predictions from the VCJ
models with Kroupa IMF as lines in the bottom left-hand panel of
Fig. 14.

Just like with the M11-MARCS models, the observations are
generally well reproduced for the low-mass bin, and the biggest
difference is at the centres in the higher mass bins. This difference
becomes smaller as radius increases, however it is non-negligible
at the half-light radius. Again, the fits can be further improved by
including the IMF slope as an additional variable, and the resulting
models and the corresponding IMF slopes are shown in the bottom
middle and right-hand panels of Fig. 14, respectively.

The adjustments to the IMF slope yield a better representation of
the data. This is particularly true at the centres where the enhanced
NaI absorption requires a steepening of the IMF slope. Consistent
with the analysis using the M11-MARCS models, a radial gradi-
ent in the IMF slope is found. The gradients derived with VCJ
models are in agreement, to 1σ , with the gradients derived through
M11-MARCS. However, the absolute values of the IMF slope are
systematically higher for the VCJ models, requiring super-Salpeter
slopes in the centre and a slope of around 2 (between Kroupa and
Salpeter) at the half-light radius. This discrepancy is caused by the
lower [Na/Fe] ratios obtained with the VCJ models compared to
TMJ (see Section 3.2).

The discrepancy in gradient appears most extreme in the lowest
mass bin, where a sub-Kroupa IMF slope at the half-light radius and
a significant negative gradient in IMF slope, albeit with large errors,
are found with the VCJ model, in contrast to the shallow gradient
around a Kroupa IMF derived with M11-MARCS. The origin of this

discrepancy is unclear. We point out, though, that the VCJ Kroupa
IMF model still appears to be a good fit to the data as can be seen
from the bottom left-hand panel of Fig. 14, which highlights the low
sensitivity of the NaI index as the IMF gets more bottom-light i.e.
the IMF needs to become significantly more bottom-light to cause
a small change in the index.

3.3.2 FeH

The Wing-Ford band, FeH, is generally considered a strong IMF
slope indicator because of the virtual absence of this feature in giant
stars (Conroy & van Dokkum 2012a). The radial profiles of the FeH
measurements are shown as filled circles in the left-hand and middle
panels of Fig. 15, which is the FeH equivalent of Fig. 14. Note that
when discussing the Wing-Ford band we only consider data within
0.5 Re as opposed to 1 Re, because the S/N ratio falls below the
central value of 200 pixel−1, well below the values compared the
rest of the spectra beyond 0.5 Re (see Section 2.3.2 and Fig. 4).

It is evident that the profiles of FeH are very different from NaI.
They tend to be flat for the lowest mass bin, positive for intermediate
masses, and a significant upturn around 0.5 Re for the highest mass
bin. Note that in Fig. 7 we show that much of this radial change in
the FeH index is driven by the red pseudo-continuum.

Results obtained with the M11-MARCS and VCJ models are
again shown in the top and bottom panels, respectively. The pa-
rameters for these models have been obtained by simultaneously
fitting FeH (instead of NaI) and the optical indices. Hence, we ob-
tain slightly different ages, metallicities, and element abundances.
These parameters, as well as the fits to the optical indices, are shown
in Appendix D.

M11-MARCS models:The M11-MARCS model sets (lines) do not
reproduce the observed FeH strengths without adjustment of the
IMF slope, as can be seen from the top left-hand panel of Fig. 15.

MNRAS 477, 3954–3982 (2018)
Downloaded from https://academic.oup.com/mnras/article-abstract/477/3/3954/4953432
by University of Portsmouth Library user
on 06 June 2018

Parikh et al 2018

Spatially resolved stellar initial mass function 3961

Figure 7. Same as Fig. 6 for the near-IR, IMF-sensitive absorption features.

galaxy mass increases (Ferreras et al. 2013). We show clearly here
that this same pattern (increase in depth and blueshift) is seen with
decreasing galaxy radius (orange to black lines). In contrast to NaI,
the Wing-Ford band FeH is more complex, and no clear pattern is
visible from the spectra (bottom panels in 7). If at all, the radial trend
appears to be reversed with a stronger FeH absorption at larger radii.
Any possible dependence on galaxy radius and/or mass appears to be
dominated by the observed flux in the red pseudo-continuum band.
We will discuss this point in detail in Section 3 when comparing
measurements of FeH with stellar population model predictions.

Finally, for a spatial visualization of the data, in Fig. 8 we present
2D maps of the seven indices for the three mass bins. Mass increases
from left to right, and each row corresponds an index. These maps
are created using stacks of the index measurements for individual
spaxels in individual galaxies after spatial scaling. Hence, they are
not based on the stacked spectra used in the present analysis and
although systematic errors remain in these maps, random noise
is reduced so they are able to serve as an illustration of the data
properties. Gradients are clearly visible for all the features. The
maps further support our first interpretation of the data based on
Figs 6 and 7. The strengths of Mgb, Fe5270, Fe5335, NaD, and NaI
increase, while the strengths of H β and FeH decrease towards the
galaxy centre. These profiles generally get stronger with increasing
galaxy mass, a trend that is most pronounced in NaD.

2.4 Models

The analysis of galaxy spectra naturally is sensitive to the stel-
lar population model used. Kuntschner (2004a) and Conroy et al.
(2018) compare models by Thomas, Maraston & Bender (2003);
Thomas, Maraston & Johansson (2011a), Schiavon (2007), and
Conroy et al. (2018) and find encouraging agreement for opti-
cal absorption features. Modelling of near-IR features including
the IMF-sensitive indices, instead, is more challenging (Lyubenova
et al. 2010, 2012; Spiniello et al. 2014; Baldwin et al. 2018). We
therefore use a combination of different model sets in the present
analysis as outlined below.

2.4.1 TMJ and M11-MARCS

We use the Thomas et al. (2011a, hereafter TMJ) stellar popu-
lation models of the optical Lick absorption indices at the 2.5 Å
MILES resolution (Beifiori et al. 2011; Falcón-Barroso et al. 2011;
Prugniel, Vauglin & Koleva 2011) in our analysis. In brief, the
TMJ models are an update and extension of the earlier models
by Thomas, Maraston & Bender (2003) and Thomas, Maraston &
Korn (2004) and based on the Maraston (1998, 2005) evolutionary
synthesis code. The update uses new empirical calibrations by Jo-
hansson, Thomas & Maraston (2010) based on the MILES stellar
library (Sánchez-Blázquez et al. 2006). Element response functions
from Korn, Maraston & Thomas (2005) are adopted. The models
are carefully calibrated with galactic globular clusters and repro-
duce the observations well for the spectral featured used in this
study (Thomas, Johansson & Maraston 2011b). The models are
available for different ages, metallicities, variable element abun-
dance ratios, in particular [α/Fe] and [Na/Fe], and a Salpeter IMF.
Element variation are calculated at constant total metallicity, hence
the TMJ models enhance the α-elements and suppress the Fe-peak
elements according to equations 1– 3 in Thomas et al. (2003). The
models are provided for Lick and MILES spectral resolution. We
use the latter in the present work because it is well matched to the
MaNGA resolution over the relevant wavelength range.

In combination with these, we use the Maraston & Strömbäck
(2011, M11) models based on the theoretical MARCS (Gustafsson
et al. 2008) library. The theoretical library MARCS allows us to
extend our analysis to NaI and to FeH without loss of stellar param-
eter coverage. These models are available for Kroupa and Salpeter
IMFs. Using the power-law form φ ∝ M−x, a Salpeter IMF refers to
a single power law with x = 2.35 and a Kroupa IMF refers to a dou-
ble power law with x = 1.3 between 0.1 and 0.5 M⊙ (shallower than
Salpeter) and x = 2.3 between 0.5 and 100 M⊙. These are shown
in Fig. 9, normalized to the same mass. We note that the turnover
to a shallower slope at low stellar masses is also present in other
versions of the IMF like Chabrier (2003) or the recently widely
discussed integrated galactic IMF Kroupa & Weidner (2003); Wei-
dner & Kroupa (2005); Kroupa et al. (2013); De Masi, Matteucci
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Figure 7. Same as Fig. 6 for the near-IR, IMF-sensitive absorption features.

galaxy mass increases (Ferreras et al. 2013). We show clearly here
that this same pattern (increase in depth and blueshift) is seen with
decreasing galaxy radius (orange to black lines). In contrast to NaI,
the Wing-Ford band FeH is more complex, and no clear pattern is
visible from the spectra (bottom panels in 7). If at all, the radial trend
appears to be reversed with a stronger FeH absorption at larger radii.
Any possible dependence on galaxy radius and/or mass appears to be
dominated by the observed flux in the red pseudo-continuum band.
We will discuss this point in detail in Section 3 when comparing
measurements of FeH with stellar population model predictions.

Finally, for a spatial visualization of the data, in Fig. 8 we present
2D maps of the seven indices for the three mass bins. Mass increases
from left to right, and each row corresponds an index. These maps
are created using stacks of the index measurements for individual
spaxels in individual galaxies after spatial scaling. Hence, they are
not based on the stacked spectra used in the present analysis and
although systematic errors remain in these maps, random noise
is reduced so they are able to serve as an illustration of the data
properties. Gradients are clearly visible for all the features. The
maps further support our first interpretation of the data based on
Figs 6 and 7. The strengths of Mgb, Fe5270, Fe5335, NaD, and NaI
increase, while the strengths of H β and FeH decrease towards the
galaxy centre. These profiles generally get stronger with increasing
galaxy mass, a trend that is most pronounced in NaD.

2.4 Models

The analysis of galaxy spectra naturally is sensitive to the stel-
lar population model used. Kuntschner (2004a) and Conroy et al.
(2018) compare models by Thomas, Maraston & Bender (2003);
Thomas, Maraston & Johansson (2011a), Schiavon (2007), and
Conroy et al. (2018) and find encouraging agreement for opti-
cal absorption features. Modelling of near-IR features including
the IMF-sensitive indices, instead, is more challenging (Lyubenova
et al. 2010, 2012; Spiniello et al. 2014; Baldwin et al. 2018). We
therefore use a combination of different model sets in the present
analysis as outlined below.

2.4.1 TMJ and M11-MARCS

We use the Thomas et al. (2011a, hereafter TMJ) stellar popu-
lation models of the optical Lick absorption indices at the 2.5 Å
MILES resolution (Beifiori et al. 2011; Falcón-Barroso et al. 2011;
Prugniel, Vauglin & Koleva 2011) in our analysis. In brief, the
TMJ models are an update and extension of the earlier models
by Thomas, Maraston & Bender (2003) and Thomas, Maraston &
Korn (2004) and based on the Maraston (1998, 2005) evolutionary
synthesis code. The update uses new empirical calibrations by Jo-
hansson, Thomas & Maraston (2010) based on the MILES stellar
library (Sánchez-Blázquez et al. 2006). Element response functions
from Korn, Maraston & Thomas (2005) are adopted. The models
are carefully calibrated with galactic globular clusters and repro-
duce the observations well for the spectral featured used in this
study (Thomas, Johansson & Maraston 2011b). The models are
available for different ages, metallicities, variable element abun-
dance ratios, in particular [α/Fe] and [Na/Fe], and a Salpeter IMF.
Element variation are calculated at constant total metallicity, hence
the TMJ models enhance the α-elements and suppress the Fe-peak
elements according to equations 1– 3 in Thomas et al. (2003). The
models are provided for Lick and MILES spectral resolution. We
use the latter in the present work because it is well matched to the
MaNGA resolution over the relevant wavelength range.

In combination with these, we use the Maraston & Strömbäck
(2011, M11) models based on the theoretical MARCS (Gustafsson
et al. 2008) library. The theoretical library MARCS allows us to
extend our analysis to NaI and to FeH without loss of stellar param-
eter coverage. These models are available for Kroupa and Salpeter
IMFs. Using the power-law form φ ∝ M−x, a Salpeter IMF refers to
a single power law with x = 2.35 and a Kroupa IMF refers to a dou-
ble power law with x = 1.3 between 0.1 and 0.5 M⊙ (shallower than
Salpeter) and x = 2.3 between 0.5 and 100 M⊙. These are shown
in Fig. 9, normalized to the same mass. We note that the turnover
to a shallower slope at low stellar masses is also present in other
versions of the IMF like Chabrier (2003) or the recently widely
discussed integrated galactic IMF Kroupa & Weidner (2003); Wei-
dner & Kroupa (2005); Kroupa et al. (2013); De Masi, Matteucci
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Metallicity gradients in transition

profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
ranges defined above.

Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
in the star, measured at the time when the latter reached its
maximum stellar mass (see Rodriguez-Gomez et al. 2015). μ is
the average of this ratio over all stars in each of the three radius

ranges, and thus characterizes the relative influence of major
and minor mergers to the accretion history.

3. RESULTS

3.1. Stellar Population Gradients

We begin with a comparison of the gradients of stellar
populations, measured in Illustris quiescent galaxies, to
observations. Figure 2 shows the gradients in the quiescent
galaxies as a function of velocity dispersion within Re

1
8

(σ0, to
compare with observations) in the three radius ranges defined
above, with comparisons to available observations.
The top panels of Figure 2 show metallicity gradients

(� Z H[ ]). Almost all Illustris metallicity gradients are
negative, in agreement with observed ETGs (e.g., Sánchez-
Blázquez et al. 2007; Pastorello et al. 2014; González Delgado
et al. 2015; Greene et al. 2015). In the inner galaxy region, we
find no significant mass-dependence, unlike Spolaor et al.
(2010), who found evidence of a tight correlation between
� Z H[ ] and σ0 at low masses. Likewise, we find no strong
mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent

Figure 2. Measured stellar-population gradients as a function of central velocity dispersion σ0, with columns showing three radius ranges. Dotted black lines show a
flat gradient. Observational comparisons: S10 (Spolaor et al. 2010); P14 (Pastorello et al. 2014); SB07 (Sánchez-Blázquez et al. 2007); G15 (Greene et al. 2015); D14
(D’Souza et al. 2014); GD15 (González Delgado et al. 2015); F06 (Ferrarese et al. 2006). Top: metallicity gradients are almost all negative with no significant mass-
dependence, except in the stellar halo where low-mass galaxies have steeper gradients. Our measurements in the outer galaxy do not agree with the observations of
Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
ranges defined above.

Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
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negative, in agreement with observed ETGs (e.g., Sánchez-
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et al. 2015; Greene et al. 2015). In the inner galaxy region, we
find no significant mass-dependence, unlike Spolaor et al.
(2010), who found evidence of a tight correlation between
� Z H[ ] and σ0 at low masses. Likewise, we find no strong
mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent

Figure 2. Measured stellar-population gradients as a function of central velocity dispersion σ0, with columns showing three radius ranges. Dotted black lines show a
flat gradient. Observational comparisons: S10 (Spolaor et al. 2010); P14 (Pastorello et al. 2014); SB07 (Sánchez-Blázquez et al. 2007); G15 (Greene et al. 2015); D14
(D’Souza et al. 2014); GD15 (González Delgado et al. 2015); F06 (Ferrarese et al. 2006). Top: metallicity gradients are almost all negative with no significant mass-
dependence, except in the stellar halo where low-mass galaxies have steeper gradients. Our measurements in the outer galaxy do not agree with the observations of
Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
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proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
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� Z H[ ] and σ0 at low masses. Likewise, we find no strong
mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
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brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
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Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
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host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
in the star, measured at the time when the latter reached its
maximum stellar mass (see Rodriguez-Gomez et al. 2015). μ is
the average of this ratio over all stars in each of the three radius
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ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
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at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
ranges defined above.

Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
in the star, measured at the time when the latter reached its
maximum stellar mass (see Rodriguez-Gomez et al. 2015). μ is
the average of this ratio over all stars in each of the three radius
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ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent
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Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.
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within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
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was accreted from smaller objects. It characterizes the total
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region.

For each star tagged as ex situ, we calculate the merger
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in the star, measured at the time when the latter reached its
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Pushing MaNGA beyond 1.5 Re
size, the fibers in each IFU bundle get assigned to one to four
such v-groove block(s). Sky fibers associated with an IFU
bundle are assigned to the same v-groove block(s) as the fibers
in the bundle, and they are always positioned on the edge of the
block so that there is minimal contamination of the sky spectra
by galaxy light.

When the cartridge is mounted to the telescope, the plate is
located on the focal plane of the telescope and the pseudo-slits
are inserted into the spectrographs. The light from the fibers is
collimated andthen split by a dichroic beam splitter into a blue
camera and a red camera. The blue camera covers from ∼3630
to ∼6300 Å, and the red camera covers from ∼5900 to
∼10300 Å. Finally, they are dispersed by a grism and recorded
on CCDs of 4K by 4K. Each CCD is readout by four
amplifiers. The spectral resolution, which depends smoothly on
wavelength, is around R∼2000 (see Section 7.4).

4. SAMPLE DESIGN

Full details of the sample design and tiling are given in
D. Wake et al. (2016, in preparation). Here we give an
overview and provide some insight on how the science
requirements drive the sample design.

Given the science requirements, we desire a sample of
nearby galaxies with predetermined redshifts, with which we
can estimate the stellar mass or the absolute magnitude and the
environment around each galaxy. The effective radius should
also be reliably measured so that we can use it to define a
sample with uniform spatial coverage. The NASA-Sloan Atlas
(NSA) catalog40 provides an ideal basis from which to select
our targets. It is based on SDSS imaging with improved
background subtraction and deblending (Blanton et al. 2011),
and is much more complete than SDSS photometry catalogs,
especially for galaxies brighter than rAB of 16 (our final sample
ranges roughly between rAB of 13 and 17). We used a newer
version (v1_0_1) of the NSA catalog than what is available on
the NSA Web site. This version will also be released as part of
Data Release 13 (DR13) of SDSS.

From the NSA, we select a sample with a roughly flat stellar
mass distribution. The derivation of stellar mass is model
dependent. Therefore, instead of stellar mass, we use the
absolute i-band magnitude (Mi) as it has less dependency on
model assumptions and is more easily reproducible. Thus, we
build our sample to have a flat distribution in absolute i-band
magnitude. The absolute magnitudes for the sample are derived
using the software package kcorrect (v4_2) (Blanton &
Roweis 2007).

We would like to maximize spatial resolution while ensuring
thatthe majority of the sample is covered to a certain radius.

The latter constraint means thatwe need to set a minimum
redshift so that the angular size of galaxies can fit within our
largest bundles. Because the sizes of galaxies increase with
stellar mass or luminosity, the minimum redshift has to increase
with brightening Mi. The maximum redshift is then set
accordingly so that we have roughly the same number of
galaxies in each absolute magnitude bin. The number per Mi

bin is set by the appropriate total number density of targets on
the sky to ensure high completeness and high efficiency in
targeting. In order to not bias the intrinsic sampling of galaxies,
we conduct a volume-limited selection for each absolute
magnitude. Our final luminosity-dependent redshift cuts are
shown in Figure 1 and will be provided by D. Wake et al.
(2016, in preparation).
MaNGAʼs main galaxy sample is composed of three

components: Primary sample, Secondary sample, and the
Color-Enhanced supplement. Both the Primary sample and
the Color-Enhanced supplment aim to cover 1.5Re; the
Secondary sample is designed to reach 2.5Re. To balance the
potential science opportunity provided by the Secondary

Table 1
Fiber Bundle Configuration

Bundle Size Purpose Number of Bundles Number of Long-axis Diameter Effective Radius
(fibers) per Cartridge Sky Fibers (arcsec) (arcsec)

7 Flux. Cal. 12 1 7.0 5.45
19 Science 2 2 12.0 7.73
37 Science 4 2 17.0 7.73
61 Science 4 4 22.0 10.00
91 Science 2 6 27.0 12.27
127 Science 5 8 32.0 14.54

Figure 1. Luminosity-dependent redshift cuts we use to select the sample for
MaNGA. The two shaded bands indicate the Primary sample (the lower band)
and the Secondary sample (the upper band). The dashed curve indicates the
completeness limit applied at faint magnitudes. Both the Primary and the
Secondary samples are strictly volumelimited at each Mi. The dots represent
the color-enhanced supplement, which is built to oversample the under-
populated regions in color–magnitude space. See text and Wake et al. for more
details.

40 http://www.nsatlas.org
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Fig. 3. Top: S/N in the blue (4000–5500 Å) as a function of the number
of fibers stacked. The S/N scales close to the theoretical expectation of
N0.5 overplotted in orange. This demonstrates that we are not currently
limited by the background or systematics in this wavelength range. Bot-
tom: S/N for three di↵erent be bins as a function of wavelength for the
full sample. The S/N is higher for the emission lines. There is a dip
⇠5700 Å around where the two spectrographs are joined and an increase
in background noise from high pressure sodium streetlamps.

be below one and for H↵ the S/N is around four. This demon-
strates the need for stacking many galaxies to detect the eDIG
at >5 kpc (or >1.5 Re) from the galactic plane. An example of a
stacked spectrum between 2.5 and 3.0 be is shown in Fig. 4. The
1 and 3� error contours are also plotted. As can be seen the main
strong emission lines H↵, H�, [O ii]��3726, 3729, [O iii]�5007,
[N ii]��6549, 6584, and [S ii]��6717, 6731 are easily detected
at greater than 3� confidence. A small bump in the spectrum is
visible near the region where the two spectrographs are joined.

2.3. Spectral fitting

For finding the emission line surface brightnesses, we used a
version of the MPA-JHU spectral fitting code (Tremonti et al.
2004) that has been modified by C. Tremonti for the MaNGA
spectra. The MPA-JHU spectral fitting method uses the models
from Bruzual & Charlot (2003), with three metalicities and 11
di↵erent ages to fit the stellar continuum with the emission lines
masked, and then fits the emission lines as Gaussians. Line sur-
face brightnesses and widths with errors are output by the code.
We note that the subsolar metalicity models consistently had a
lower �2; this is not unexpected since almost all the galaxies
in our sample have stellar masses less than 1010 M�, below the
“knee” in the stellar mass-metallicity relation.

As shown in Fig. 4 with the blue dotted line, the best-fit
model spectrum agrees well with the data (the residuals (data-
fit) shown in green in the plot are always near zero). Figure 5
presents a closer look at some of the main emission lines. We
plot the wavelength regions around H↵ and [N ii], as well as
around [S ii], for the minor axis bins from 0 to 4 be. Even though
the S/N decreases significantly in the outermost bins, the emis-
sion lines are well fit by simple Gaussians and the emission lines
are clearly detected.

3. Results

We present our results of the surface brightnesses of the bright
optical emission lines from the stacked spectra. First, we dis-
cuss the results from the full sample of 49 galaxies in Sect. 3.1.
For the full sample, the minor axis bins for all three methods
are given in Table C.1. We have bins for the central areas of
the galaxies within the main disk to aid in understanding how
the halo gas di↵ers from interstellar medium gas. We checked
the central bins for AGN contamination by stacking from 0.0–
0.2 and 0.2–1.0 be, and there was no noticeable di↵erence in the
line ratios. In 0.0–0.2 be stacks, we found three galaxies that are
consistent with having an AGN. To extend farther into the halo,
the large-z sample contains 16 galaxies that have fibers out to at
least 9 kpc and we discuss these results in Sect. 3.2. The minor
axis bins are the same as the full sample with additional bins
for Method 2 between 1.0–1.2, 1.2–1.4, 1.4–1.7, 1.6–1.9, and
1.7–2.0 Re, and for Method 3 between 4.0–4.5, 4.5–5.0, 5.0–6.0,
6.0–7.0, 7.0–9.0, and 7.0–10.0 kpc. We do not include the analy-
sis performed with Method 1 for the large-z stack, but the results
from Method 1 are similar to Method 2 for the large-z sample.
Then in Sect. 3.3 we present subsamples, where we split the full
sample into two halves, by sSFR (at 5.8 ⇥ 10�10 yr�1), by con-
centration index (at 2.44), and by stellar mass (at 3.73⇥109 M�)
with the same minor axis bins as the full sample. As shown in
Table 1, the S/N in the H↵ region &3 in all bins with detections.
For the large-z sample, many of the other emission lines are no
longer detected in the outer bins, however [O ii] and H↵ can still
be detected in most of them. A full discussion of the detection
limits is given in Sect. 3.2. Table C.1 gives the surface brightness
values for the bright emission lines at each minor axis bin for the
three stacking methods for the full sample and subsamples split
by various galactic properties.

3.1. Full sample

The surface brightness profiles of the bright emission lines, H↵,
H�, [O ii]�3729, [O iii]�5007, [N ii]�6584, and [S ii]�6731, as
a function of distance along the minor axis for the full sample
of 49 late-type galaxies are shown for the three stacking meth-
ods in Fig. 6. The three methods give similar profiles and all
have clear detections of the six emission lines, which exponen-
tially decrease with distance. H↵ is the dominant emission line
near the disk, but [O ii]�3729 is nearly as strong as H↵ at dis-
tances greater than ⇠3be. [S ii]�6731 is the weakest. The errors
shown in the plot in color are the ones provided by the emission
line spectral fitting code. In general there is not a huge di↵er-
ence amongst the di↵erent stacking methods. However, Method
1 seems to have breaks in the emission line profiles whereas
Method 3 is smoother and more shallow. This is probably be-
cause we are stacking across galaxies with a range of sizes lead-
ing to a smoothing of the profiles in Method 3. The relative
strengths of the emission lines do not vary significantly for the
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we found that we got the best results to the largest radii in the
alternate slit position by using only the four best spectra.

Figure 3 shows sample spectra for five radial bins in NGC
6166 and for the optimized template star. This binning is used
in Section 6 to measure line strengths for the Mg b and Fe lines.
Reliable line strength measurements are possible out to the bin
at = ″r 59 . Velocity dispersions are easier—they are measure-
able for the = ″r 87 bin and for several others at large radii in
the center, alternate, and offset slit positions.

2.3. Kinematic Results

The summed center, alternate, and offset spectra were
reduced with the Fourier correlation quotient program of
Bender (1990). This gives velocity V, velocity dispersion σ, the
higher-order Gauss–Hermite coefficients h3 and h4, and
nonparametric line-of-sight velocity distributions (LOSVDs).
At some radii near ∼ − ″r 12 (see Figure 2), the LOSVDs show
a main peak at the systemic velocity of NGC 6166 and smaller
peak in its wings associated with another of the multiple nuclei.
We omitted the corresponding velocity bins from the LOSVD
fit. Since neither the center nor the radii where σ starts to climb
are affected, this cleaning does not affect our conclusions.

However, many published V and σ measurements show
contamination from the multiple nuclei.
The instrumental velocity dispersion was measured in our

reduced spectra to be σ = 125instr km s−1, easily adequate for
the galaxy dispersions σ  300 km s−1 studied in this paper.
The kinematics are listed in Table 1 and shown in Figure 4.

2.4. The Velocity Profile of NGC 6166

The systemic velocity of NGC 6166 is 206 ± 39 km s−1

higher than the velocity 9088 ± 38 km s−1 of 494 cluster
galaxies (Lauer et al. 2014). Here we use our measure of the
systemic velocity of NGC 6166, = ±V 9294 10cD km s−1. It is
consistent within errors with values in Zabludoff et al. (1993)
and in Coziol et al. (2009). Other, inconsistent published
measurements may be affected by contamination by the
multiple nuclei. Using our VcD, NGC 6166 moves at

σ±(0.25 0.05) , typical of the values found by Lauer
et al. (2014).
If the cD halo consists of tidal debris, then we expect that its

systemic velocity should shift toward that of the cluster at the
radii where σ rises toward the cluster value. Figure 4 shows that
the velocity at large radii does decrease from VcD toward the
cluster velocity. The average of the large-radius points is only

Figure 1. SDSS gri-band color image of Abell 2199 showing our three slit positions superposed on NGC 6166. This figure illustrates the slit length in the trimmed
spectra, 480, ″0. 47 pixels = ″225. 6 = 3′. 76. The image is from http://www.wikisky.org. In the text, the slit positions are referred to as (white) central, (red)
offset, and (green) alternate. Results from these slits are listed in Table 1 and plotted in Figures 4, 5, and 15–18 in black, red, and green, respectively.
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exception). Fit values are included in Table 3. [C/Fe] shows the
most significant correlation with *s , with a positive slope
detected at 8s significance. We find a weak trend with [α/Fe]
(3.5σ) and a strong trend with age (7σ; not shown). The
measured slopes between *s and [Fe/H], [Ca/Fe], and [N/Fe] are
all consistent with zero; that is, the effective value of these
parameters is similar for all *s bins.

We can also evaluate trends between *s and stellar
population properties evaluated beyond Re (taken here to be the

R1–1.5 e bin). In this case, the physical radii increase for the
higher-dispersion bins. Interestingly, we find that the trends
with *s are weaker when evaluated as a function of Re. Only
stellar age (7σ) and [C/Fe] (much more weakly at 4σ) correlate

positively with *s . Apparently, trends between *s and
abundance ratios are strongest when measured within small
physical radii. If galaxies indeed form a compact core rapidly at
high redshift, then we expect this inner region (<5 kpc; e.g.,
van der Wel et al. 2014) to depend most strongly on *s .
Before we interpret these observed trends in more detail, we

examine differences between bins in *s and stellar mass.

5.2. Bins of M*

There is now a preponderance of evidence that stellar
population properties correlate most strongly with *s at their
centers (Bender et al. 1993; Trager et al. 2000b; Graves
et al. 2009; Wake et al. 2012). However, there is little work

Figure 4. Radial gradients in age, [Fe/H], [Mg/Fe], [C/Fe], [N/Fe], and [Ca/Fe] as calculated by EZ_Ages from the Lick indices measured in the coadded spectra. The
measurements are made on four stacked spectra binned on stellar velocity dispersion (see Figure key), and are shown as a function of R in kpc (left) or R Re. We fit
the radial gradients with a power law of the form X A R R Blog( )3= + for each stellar population parameter X, where R3 is either 3–6 kpc or R1–1.5 e. The fits to the
highest (long-dashed lines) and lowest dispersion (dotted lines) are shown here, and in Tables 1 and 2. Note the decline with radius in [Fe/H] and [C/Fe] in contrast
with the radially constant age, [Mg/Fe], [N/Fe], and [Ca/Fe]. To indicate systematic errors in the light elements due to the unknown oxygen abundance, we also show
the resulting models assuming [O/Fe] = 0.1 rather than the default [O/Fe] = 0.5 (keeping [O/Fe] constant with radius in both cases; *s > 290 km s−1 and 220 < *s
< 250 km s−1 are shown in colors that match the symbol). The [C/Fe] lines with alternate oxygen abundance have been offset by −0.1 dex for presentation purposes.
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the resulting models assuming [O/Fe] = 0.1 rather than the default [O/Fe] = 0.5 (keeping [O/Fe] constant with radius in both cases; *s > 290 km s−1 and 220 < *s
< 250 km s−1 are shown in colors that match the symbol). The [C/Fe] lines with alternate oxygen abundance have been offset by −0.1 dex for presentation purposes.
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Stellar halo Z with Planetary Nebulae

metallicity gradient near the core of NGC 4697 to become much
less pronounced beyond 1 effective radius.

However, before declaring the PNs to be representative of the
stellar population, we need to discuss whether the rather high
average PN metallicities can be attributed to a selection effect.

7.2. On Selection Effects and Metallicity Distributions

Concerning PNs there is an obvious selection effect: we have
restricted our sample to objects populating the high-luminosity
end of the PN k5007 luminosity function. Are their O abundances
higher than those of fainter PNs? This has been discussed, e.g.,
by Richer (1993), Stasinska et al. (1998), Jacoby & Ciardullo
(1999), and Magrini et al. (2004).

In theory we expect high O abundance to produce a stronger
k5007 emission line. On the other hand, more metallicity could
imply more asymptotic giant branch (AGB) mass loss (e.g.,
Greggio & Renzini 1990) and a lower central star luminosity,
which would then cancel the O abundance effect mentioned ear-
lier. Since our theoretical knowledge of the influence of metal-
licity on AGB and post-AGB evolution is far from ideal (mostly
because we lack a good theory of AGB mass-loss processes) it
looks safer to rely on the available empirical information: a di-
rect comparison of the average PN abundances in progressively
weaker bins along the luminosity function. This can be done only
for nearby galaxies, such as the Magellanic Clouds or M31.

The main argument favoring an almost solar metallicity pop-
ulation in the outskirts of NGC 4697 is the fact that we found so
many PNs (80% of those beyond 1 effective radius) with very
strong k5007/H!. As mentioned before, this happens in only
one other place throughout our Local Group: the bulge of M31
(Richer et al. 1999). Combining the information given in their
Tables 5 and 9 (oxygen abundances and line intensities, respec-
tively, in the bulge of M31) with the apparent k5007 magnitudes
from the discovery paper (Ciardullo et al. 1989), we find for the
16 brightest M31 bulge PNs that nine of them, or 56%, have
k5007/H! > 18, and we find that the average oxygen abundance
of these 16 PNs is at least 8.70 (there are four lower limits).

We can test how important it is to be restricted to the most
luminous PNs; taking the total sample of 28 PNs we get an av-
erage O abundance of at least 8.64, with 14 lower limits. There
does not seem to be a very significant difference. But what
happens if we consider even fainter PNs? We turn to Jacoby &
Ciardullo’s (1999) analysis of theM31 PNs. First, their Figure 6
shows that across 1 order of magnitude in oxygen abundance,
from 8.1 to 9.1, the upper envelope is flat; i.e., a metal-poor PN
can be as bright as a metal-rich PN. This is an essential point: if
there is a population with LMC or SMC metallicity in NGC
4697, it will produce bright PNs, and we will find them (very
probably we did, in fact, but we cannot be sure because a low
k5007/H! admits many possible abundance interpretations).

On the other hand, Jacoby & Ciardullo (1999) remark that
their fainter M31 PNs have lower average metallicity. However,
they do not conclude that the brighter PNs must overestimate the
metallicity; in their x 4.4.1 they comment that the tendency for
fainter PNs to be drawn from a lower-metallicity population may
be an artifact of a selection effect or an analysis bias, because there
is no physical rationale whymetal-rich PNs should not be faint as
well as bright.

This interpretation is supported by the fact that the average
‘‘brightest PN’’ abundance (from the data in Richer et al. 1999)
agrees with another set of data: absorption-line indices yield su-
persolar metallicities for the integrated stellar population of the
M31 bulge (Trager et al. 2000a, 2000b; Thomas et al. 2005). If we
expected the brightest PNs to overestimate the M31 bulge met-
allicity, then we would expect the M31 integrated light to indicate
a lower average metallicity. Since that does not happen, Jacoby &
Ciardullo (1999) feel that they need to explain why their sample
has so few metal-rich objects, coming from a metal-rich popula-
tion. The brighter Richer et al. sample does not have that problem.

Coming back to NGC 4697, we still have to discuss another
possibility, involving now a very low metallicity. Consider the
study by Richer (1993) of the LMC and SMC PNs. In his

Fig. 12.—Combined information about metallicity from absorption-line
data (diamonds and plus signs, as in Fig. 3) and from the PNs (triangles
indicate lower limits to the abundances) plotted as a function of projected
distance to the center of NGC 4697. One effective radius is at log r ¼ 1:98.

TABLE 6

Illustrative CLOUDY Runs

log L

(1)

HDEN

(2)

logT

(3)

log Rin

(4)

C

(5)

N

(6)

O

(7)

Ne

(8)

k5007
(9)

k3868
(10)

L (H! )
(11)

37.43......................... 4.60 4.98 16.3 8.50 8.00 8.60 7.88 19.0 1.9 34.99

37.43......................... 4.60 4.88 16.3 8.58 8.08 8.68 7.99 19.0 1.9 34.99

37.43......................... 4.60 5.08 16.3 8.56 8.06 8.66 7.94 19.0 1.9 34.97

37.43......................... 4.40 4.98 16.3 8.52 8.02 8.62 7.91 19.0 1.9 34.99

37.43......................... 4.80 4.98 16.3 8.56 8.12 8.61 7.88 19.0 1.9 35.01

37.43......................... 5.00 4.98 16.3 8.61 8.15 8.64 7.90 19.0 1.9 35.05

37.43......................... 4.60 4.98 16.1 8.58 8.15 8.61 7.90 19.0 1.9 34.92

37.43......................... 4.60 4.98 16.5 8.58 8.15 8.64 7.93 19.0 1.9 35.09

Note.—The columns give the following quantities: (1) log L of central star in ergs s"1; (2) log nebular H density in cm"3; (3) log of the
central star (blackbody) surface temperature; (4) log of inner nebular radius in cm; (5)–(8) C, N, O, and Ne nebular abundances by number in
the usual logarithmic scale with H ¼ 12; and (11) the log of the H! nebular luminosity, in ergs s"1.

O AND Ne ABUNDANCES IN NGC 4697 777No. 2, 2005

Fig. 14.—Finding charts for PNs 7–14 studied in this work.

Mendez et al 2005
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Metallicity gradients in transition

profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
ranges defined above.

Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
in the star, measured at the time when the latter reached its
maximum stellar mass (see Rodriguez-Gomez et al. 2015). μ is
the average of this ratio over all stars in each of the three radius

ranges, and thus characterizes the relative influence of major
and minor mergers to the accretion history.

3. RESULTS

3.1. Stellar Population Gradients

We begin with a comparison of the gradients of stellar
populations, measured in Illustris quiescent galaxies, to
observations. Figure 2 shows the gradients in the quiescent
galaxies as a function of velocity dispersion within Re

1
8

(σ0, to
compare with observations) in the three radius ranges defined
above, with comparisons to available observations.
The top panels of Figure 2 show metallicity gradients

(� Z H[ ]). Almost all Illustris metallicity gradients are
negative, in agreement with observed ETGs (e.g., Sánchez-
Blázquez et al. 2007; Pastorello et al. 2014; González Delgado
et al. 2015; Greene et al. 2015). In the inner galaxy region, we
find no significant mass-dependence, unlike Spolaor et al.
(2010), who found evidence of a tight correlation between
� Z H[ ] and σ0 at low masses. Likewise, we find no strong
mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent

Figure 2. Measured stellar-population gradients as a function of central velocity dispersion σ0, with columns showing three radius ranges. Dotted black lines show a
flat gradient. Observational comparisons: S10 (Spolaor et al. 2010); P14 (Pastorello et al. 2014); SB07 (Sánchez-Blázquez et al. 2007); G15 (Greene et al. 2015); D14
(D’Souza et al. 2014); GD15 (González Delgado et al. 2015); F06 (Ferrarese et al. 2006). Top: metallicity gradients are almost all negative with no significant mass-
dependence, except in the stellar halo where low-mass galaxies have steeper gradients. Our measurements in the outer galaxy do not agree with the observations of
Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
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Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.
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(2010), who found evidence of a tight correlation between
� Z H[ ] and σ0 at low masses. Likewise, we find no strong
mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent

Figure 2. Measured stellar-population gradients as a function of central velocity dispersion σ0, with columns showing three radius ranges. Dotted black lines show a
flat gradient. Observational comparisons: S10 (Spolaor et al. 2010); P14 (Pastorello et al. 2014); SB07 (Sánchez-Blázquez et al. 2007); G15 (Greene et al. 2015); D14
(D’Souza et al. 2014); GD15 (González Delgado et al. 2015); F06 (Ferrarese et al. 2006). Top: metallicity gradients are almost all negative with no significant mass-
dependence, except in the stellar halo where low-mass galaxies have steeper gradients. Our measurements in the outer galaxy do not agree with the observations of
Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
ranges defined above.

Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
proportion of stellar mass in a given region of a galaxy that
was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
mass-ratio between the host galaxy and the galaxy that brought
in the star, measured at the time when the latter reached its
maximum stellar mass (see Rodriguez-Gomez et al. 2015). μ is
the average of this ratio over all stars in each of the three radius

ranges, and thus characterizes the relative influence of major
and minor mergers to the accretion history.
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We begin with a comparison of the gradients of stellar
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mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
steep metallicity gradients (∇[Z/H]<−1.5) at low masses like
those measured by the SLUGGS survey (Pastorello et al. 2014)
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(D’Souza et al. 2014); GD15 (González Delgado et al. 2015); F06 (Ferrarese et al. 2006). Top: metallicity gradients are almost all negative with no significant mass-
dependence, except in the stellar halo where low-mass galaxies have steeper gradients. Our measurements in the outer galaxy do not agree with the observations of
Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
brightness profiles in low-mass galaxies steepen significantly from the inner galaxy to the stellar halo, while more massive galaxies have relatively constant gradients
at all radii. Example gradients for two Sérsic profiles (n = 1 and n = 5) are shown (dashed blue and red lines, respectively), and we also include comparisons to the
Sérsic index fits of (Ferrarese et al. 2006) (green curve).

5

The Astrophysical Journal, 833:158 (15pp), 2016 December 20 Cook et al.

profile. We discuss the influence of projection effects, and the
uncertainties introduced into measurements of stellar popula-
tion gradients from random line of sight projections, in
Appendix A.

2.4. Quantifying Accretion Histories

We quantify the accretion histories of the quiescent Illustris
galaxies in two ways: the ex situ fraction ( fex) and the mean
merger mass-ratio (μ), both measured within the three radius
ranges defined above.

Stars in each system are tagged either as in situ (formed
within their current host galaxy) or ex situ (formed in a galaxy
that subsequently merged with or was stripped by the current
host). More details on this particle classification scheme can be
found in Rodriguez-Gomez et al. (2016). The local ex situ
fraction (also called the accreted fraction) is thus the
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was accreted from smaller objects. It characterizes the total
influence of all mergers on the evolution of a particular galaxy
region.

For each star tagged as ex situ, we calculate the merger
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ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
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Pastorello et al. (2014); see Appendix B for discussion. Middle: age gradients are roughly flat, except in the halo where they tend to be positive. Bottom: surface-
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Sérsic index fits of (Ferrarese et al. 2006) (green curve).
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region.
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mass-dependence in the outer galaxy region. Our measure-
ments match the stacked observations from the MASSIVE
Survey (Greene et al. 2015) at large masses, but we do not find
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those measured by the SLUGGS survey (Pastorello et al. 2014)
, which are measured over 1–2.5 Re. However, the apparent

Figure 2. Measured stellar-population gradients as a function of central velocity dispersion σ0, with columns showing three radius ranges. Dotted black lines show a
flat gradient. Observational comparisons: S10 (Spolaor et al. 2010); P14 (Pastorello et al. 2014); SB07 (Sánchez-Blázquez et al. 2007); G15 (Greene et al. 2015); D14
(D’Souza et al. 2014); GD15 (González Delgado et al. 2015); F06 (Ferrarese et al. 2006). Top: metallicity gradients are almost all negative with no significant mass-
dependence, except in the stellar halo where low-mass galaxies have steeper gradients. Our measurements in the outer galaxy do not agree with the observations of
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Update with MaNGA: 
Steepest gradient at transition 
between late and early type 
Stellar halo characterised by flat 
gradient
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Table talk

Ex-situ vs in-situ 

Metallicity gradients in stellar halo 
Strong dependence on ex-situ fraction 

MaNGA 

IFU spectroscopic survey of 10k nearby galaxies 
Metallicity gradients steepen with increasing galaxy mass 
Dependence on galaxy type -> minimum at intermediate mass 

MaNGA reaching into the stellar halo 

Secondary sample allows wider coverage out to 2.5 Re 
Metallicity gradient flat in outer galaxy/stellar halo  
Metallicity converges to [Z/H] = -0.2 independent of galaxy mass 
Consistent with abundances from Planetary Nebulae

inner outer halo


