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A nearby compact L*-galaxy: “b19” (Bernardi+08, Hyde+08)

15 kpc

b19

σ=360 km/s

• flattened (q=0.6)
• embedded disk
• Re = 1.9 kpc
• Li = 4.7 x 1010 L⊙

• steep profile?

• stellar M/L ?

• Übermassive Black Hole? 
(cf. NGC1277, vdBosch+12)

• Dark Matter?
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Dynamical Models: Schwarzschild Method

HE

SD

• high-res imaging: HST/ACS
• spectrum: SDSS + HET/LRS

orbit
superposition

• components:
Stars (Υ=M/L) + BH(M●) + DM (NFW)
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Stelar Population Analysis:
Hybrid method

Constraining the IMF of Early-Type Galaxies 5

Figure 2. Median resolution of stacked spectra of ETGs, for
three bins of σ0, as labelled. The horizontal dotted line marks the
FWHM spectral resolution of the extended MILES (MIUSCAT)
models (Falcón-Barroso et al. 2011).

the present work. For instance, averaging over all stacks, the
equivalent width of Na8190SDSS would change by less than
1 σ (between the full stacks and those with z ! 0.06). This
proves that the EWs of CaT can be meaningfully compared
to those of spectral features at bluer wavelengths. Relevant
properties of each stack are summarized in Tab. 1, where
we report the σ0 range of all bins, the number of ETGs per
bin, and the median S/N ratio of stacked spectra, computed
within the central passband of five representative spectral
indices used in this work (Sec. 4). The stacked spectra fea-
ture a remarkably high S/N , larger than a few hundreds
throughout the whole spectral range. At σ0 ∼ 150 kms−1,
the S/N of the stacks peaks up to a maximum value of
∼ 1800 (∼ 800) for the IMF-sensitive TiO2 (Na8190SDSS)
spectral feature, at λ ∼ 6200 Å (8200 Å). In addition, in
Sec. 5, we probe the effect of variations in [α/Fe] on our
analysis by further splitting the sample according to [α/Fe],
at fixed σ0, we refer the reader to that section for details.

A major source of concern when studying NIR spectral
features (e.g. Na8190SDSS and CaT) is the possible sky con-
tamination of observed spectra, including telluric absorption
and emission lines from the night sky. We performed exten-
sive tests, all of them showing that sky contamination does
not affect at all our EW estimates. As an example, Fig. 1
(left panel) plots telluric lines ( from Hanuschik 2006, un-
published) and sky emission lines in the wavelength region of
7000 to 9200 Å. The red and blue shaded areas mark the ob-
served wavelength range of the Na8190 feature at the lower
(z ∼ 0.05; blue) and upper (z ∼ 0.095; red) redshift limit of
the SPIDER sample. At z ∼ 0.05, the Na8190 is observed
in a region almost unaffected by sky contamination, while
at z ∼ 0.095, the feature overlaps with a strong (H2O) tel-
luric band (at λ ∼ 9000 Å). The right panel of the same
Figure compares the stacked spectra with σ ∼ 100 km s−1

Figure 3. Examples of the unimodal (orange) and bimodal
(black) Initial Mass Functions used in this paper. Note the Γ = 1.3
unimodal case (orange solid line) matches the Salpeter (1955)
IMF (defined as a power law with index 1.35), whereas the bi-
modal case with Γ = 1.3 (black solid line) maps the Kroupa
Universal (2001) IMF (red dashed line), shifted by 0.1 dex in the
figure for illustration purposes.

and σ ∼ 300 kms−1 (black curves), to the case where (i)
only ETGs at z ! 0.065 are combined, with Na8190 being
virtually unaffected by sky contamination, and (ii) a more
“aggressive” stacking approach is adopted, where only flux
values more than 1Å away from any telluric line and sky
emission are combined. The resulting spectra (not used for
the present analysis but for sky contamination tests) show
an excellent agreement, with differences at the subpercent
level. To obtain a more quantitative estimate of how sky
contamination may affect our results, we split the sample
into low- and high-redshift bins, with 0.05 < z < 0.06
and 0.085 < z < 0.095, respectively. We have produced
stacked spectra corresponding to these two z intervals for
the lowest and highest velocity dispersion bins of our stacks,
100 ! σ0 ! 110 km s−1 and 280 ! σ0 ! 320 km s−1, re-
spectively. At highest σ0, the equivalent width 6 of the
Na8190SDSS index (see Sec. 4) is 0.51±0.03 Å (0.52±0.04 Å)
at lower (higher) redshift, while at lowest σ0, the correspond-
ing equivalent widths are 0.75±0.04 and 0.78±0.07 at lower
and higher redshift. Consistent with FLD13, we conclude
that sky contamination does not affect at all the Na8190SDSS

feature. The same result holds true for the other relevant fea-
tures. Regarding the CaT index, one may notice that part
of this feature always falls within the H2O telluric band, at
λ ∼ 9000 Å. To test the impact of this on the stacked spec-
tra, we split the CaT sample of ETGs into two redshift bins,

6 These equivalent widths are computed on the stacks at their
nominal resolution, i.e. no correction is applied to bring them to
the same σ0.
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Variation of IMF with velocity dispersion L17

Figure 1. Trend of the three absorption features targeted in this Letter
(TiO1, TiO2 and Na8190) with respect to central velocity dispersion, for
stacked SDSS spectra of ETGs from the SPIDER sample. The SEDs have
been smoothed to a common velocity dispersion of 300 km s−1 with the
spectral resolution of SDSS, and continuum subtracted with a second-order
polynomial. We only show, for clarity, three out of the 18 stacks, spanning
the full range of velocity dispersion. The shaded regions mark the positions
of the red and blue sidebands, and the central bandpass.

the spectral region around the line, more flux would be expected
to contribute from the red side of the line, therefore shifting the
position of the centroid redwards. This shifting reveals that it is the
absorption of Na at 8190 Å – and not other contaminating lines in
the vicinity – that changes with respect to the velocity dispersion of
the ETG. The two most obvious interpretations of this effect involve
either an overabundance of [Na/Fe] (Worthey 1998) or a change in
the IMF (Van Dokkum & Conroy 2010). In a forthcoming paper
(La Barbera et al., in preparation) we explore in detail the effect of
individual overabundances. However, in this Letter, we combine the
three line strengths – which rely on different species – to confirm
the trend towards a bottom-heavy IMF in massive galaxies.

Fig. 2 shows the line strengths of the stacked SEDs, for the three
IMF-sensitive indices. The strengths are corrected to a common
broadening of σ ref = 300 km s−1 (in addition to the wavelength-
dependent SDSS resolution). A strong correlation of these line
strengths with velocity dispersion is evident. We checked that the
fixed aperture of the fibres used by SDSS to retrieve spectra did
not introduce a bias with respect to size, by comparing the change
in line strengths with respect to the angular extent of the effec-
tive radius. The variation of the indices, at fixed σ , is around an
order of magnitude smaller than the trend shown in Fig. 2. The
shaded regions on the right of the figure motivate the methodology
followed in this Letter. Each one gives the model predictions for
a choice of unimodal IMF slope (labelled), over a range of sim-
ple stellar population (SSP) ages and metallicities. The values of
all three indices at high-velocity dispersion can only be reconciled
with a bottom-heavy IMF. Our methodology – explained below –
consists of removing the degeneracies from age and metallicity by

Figure 2. Trend of the equivalent widths of TiO1, TiO2 and Na8190, with
respect to velocity dispersion. All measurements are performed on data
convolved to a common velocity dispersion of 300 km s−1 with the spectral
response of SDSS. The error bars give the statistical error from the stacks, at
the 3σ level. The shaded regions on the right correspond to model predictions
for three choices of IMF unimodal slope, as labelled, spanning a range of
ages from 5 to 10 Gyr and metallicity from log Z/Z" = −0.4 to +0.2.

combining line strength information with spectral fitting over the
optical range.

4 C O N S T R A I N I N G T H E IM F

We make use of MIUSCAT (Ricciardelli et al. 2012; Vazdekis et al.
2012), the spectrally extended version of the stellar population syn-
thesis models MILES (Vazdekis et al. 2010), in order to map the
systematic trend of the TiO1, TiO2 and Na8190 line strengths with
respect to IMF slope. These models combine state-of-the art stellar
libraries in the optical and NIR windows, creating a set of spec-
tra with a uniform resolution of 2.51 Å throughout the wavelength
range 3465–9469 Å. Our data are compared with grids of SSPs, as-
suming either a unimodal or a bimodal IMF (as defined in Vazdekis
et al. 1996), over a stellar mass range 0.1–100 M". For the uni-
modal case, we adopt the logarithmic slope " = x − 1, where
dN/dm ∝ m−x is the IMF, such that the Salpeter (1955) IMF cor-
responds to " = 1.35. A bimodal IMF replaces the M < 0.6 M"
interval by a flat portion and a spline to match the power law at
the high-mass end. It gives a closer representation of Kroupa-like
IMFs for " = 1.3 (see e.g. fig. 1 of Vazdekis et al. 2003). We use
MIUSCAT SSPs spanning a wide range of ages (1–13 Gyr) and
metallicities (−1.0 ≤ log Z/Z" ≤ +0.22), for different values of
" = {0.3, 0.8, 1.0, 1.3, 1.5, 1.8, 2.0, 2.3, 2.8, 3.3}. In order to obtain
an accurate estimate of σ for each stack, we perform spectral fitting
with the software STARLIGHT (Cid Fernandes et al. 2005), in the range
of 3800–8400 Å. STARLIGHT can be used to extract full star formation
histories (see e.g. de la Rosa et al. 2012), but we are only interested
here in assessing the robustness of the measured σ with respect to
the basis SSPs. We find no significant trend when choosing template
SSPs with different IMFs, with a variation #σ !1 km s−1. Further-
more, for each stack, the σ determined by STARLIGHT is consistent,
within ∼10 per cent, with the median σ of the stacked spectra from
SDSS.
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- connection to z ∼ 1...3 galaxies
  (e.g. vDokkum+08, vdWel+08,11) ?
- size growth (e.g. Trujillo+11) inside-out by dry 
minor merging (e.g. Hilz, Naab, Ostriker 2013)

- IMF reflects ISM conditions (high α/Fe 
and Z → fast formation ?)
- HETMGS, NGC1277 et al., 
- Letter accepted, FORS2 data arrived

Discussion & Outlook
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