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SIMULATIONS: AURIGA - MILKY WAY MASS GALAXIES

Grand et al. 2017

➤ Primordial metal-line cooling with self-shielding 
➤ ISM: two-phase medium with effective equation of state 
➤ Star formation 
➤ Stellar evolution, gas recycling and chemical evolution 
➤ Stellar feedback: isotropic winds, SNII, SNIa 
➤ Black holes: quasar mode and radio mode 
➤ Magnetic fields



SIMULATIONS: AURIGA - MILKY WAY MASS GALAXIES

Reproduce a wide range 
of present-day 
observables: 
➤ two component disc 

dominated galaxies 
➤ stellar masses 
➤ sizes 
➤ rotation curves 
➤ star formation rates 
➤ metallicities

Grand et al. 2017



PROBLEM IN ALPHA ABUNDANCES
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OBSERVED IMF VARIATIONS (NON-EXHAUSTIVE)
IMF Variations from the Integrated Light of SDSS Galaxies 257

Figure 3. Distribution in (g− r)0.1 - log(Hα EW) space for the 10,000 lowest (left
panel) and 10,000 highest (right panel) µr,50 galaxies in the sample. Contours are
logarithmic. Outside the last contour individual galaxies are plotted. Solid lines
are model tracks with exponentially decreasing SFHs with τ = 1.1 Gyr and solar
metallicity. The age increases along the tracks from 100 Myr in the upper left to 13
Gyr at the lower right. The upper line has Γ = 1.00, the middle line is similar to
Salpeter’s IMF with Γ = 1.35, and the lower line has Γ = 2.00. The cross in the
lower left of each panel indicates the median error bars of the sample.

incorporating the HδA absorption and the new IMF parameterizations is being made for
an upcoming paper.

The second problem is that spectral synthesis models have inherent limitations
and are still being actively developed. The systematic effects of the choice of spectral
synthesis models is not known for this type of analysis, and the results are subject to
change based on improvements in models of stellar evolution. To quantify this effect,
multiple models are being used to determine the scale of variations between models.
The fundamental limitation that spectral synthesis models are only as good as the stellar
models that go into them still remains.

However, if variation of the IMF shown here is taken at face value, the results here
provide insights into the IMF. Principle among these is that 120 M⊙ stars are important
for creating the observed Hα EWs. Figures 2 and 3 show that the most luminous and
highest surface brightness galaxies favor the presence of 120 M⊙ stars when assuming
an IMF of the form of Equation 2. At the highest luminosities and surface brightnesses
the fit is improved by allowing even more massive stars to form.

Hoversten & Glazebrook 2008
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Figure 5. The best fit IMF slope for each of the SFR sub–groups of the three vol-
ume limited samples (Figure 2 shows the SFR sub–groups of the highest volume
limited sample). The solid horizontal line indicates a Salpeter slope, the dot–dashed
line indicates a Kroupa (2001) high–mass slope of α = 2.3 and the dashed line
dictates the Baldry & Glazebrook (2003) IMF slope. The trend for higher SFR
galaxies to show flatter IMF slopes is clear. A least-squares linear fit to α ver-
sus average SFR observed in the highest volume limited sample gives the relation
α ≈ 0.34 log⟨S FR⟩ − 2.5.
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FIG. 10.— Starburst 99 model predictions of FHα/ fFUV for stellar populations forming at a constant star formation rate are shown in panels (a) and (b). Panel
(c) shows the distribution of observed FHα/ fFUV values for comparison. In panel (a) the IMF slope γ is held constant at the Salpeter (1955) value whileMu is
varied. In panel (b) the upper mass limit is held constant atMu = 100M⊙ while γ is varied. In these panels the dots indicate theMu and γ values used in the
solar-metallicity (Z = 0.02) models, while solid lines connect the models for star formation durations of 0, 10 Myr, 100 Myr, and 1 Gyr (from top to bottom). The
dashed (purple) and dot-dashed (green) lines in panel (b) indicate tracks with a metallicity Z = 0.004 and 0.05 respectively and a duration of 1 Gyr. The broken
horizontal line in all panels shows the expected FHα/ fFUV for our fiducial stellar population model (eq. 3).

ple selection eliminates the possibility that our results stem
from a non-representative sample.

6.2. A scenario for the observed correlations
The belief that the form of the IMF is universal is largely

based on observations of star clusters. Kroupa (2001) showed
that apparent variations in γ observed in young star clusters
could result purely from stochastic effects due to the limited
number of massive stars. A universal IMF is then a logi-
cal conclusion if all stars form in star clusters as argued by
Lada & Lada (2003).
Recent work suggests that this paradigm should be re-

examined. Theory and simulations indicate that the highest
mass stars (> 10M⊙) require a dense cluster environment to
form efficiently. It is hard to form these stars by simple col-
lapse and fragmentation - the stars “turn on” and stop form-
ing before high masses can be assembled. One way around
this is by the process of competitive accretion whereby young
proto-stars “steal” material from each others envelopes as well
as accreting it from the dense ISM at the bottom of a cluster’s
potential well (Bonnell, et al. 2004). This allows rapid assem-
bly of massive stars but requires very dense environments, like
star clusters, and especially their dense centers (Bonnell, et al.
2004). While all stars may form in clusters, not all clusters
are alike. Clusters with a wide range of densities are known
many of which are unbound (Lada & Lada 2003). Ephemeral
unbound clusters are not likely to maintain a high enough den-
sity for long enough to have the collisions necessary to form
the most massive stars.
Pressure plays a key role in regulating the phases

of the ISM (McKee & Ostriker 1977; Wolfire et al. 2003;
Blitz & Rosolowsky 2006), and is the most likely phys-
ical property for driving the observed FHα/ fFUV correla-
tions. While the neutral phases (cold and warm) are in pres-
sure equilibrium with each other, the molecular ISM is self
gravitating and supported by turbulence from star formation
feedback (Dopita & Sutherland 2003). Blitz & Rosolowsky
(2006) show that the ratio of molecular to neutral ISM in
galaxies has a nearly linear relationship with the mid-plane
pressure, Pmid, expected from hydrostatic equilibrium of a thin
gas layer embedded in stellar disk with a significantly larger
scale height. This leads to the expectation that

Pmid ∝ Σ
0.5
⋆ Σg(σg/

!

h⋆), (13)
where Σ⋆ is the stellar mass density in the disk, Σg is the ISM
mass density, σg is the ISM velocity dispersion, and h⋆ is the

stellar scale height. The terms in parenthesis are not expected
to vary much within galaxies nor from galaxy to galaxy. Σ⋆

varies strongly between galaxies and to first order is ∝ ΣR.
The molecular to neutral mass ratio in the ISM, and therefore
the fraction of the ISM available for star formation, should
be highly dependent on ΣR, because it effectively is tracing
pressure.
Elmegreen & Efremov (1997) and Elmegreen (2008b)

show that tight bound clusters, and hence O stars, should
preferentially form in a high pressure environment while at
lower pressures unbound and loose clusters form (with less
O stars). While the pressure they are referring to is that in-
ternal to the molecular clouds, Pmid provides a floor to this
pressure and thus should have some bearing on the final inter-
nal pressures (Dopita & Sutherland 2003). By this reasoning,
ΣR traces Pmid which determines the likelihood that clusters
are formed bound, thus regulating the O/B ratio and therefore
FHα/ fFUV.
The link between compact cluster formation and

surface brightness is well established observationally.
Larsen & Richtler (2000) and Larsen (2004) used ground
based and HST images of spiral galaxies to show that the
fraction of U band light in star clusters correlates with
the surface brightness of the host. Similarly, Billet et al.
(2002) show that the fraction of U band light in star clusters
scales almost linearly with ΣSFR. Meurer et al. (1995) used
Hubble Space Telescope NUV images to show that there is
a correlation between fraction of NUV light in the form of
star clusters and underlying surface brightness in starburst
galaxies. While the correlation is weaker than that shown by
Larsen (2004), the surface brightness range is smaller, with
the starbursts corresponding to the high intensity, high cluster
fraction extension of the sequence of Larsen.
Internal variations in FHα/ fFUV within a galaxy may also

be related to pressure variations. For example, M83 shows
a sharp decline in its FHα/ fFUV ratio (Thilker et al. 2005)
corresponding to the Hα truncation radius identified by
Martin & Kennicutt (2001). The FUV surface brightness pro-
file continues well beyond this radius, with no apparent sign
of a truncation. Similar results are found in a larger sample by
Boissier et al. (2007) showing that H II edges, generally are
not seen in the FUV. Martin & Kennicutt (2001) show that the
H II edges corresponds well to whereΣg drops below the crit-
ical density needed for disk self-gravity (Martin & Kennicutt
2001). When a disk becomes gravitationally unstable it first
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Figure 13. IMF versus inferred SF timescale (left panel), inferred SFR surface density, ΣSFR (middle panel), and inferred pressure (right panel). All quantities
are measured within Re/8 except for M31, where quantities are measured within the central 4′′ = 15 pc. The quantity plotted on the y−axis is sensitive only to
the IMF, as it is the true mass-to-light ratio divided by the mass-to-light ratio assuming a MW IMF. The SF timescale is inferred from the measured [Mg/Fe]
abundance. The SFR surface density is estimated from the stellar mass, SF timescale, and present galaxy size, and the pressure is estimated from the mass and
present galaxy size. Symbol colors are as in Figure 5. Solid lines are not fits to the points, they are simply intended to guide the eye.

systematics that correlate with metallicity are not driving the
inferred IMF variation with σ and [Mg/Fe] shown in Figure
5. Ultimately, more work is needed in the construction and
calibration of models at high metallicity.
It will be difficult to prove unequivocally that the IMF does

indeed vary from galaxy to galaxy based on integrated light
measurements. However, it presently remains the best expla-
nation for the observed spectral features in early-type galaxies
given the available models.

6.2. Origin of the Observed Trends
If we now take the inferred IMF variation at face value,

we can ask what physical mechanism(s) may give rise to the
observed correlations. The observed correlation between the
IMF and α−enhancement appears to be stronger than the cor-
relation with σ; we will therefore interpret the former as the
more fundamental relation. Of course, nearly all properties
of early-type galaxies are strongly correlated with one an-
other (e.g., Faber & Jackson 1976; Djorgovski & Davis 1987;
Worthey et al. 1992; Trager et al. 2000; Thomas et al. 2005;
Graves et al. 2009), so further work will be required to posi-
tively identify the fundamental underlying variable(s) govern-
ing the variation in the IMF.
The level of α−enhancement in a stellar population is

normally interpreted in terms of a star formation (SF)
timescale — higher α−enhancements correspond to shorter
SF timescales. We adopt a relation between [α/Fe] and SF
timescale based on a simple chemical evolution model pre-
sented in Thomas et al. (2005), [α/Fe]≈ 1

5 −
1
6 log∆t, and in

this section we assume that [Mg/Fe]=[α/Fe]. We caution that
the precise relation between timescale and α−enhancement
depends on the stellar population model and the details of
galactic chemical evolution (e.g., Arrigoni et al. 2010). The
resulting relation between the IMF and SF timescale is shown
in the left panel of Figure 13. Notice that the galaxies with the
most bottom-heavy IMFs have inferred SF timescales of only
200−300Myr.
We can go one step further and estimate an average star for-

mation rate (SFR) surface density,ΣSFR, within Re/8 based on

the stellar mass within this radius8,M∗, and the SF timescale:
ΣSF = M∗/4π∆t(Re/8)2. The result is shown in the mid-
dle panel of Figure 13. Galaxies with the most bottom-
heavy IMF have inferred SFR surface densities in excess of
100M⊙yr−1 kpc−2. In the local universe such high SFR sur-
face densities are found only in the most extreme circumnu-
clear starbursts (Kennicutt 1998). We emphasize that these
quantities are based on the present stellar density within Re/8.
Observations of massive early-type galaxies suggest that their
central densities actually decrease with time (Bezanson et al.
2009), which appears to be a consequence of both major and
minor mergers (Oser et al. 2012). These inferred SFR surface
densities may therefore be lower limits to the true SFR densi-
ties.
Another quantity of interest is the pressure of the system,

which can be estimated via P ∝ M2
∗/R4. We have computed

the effective pressure within Re/8 for our sample and plotted
this against our best-fit IMFs in the right panel of Figure 13. A
correlation is apparent, but it is weaker than the other relations
shown in this figure. This may be due to the fact that the
effective pressure estimated at z = 0 is only weakly correlated
with the pressure at the epoch of formation.
In each of these panels we have included simple power-

law relations. These were not fits to the data; the power-law
indices were chosen by eye to represent the mean trend in the
sample.
The data therefore support a scenario wherein the IMF is

correlatedwith the intensity of star formation and/or the effec-
tive pressure of the system, in the sense that higher SFR den-
sities and higher pressures correspond to more bottom-heavy
IMFs.
A number of recent papers have pointed to fragmen-

tation in supersonically turbulent molecular clouds as the
key physical process governing the shape of the stel-
lar IMF (Padoan et al. 1997; Padoan & Nordlund 2002;
8 The stellar mass within Re/8 is estimated by combining the best-fit

M/LK ratios, the total K−band luminosities from Cappellari et al. (2011),
and the Sersic indices from Falcón-Barroso et al. (2011). The latter quan-
tity is used to estimate the fraction of the total light contained within Re/8.
For M31 the I−band luminosity within our extraction aperture was derived
from Sick et al., in prep.
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Fig. 2.— IMF–metallicity relation obtained from CALIFA local measurements (blue). We also show the local IMF and metallicities
measurements derived by Mart́ın-Navarro et al. (2015a,b) (red, orange) for three of nearby ETGs, as well as global SDSS measurements
(black). We found it to be the strongest correlation (ρ[M/H] = 0.82). As in Fig. 1, the right vertical axis indicates the F0.5 ratio. For
reference, the standard Kroupa IMF value is shown as a horizontal dotted line. Dashed line correspond to the best-fitting linear relation
to all the datasets.

The latter is corrected in our approach (∆α,i in Eq. 1).
In addition to the IMF, age and metalliciy, the [Mg/Fe]

of each radial bin was derived by means of the [ZMg/ZFe]
proxy (La Barbera et al. 2013), i.e., using the metallic-
ity difference between two index-index diagrams, where
HβO

is plotted against a Mg and Fe metallicity indicator,
respectively.

3.2. Stellar kinematics

To understand the IMF variations, we also compared
our best-fitting IMF values to two kinematics parame-
ters: the local σ and the local Vrms defined as Vrms ≡√
V 2 + σ2 . Whereas σ has been claimed to be the

main driver of the IMF variations (Treu et al. 2010;
Ferreras et al. 2013), in spatially resolved studies Vrms
accounts for both random and ordered motions.

4. RESULTS

In Fig. 1 we present the correlation between the best-
fitting IMF slope, Γb, and the local values of [Mg/Fe],
age, σ and Vrms. None of them show a tight correlation
with Γb. The mild relation between age and Γb can be
understood either as a residual degeneracy between both
parameters or as a consequence of the IMF-metallicity re-
lation, since young stars within massive ETGs are likely
formed from metal-enriched material.

4.1. The IMF–metallicity relation

Among all the explored relations, the IMF slope–
local metallicity relation emerges as the most funda-
mental. This is shown in Fig. 2, where the local Γb–
[M/H] relation derived from the CALIFA survey (blue)
is combined with local IMF estimates, obtained at dif-
ferent galactocentric distances, for three nearby ETGs
by Mart́ın-Navarro et al. (2015a,b) (red and orange sym-
bols). In addition, we also show (black) the best-fitting
IMF and metallicity inferred from SDSS stacked spectra.
To construct these spectra, we followed La Barbera et al.
(2013), but binning according to both σ and [M/H] of
the individual galaxies. The broad wavelength range

of the SDSS data set allows us to infer the IMF, not
only using those features within the CALIFA spectral
range, but also prominent near-IR IMF sensitive fea-
tures such as the NaI 8189 and the CaII triplet (see §4.1
in La Barbera et al. 2013, for a detailed description of
gravity-sensitive features in SDSS spectra).
The fact that the three datasets included, although

based on different sets of line-strengths, lie on the same
relation, supports a tight connection between IMF slope
and metallicity, regardless of the details in the determi-
nation of the stellar population parameters. Moreover,
the agreement between integrated measurements from
the SDSS spectra and spatially-resolved values, suggests
that the mechanism behind the local IMF variations ul-
timately shapes the global galaxy mass–IMF relation.
A linear fit to all the measurements shown in Fig. 2

leads to the following relation between IMF slope and
metallicity in ETGs

Γb = 2.2(±0.1) + 3.1(±0.5)× [M/H] (2)

Since IMF-sensitive features ultimately trace the dwarf-
to-giant ratio F0.5, as defined in La Barbera et al. (2013),
the above equation can be expressed in terms of a single
power law IMF as

Γ = 1.50(±0.05)+ 2.1(±0.2)× [M/H] (3)

Apart from the measurement errors, the scatter in the
relation comes from two sources: the IMF–[α/Fe] de-
generacy when fitting gravity-sensitive features around
the Kroupa-like IMF regime (La Barbera et al. 2013)
and the dependence of the IMF on the minimized set
of indices1 (Spiniello et al. 2014a). In this sense, the
fact that the TiO2-based CALIFA measurements show
a steeper IMF-metallicity trend is consistent with a
stronger metallicity dependence of this index than pre-
dicted in the MILES models. On the other hand, the con-
sistency among different data-sets (ρ = 0.82 when CAL-

1 Uncertainties in Eq. 2-3 account for this effect, by repeating
the fit using only CALIFA data.
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Black contours: APOGEE survey data, applied selection function
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OPTIMISED IMF PARAMETERS
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Philcox, Rybizki & Gutcke 2018 (ApJ 861.40)

Optimized with chemical evolution model (chempy) 

𝚪bestfit = −2.45 ± 0.15 

NIa = 1.29 ± 0.45 × 10−3 M☉−1



CONCLUSIONS
➤ limited impact on morphology and SFHs  

➤ constraints on stellar-to-halo mass ratios, feedback strength, 
metallicity evolution, and metallicity distributions are degenerate 
with a metallicity-dependent IMF  

➤ does not aid in the quenching process  

➤ produces up to a factor of 2–3 more stellar mass  

➤ enrichment history and the z=0 MDF significantly affected  

➤ iron abundance in better agreement with observations
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