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A B S T R A C T 

Variations of the stellar initial mass function (IMF) in external galaxies have been inferred from a variety of independent probes. 
Yet the physical conditions causing these variations remain largely unknown. In this work, we explore new spatially resolved 

measurements of the IMF for three edge-on lenticular galaxies in the Fornax cluster. We utilize existing orbit-based dynamical 
models in order to fit the new IMF maps within an orbital framework. We find that, within each galaxy, the high-angular 
momentum disc-like stars exhibit an IMF which is rich in dwarf stars. The centrally concentrated pressure-supported orbits 
exhibit similarly dwarf-rich IMF. Conversely, orbits at large radius which have intermediate angular momentum exhibit IMF 

which are markedly less dwarf-rich relative to the other regions of the same galaxy. Assuming that the stars which reside, in 

the present-day, on dynamically hot orbits at large radii are dominated by accreted populations, we interpret these findings as a 
correlation between the dwarf-richness of a population of stars, and the mass of the host in which it formed. Specifically, deeper 
gravitational potentials would produce more dwarf-rich populations, resulting in the relativ e deficienc y of dwarf stars which 

originated in the lower mass accreted satellites. The central and high-angular momentum populations are likely dominated by 

in situ stars, which were formed in the more massive host itself. There are also global differences between the three galaxies 
studied here, of up to ∼0.3 dex in the IMF parameter ξ . We find no local dynamical or chemical property which alone can fully 

account for the IMF variations. 

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation – galaxies: kinematics and dynam- 
ics – galaxies: star formation – galaxies: stellar content . 
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 I N T RO D U C T I O N  

he stellar initial mass function (IMF) is of paramount importance to
any fields of astrophysics. Originally conceived as the probability

istribution function of a local star formation episode as a function
 E-mail: adriano.poci@durham.ac.uk 

d  

t  

f  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
f stellar mass (though see Kroupa & Jerabkova 2019 , for alternative
nterpretations), the IMF has a fundamental role across all scales
f astrophysics. From star formation in individual giant molecular
louds (GMC), to galaxy formation, and subsequently, the assembly
f structure in the Universe on large scales, the (potentially redshift-
ependent) IMF has an impact across a broad range of physical and
emporal scales. The IMF has direct implications for chemical yields
rom stellar evolution and chemical evolution on galactic scales (e.g.
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1 Available at ht tps://pypi.org/project /ppxf/. 
2 We confirmed that the issues reported in Quenneville, Liepold & Ma ( 2022 ) 
do not affect our best-fitting models. We reran the model for FCC 170 and 
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an, Jerabkova & Kroupa 2020 ), so an accurate IMF is critical to
est models of those processes. 

Despite its importance for extragalactic measurements, the vast 
ajority of work on external galaxies is under the assumption of
 constant IMF; between galaxies, within galaxies, or both. This is
rimarily driven by technical and fundamental limitations associated 
ith measuring the IMF – especially for external galaxies. Yet 

ndirect methods have provided mounting evidence of variations 
f the IMF between individual galaxies, and typically with some 
ependence on integrated galactic properties, such as the velocity 
ispersion (Treu et al. 2010 ; Thomas et al. 2011 ; Cappellari et al.
012 ; La Barbera et al. 2013 ; Spiniello et al. 2014 ; Tortora et al. 2014 ;
osacki et al. 2015 ; Li et al. 2017 ; Rosani et al. 2018 ), α-element
nrichment (Conroy & van Dokkum 2012b ; McDermid et al. 2014 ),
r total metal enrichment (Mart ́ın-Navarro et al. 2015c ). 
With increasingly modern data and measurement techniques, it 

s also becoming increasingly clear that the variations of IMF are 
ocal and correlate with local galactic properties. This is beginning 
o be exploited already by impro v ed analysis techniques. Using 
patially resolv ed data, gravity-sensitiv e spectral features – which 
rovide constraints on the relative abundance of low-mass stars, 
hich in turn is related to the slope of the IMF – are observed

o vary with galactocentric radius, becoming relatively dwarf-rich 
t low radius (Mart ́ın-Navarro et al. 2015a , b ; La Barbera et al.
016 ; van Dokkum et al. 2017 ). In a similar analysis, Parikh et al.
 2018 ) find similar radial trends – increasing dwarf-richness with 
ecreasing radius – and an additional stellar mass dependence of 
hat radial trend. They find, ho we ver, that using only the Wing-Ford
eH gravity-sensitive absorption feature produces the inverse radial 
ehaviour, highlighting the observational difficulties associated with 
onstraining the IMF. Sarzi et al. ( 2018 ) also found increasing
warf-richness with decreasing radius with an abundance analysis 
f the nearby massive galaxy M 87 (NGC 4486). La Barbera et al.
 2019 ) find that radius and surface mass density exhibit the strongest
orrelations with gravity-sensitive spectral features, even compared 
o the velocity dispersion. 

Providing orthogonal constraints to gravity-sensitive absorption 
eature analyses, the discrepancy between dynamical and stellar 
asses (for a given IMF), the so-called IMF mismatch parameter 
IMF , is interpreted as a measure of the IMF, provided the dark matter
an be accurately taken into account. Variations in this parameter 
re seen as evidence for a non-universal IMF both between and 
ithin galaxies (e.g. Cappellari et al. 2012 ; Lyubenova et al. 2016 ;
i et al. 2017 ; Oldham & Auger 2018 ). Using molecular gas as a
igh-spatial-resolution tracer of the gravitational potential (dynam- 
cal mass) in the central regions of a sample of nearby galaxies,
avis & McDermid ( 2017 ) find that this discrepancy can correlate
ositiv ely, ne gativ ely, or not at all with galactocentric radius. They
lso report no correlations with other galactic properties, global or 
ocal. 

The emphasis in recent times has been on the development of
tatistically robust methods, increasingly exploiting Bayesian tech- 
iques. This was moti v ated by the large number of free parameters
f increasingly complex models, as well as the need to characterize 
otential correlations between them. In the specific case of the IMF,
his approach has had a number of implementations. These include 
lf (Conroy & van Dokkum 2012a ; Conroy, Graves & van Dokkum
013 ; Conroy, van Dokkum & Villaume 2017 ), PyStaff (Vaughan 
t al. 2018 ), and ‘Full-Index Fitting’ (FIF; Mart ́ın-Navarro et al.
019 ). This additional statistical constraining power comes with a 
arked increase in computational cost, so most of these techniques 

re restricted to coarse radial bins rather than taking advantage of the
ruly spatially resolved Integral-Field Unit (IFU) data (though see 
elow). 
While this transition from global to local correlations of the IMF

epresents a dramatic impro v ement in e xtragalactic IMF studies, the
hysical cause of these correlations remains elusive. Understanding 
hat drives radial variations of the IMF has been challenging due

o the vast array of galactic properties which also vary with radius,
n particular, in the massivee early-type galaxies (ETG) which are 

ost often the focus of extragalactic IMF studies. Unlike its global
ounterpart, the local velocity dispersion has been shown to be a
oor predictor of the local IMF (e.g. Mart ́ın-Navarro et al. 2015c ;
arbosa et al. 2021 ). Metallicity is key property believed to impact

he IMF, and it often exhibits qualitatively similar (radially declining) 
radients as observed for the IMF. Ho we ver, the direct link between
etallicity and IMF is not so clear; the correlation exhibits significant

catter and may be different for individual galaxies (Mart ́ın-Navarro 
t al. 2021 ). Moreo v er, metallicity variations alone cannot account
or the observed IMF variations (e.g. Mart ́ın-Navarro et al. 2015c ,
021 ; McConnell, Lu & Mann 2016 ; Villaume et al. 2017 ). As
uch, it remains unclear with which galactic properties the IMF 

undamentally varies. 
Evidently these measurements require detailed modelling across 

he parameter-space of galactic properties in order to unco v er driv ers
f this variation. In this work, we build upon the results of the
 ornax3D surv e y, which has presented spatially resolved maps of

he stellar IMF for quiescent galaxies in the surv e y (Mart ́ın-Navarro
t al. 2021 ), as well as a qualitative connection between the structures
f the projected IMF maps and the projected orbital components 
Mart ́ın-Navarro et al. 2019 ). In this work, we apply a powerful orbit-
ased population-dynamical model to the FIF method for measuring 
he variations of the IMF across individual galaxies. By reproducing 
he measured IMF maps using our orbital dynamical model, we aim to
nv estigate quantitativ e correlations of the local intrinsic kinematics 
ith the local IMF. 

 DATA  A N D  MODELS  

n this work, we make direct use of the data and analysis presented in
oci et al. ( 2021 , hereafter P21 ). That work studied three lenticular
alaxies – FCC 153, FCC 170, and FCC 177 – using spectroscopic 
ata from the F ornax3D surv e y (Sarzi et al. 2018 ) and photometric
ata from the Fornax Deep Survey (FDS; Iodice et al. 2016 ; Venhola
t al. 2018 ). These galaxies are ideal because their nearly edge-
n projection minimizes any uncertainty in analysing the various 
alactic components. Stellar kinematics were measured by extracting 
he first 6 Gauss-Hermite coefficients of the line-of-sight velocity 
istribution (LOSVD), fitting the observed spectra with the MILES 

mpirical stellar library (S ́anchez-Bl ́azquez et al. 2006 ; Falc ́on-
arroso et al. 2011 ) in the pPXF (Cappellari & Emsellem 2004 ;
appellari 2017 ) PYTHON package. 1 Stellar populations (ages, metal- 

icities, and stellar mass-to-light ratios) were measured by fitting 
he observed spectra with the E-MILES single stellar population 
SSP) library (Vazdekis et al. 2016 ), varying in age and metallicity
or a fixed Kroupa ( 2002 ) IMF, again using pPXF . The analysis
f these data comprised of Schwarzschild orbit-based dynamical 
odels (using a general triaxial implementation; van de Ven, De 
eeuw & Van Den Bosch 2008 ; van den Bosch et al. 2008 ), 2 and the
MNRAS 514, 3660–3669 (2022) 
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elf-consistent fitting of the measured stellar populations with these
ynamical models. 
Specifically, the best-fitting dynamical model for each galaxy was

ivided into a number of sub-components defined by their intrinsic
inematics properties. These properties are the orbital circularity, λz 

Zhu et al. 2018 ), and the cylindrical time-averaged radius R . Each
esulting sub-component has known intrinsic kinematic properties,
nd a known contribution to the original dynamical model. The
rojected mean stellar age and metallicity measured in P21 were
hen fit using this basis set of orbital components. This produced a

odel describing all measured stellar properties (kinematics, ages,
nd metallicities) within a single self-consistent orbital framework.
e refer the reader to P21 for a full presentation of the dynamical
odel fits and related details. Here, we present the extension of

his modelling approach to include an additional stellar-population
roperty; namely, spatially resolved measurements of the stellar IMF.

 M O D E L L I N G  T H E  STELLAR  POPULATIO NS  

.1 Full-index fitting 

xploiting the parallel advances in computing technologies and ob-
erv ational instrumentation, Mart ́ın-Nav arro et al. ( 2019 ) presented
easurements which are sensitive to the relative fraction of low-
ass stars. This is achieved by targeting specific absorption features

hat maximize the sensitivity to key parameters (including elemental
bundances) while minimizing the computational o v erhead in fitting
pectral pixel data. It is sufficiently computationally efficient that this
easurement can be made for each spectrum in an IFU data-cube,

nd the IMF can therefore be investigated in a truly spatially resolved
anner (not just radially). 
The IMF in this instance is assumed to be a power law in stellar
ass for high masses, and have a gradient of zero at low masses,

ollowing the functional form originally proposed by Vazdekis et al.
 1996 ), and given here in equation ( 1 ). 

 ( m ) = 

⎧ ⎨ 

⎩ 

β 0 . 4 −� b , m/ M � ≤ 0 . 2 
β p( m ) , 0 . 2 < m/ M � < 0 . 6 
β m 

−� b , m/ M � ≥ 0 . 6 , 
(1) 

 where p ( m ) is a spline ensuring a smooth transition between the
wo mass regimes, subject to the following boundary constraints: 

p(0 . 2) = 0 . 4 −� b 

d p 

d m 

(0 . 2) = 0 

p(0 . 6) = 0 . 6 −� b 

d p 

d m 

(0 . 6) = −� b 0 . 6 
−� b −1 . 

opulation synthesis models are generated using this IMF, and the
bserved spectra are then compared with these models in order to
ak e the measurements. Unlik e conventional full-spectral fitting

echniques, FIF isolates specific regions of a spectrum which contain
MF-sensitive information. In practice, this amounts to narrow band-
asses surrounding key absorption features. FIF treats each spectral
ixel along these absorption features as independent data points. This
NRAS 514, 3660–3669 (2022) 

onfirmed that none of the best-fitting model parameters depart from the 
alues presented in P21 . A more thorough comparison is presented in Thater 
t al. ( 2022 ), showing that none of the physical properties of the models are 
ignificantly impacted, o v er a broad range of galaxy types and observational 
ata. 

 

i  

p  

w  

t  

s  

i  
s therefore similar to full-spectral fitting, but without including the
ontinuum regions between absorption features of the spectra. 

Specifically, the Fe5270, Fe5335, Mg b5177, aT iO, T iO 1 , and
iO 2 absorption features are modelled simultaneously to constrain

he mean stellar age, metallicity, elemental abundances [ α/Fe], and
he high-mass power-law IMF slope � b . The IMF is subsequently
eparametrized in order to emphasize the changes in the stellar
opulations that are still directly observable in the present day. The
pecific parametrization utilized by FIF, and in this work, is defined
s 

= 

∫ 0 . 5 
m = 0 . 2 � [ log ( m ) ] d m 

∫ 1 . 0 
m = 0 . 2 � [ log ( m ) ] d m 

(2) 

= 

∫ 0 . 5 
m = 0 . 2 m ·X( m ) d m 

∫ 1 . 0 
m = 0 . 2 m ·X( m ) d m 

, (3) 

here � [log ( m )] in equation ( 2 ) is the IMF in logarithmic mass units
nd X ( m ) in equation ( 3 ) is the IMF in linear mass units. 
ξ represents the ratio of low- to intermediate-mass stars. These
ass ranges are expected to contribute to the observed spectrum

f evolved galaxies, unlike higher mass stars which are likely to
a ve ev olved into non-luminous remnants by the present day. As
resented in Mart ́ın-Navarro et al. ( 2019 ), literature IMF formalisms
rom Salpeter ( 1955 ), Kroupa ( 2002 ), and Chabrier ( 2003 ) have ξ
alues of 0.6370, 0.5194, and 0.4607, respectively. Note here that
hese values are derived using the functional forms specific to each
f these three IMF, which all differ from the function used in this
ork given in equation ( 1 ). These values merely provide a relative

cale by which to compare with the ξ measurements we observe in
ur sample. Larger values of ξ represent greater relative contributions
rom low-mass stars, producing more dwarf-rich populations. 

The greater computational efficiency of FIF is achieved by exclud-
ng regions of the spectrum outside of specific absorption features.
his does, in fact, reduce its ability to constrain the variations in
ifferent regions of the spectrum, and the continuum itself may also
ontain useful information. To circumvent this issue, an initial fit
s performed on the full spectrum using a (non-Bayesian) quadratic
olver – namely, pPXF – which provides a prior to the Bayesian fit for
ges, metallicities, and abundances. Additionally, of the absorption
eatures listed abo v e, only [Mg/Fe] constrains the [ α/Fe] abundances.
he variations of other individual elemental abundances are coupled

o the variations of the [Mg/Fe], further improving the efficiency at
he cost of reduced generality. Maps of stellar population properties
or all passive ETGs in the F ornax3D sample deriv ed using FIF are
resented in Mart ́ın-Navarro et al. ( 2021 ). Here, we use the derived
aps of ξ from that work to build an orbit-based description of the

MF properties measured for our three-edge-on lenticular galaxies. 

.2 An orbital analysis of the IMF 

he method presented in P21 allowed the detailed analysis of a
alaxy’s assembly history through the intrinsic properties it provides.
t exploits the straight-forward principle that the observed data result
rom the integrated contributions of many distinct populations of
tars through the line of sight (LOS). We apply the same concept
ere, this time with the IMF parameter ξ . 
From dynamical models presented in P21 , the orbits were bundled

nto distinct dynamical sub-components using the orbital λz −R
hase-space. While the same criterion for the phase-space bundling
as applied to all three galaxies (see Poci et al. 2019 , P21 ),

he final set of sub-components depends on the specific phase-
pace distribution from the best-fitting Schwarzschild model of each
ndividual galaxy. In the end, there are sets of 448, 455, and 449
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Figure 1. The IMF fit for FCC 153. From top to bottom, the maps show 

the data, model, and residuals (data-model). The outline of the MUSE 

mosaic is shown in dashed brown. The dashed black ellipse in the ‘Model’ 
panel illustrates the intrinsic radius which separates the ‘outer’ and ‘inner’ 
hot components as determined by the orbital phase-space (with ellipticity 
corresponding to the average ellipticity of the galaxy). Maps of ξ are presented 
on a common colour scale across all galaxies for comparison. 
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istinct dynamical components with non-zero weights from the 
chwarzschild models of FCC 153, 170, and 177, respectively. These 
umbers of phase-space components provide the required flexibility 
n physical space in order to reproduce the complex spatial variations 
n the projected stellar population maps. 

The relative contribution (luminosity weight) from each sub- 
omponent/population i through the LOS in a given spatial bin 
s known via the decomposition of the orbital phase-space. There 
xists then a set of ξ i which, when linearly combined with the pre-
etermined luminosity weights, reproduces the measured map of ξ . 
his framework is described by equation ( 4 ). 
 

 

 

 

 

 

˜ ω 

1 
1 ˜ ω 
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N comp . 
1 
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1 
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·
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. . . 
ξN comp . 

⎞ 

⎟ ⎟ ⎟ ⎠ 

= 

⎛ 

⎜ ⎜ ⎜ ⎝ 

ξ ′ 
1 

ξ ′ 
2 
. . . 

ξ ′ 
N aper 

⎞ 

⎟ ⎟ ⎟ ⎠ 

(4) 

he ˜ ω represent the normalized luminosity weights for each dynam- 
cal sub-component, as defined in Section 2 (columns of the matrix), 
n each spatial aperture (rows of the matrix). The ξ i represent the 
MF parameter of each dynamical component i ∈ [1, N comp. ], and
he ξ ′ 

j represent the observed IMF parameter in each spatial aperture 
 ∈ [1, N aper. ]. The ξ ′ 

j are the observed values computed using the
 b measurements from FIF, as described in Section 3.1 . We solve
quation ( 4 ) for the set of ξ i by inversion. The outcome of this process
s that each dynamical component has a fitted ξ which is constrained 
y the IMF parameter measured with FIF, and consistent with the 
rbital weights derived from the prior fit to the observed kinematics. 
his process works by exploiting the consistent weighting between 

he observations and the models; the observed stellar kinematics 
and therefore the Schwarzschild model) as well as the outputs from
he FIF technique are all luminosity-weighted. This means that the 
ffect of a given component’s intrinsic kinematics on the observed 
pectrum (the shifting and/or broadening of lines) is captured by 
he relative weighting of that same component’s LOSVD, as derived 
y the dynamical decomposition of the Schwarzschild phase-space. 
herefore, the intrinsic combination of sub-populations through the 
OS is reflected in both the spectra for FIF and the dynamical
ecomposition. This same concept, but for age and metallicity, was 
erified in P21 . 

Solving equation ( 4 ), which consists of a straight-forward non- 
e gativ e linear matrix inversion, is done with a Bounded-Value 
east Squares (BVLS) fit using the lsq linear implementation 
ithin the SCIPY ecosystem (Virtanen et al. 2020 ). Despite reducing 

he freedom of the model by grouping orbits in integral space into
ynamical sub-components, there remains some level of degeneracy 
n the fit to the single map of mean ξ . To minimize the impact of this,
e apply linear regularization to the solution weights, as described in 
etail in Poci et al. ( 2019 ). The regularization, in the case where two
olutions fit the data equally well, will fa v our the solution which has
he smoothest distribution in weight-space; in our case, in the λz −R
lane. In physical terms, orbits with similar angular momentum ( λz )
nd (cylindrical) radius will preferentially be given similar values of 
if such a solution is otherwise indistinguishable from one which 

aries more rapidly. 

 RESULTS  

.1 Fits to obser v ational data 

he results of the fits to the IMF parametrizations are presented in
igs 1 to 3 , for FCC 153, FCC 170, and FCC 177, respectively. The
tructures in the ξ maps do not necessarily follow those of the age
nd metallicity maps directly (luminosity-weighted measurements 
resented in P21 ). In FCC 153, ξ is noticeably ele v ated along
he young, metal-rich disc. There is a minor central peak, but
CC 153 has a small (if any) central pressure-supported component, 
o a dramatic change in this region is not necessarily expected. In
CC 170, the IMF is seen to be dwarf-rich both in the relatively young
isc and in the more metal-rich, old central component. Clearly, 
hen, neither age nor metallicity alone can fully account for the IMF
ariation in FCC 170. Finally, in FCC 177, the IMF shows similar
tructure as the metallicity such that ξ is ele v ated along the disc and in
 spheroidal-like central component. The exception is the very central 
egion, embedded within the spheroid. This region appears to have a
elatively high abundance of intermediate-mass stars (lower ξ ). This 
eature is mirrored by significantly younger ages and lower M ∗/ L in
his region, indicating a sudden shift in the time and conditions of
hat star formation episode. Ho we v er, this re gion may be influenced
y the young metal-rich nuclear star cluster in this galaxy (Fahrion
t al. 2021 ). 

.2 The IMF in the circularity plane 

he orbital framework we have used to fit the measured ξ maps
llows us to investigate the distribution of IMF throughout each 
alaxy; specifically, correlations with intrinsic dynamical properties. 
n Figs 4 to 6 , we reproject the circularity phase-space as a function
f ξ . The transparency indicates the orbital weighting derived from 

he original Schwarzschild model. In these projections, regions with 
MNRAS 514, 3660–3669 (2022) 
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Figure 2. As Fig. 1 , but for FCC 170. 
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Figure 3. As Fig. 1 , but for FCC 177. 
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ow transparency do not contribute significantly to the models/maps,
rrespective of the integrated value of ξ (colour) in that region. 

These projections clearly illustrate the relati ve dif ference of ξ
etween galaxies (most notably with FCC 177). Internally, they
lso show that the dwarf-rich (high ξ ) populations exist on orbits
ith high-angular momentum ( λz ) and/or are centrally concentrated.
onversely, the dynamically warm regions al w ays exhibit relatively

ess dwarf-rich populations within each galaxy. These differences
ay be related to the origin of the stars in each component, discussed

urther in Section 5 . 

.3 The IMF of principle galactic orbital components 

lthough many dynamical components were used to fit the observed
map, the dynamic range of the spatial variations in the case of the

MF are markedly reduced with respect to age and metallicity. As
 result, we do not attempt a fine-grain dynamical decomposition
f the IMF maps. Instead, we draw conclusions about the major
ynamical structures expected in S0 galaxies in order to reduce
he numerical noise of the fitting method caused by the relatively
oisy observed IMF maps. To do this, we define a rotationally
upported ‘cold’ component as having λz ≥ 0.8. A single radial
ut is applied to the remaining orbits with λz < 0.8 in order to isolate
he central pressure-supported spheroid. This radius is derived from
he original circularity phase-space by approximately identifying the
atural ridge in the weight distributions given in P21 and illustrated
y the transparency in Figs 4 to 6 . This is 10 arcsec (1.0 kpc) for
CC 153, 15 arcsec (1.6 kpc) for FCC 170, and 20 arcsec (1.9 kpc)
NRAS 514, 3660–3669 (2022) 
or FCC 177, reflecting the different dynamical configurations of the
alaxies. These regions were previously identified as being bulge-
ominated in Pinna et al. ( 2019a , b ). We refer to these as the ‘inner’
nd ‘outer’ hot components, respectively, in contrast to the ‘cold’
omponent which occupies all radii at the highest circularities. These
omponents are shown in Figs 4 to 6 for reference, and we can now
nvestigate their respective average IMF properties. 

To quantitatively compare the dynamical components and galax-
es, we compute the luminosity-weighted average ξ for each region
emarcated in Figs 4 to 6 . We show these averages in Fig. 7 as a
unction of the average circularity of the dynamical components.
pecifically, for all orbits which satisfy the respective selection
riteria of each dynamical component, we compute the average

weighting by the orbital luminosity weights from the original
chwarzschild model fit. Furthermore, to a v oid being driven by orbits
hich are unconstrained by kinematics, all averages are computed

or only those orbits within the spectroscopic field-of-view – that is,
ith time-averaged radius within the maximum spectroscopic extent
 max . 
Corroborating the conclusions from Section 4.2 , Fig. 7 shows that

ach outer hot component is deficient in dwarf stars relative to the
ther regions in its host galaxy. Moreo v er, Fig. 7 clearly illustrates
he absolute difference between FCC 177 and the other two galaxies.

hile our sample consists of three galaxies, the distribution of these
alaxies in Fig. 7 is inconsistent with being driven by many of their
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Figure 4. The circularity phase-space coloured by IMF for FCC 153. The 
colour bar, common to all three galaxies, shows the luminosity-weighted 
average ξ in each region. The original weight distribution of the underlying 
orbits is depicted by transparency, where opaque represents high weight and 
transparent represents zero weight. The brown dashed lines illustrate the 
dynamical selection of the three broad components explored in Section 4.3 . 

Figure 5. As Fig. 4 , but for FCC 170. 
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Figure 6. As Fig. 4 , but for FCC 177. 

Figure 7. The luminosity-weighted average IMF as a function of the 
luminosity-weighted average orbital circularity for the three dynamical 
components ( symbols , defined in text) of the three Fornax3D galaxies. 
Transparency of the symbols denotes the relative orbital weight of each 
dynamical component within a given galaxy, with opaque and transparent 
corresponding to high and low orbital weight, respectively. Horizontal lines 
mark literature IMF values for reference. Note that these reference values 
are computed using equation ( 3 ) given their respective IMF functions, which 
differ from that used in this work, defined in equation ( 1 ). Only those orbits 
with time-averaged radii within the spectroscopic data are included during 
the av eraging. Relativ ely dwarf-rich populations are present in the cold and 
inner hot components. The outer hot populations are markedly more dwarf- 
poor relative to the others. FCC 177 globally e xhibits relativ ely dwarf-poor 
populations compared to the other two galaxies. 
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resent-day properties. ξ does not correlate with either the present- 
ay projected cluster-centric distance or suspected time of in-fall into 
he cluster, which both increase from FCC 170 to FCC 153. This is in
greement with the lack of dependence of the IMF on environment 
ound previously, for both galaxy-scale (Eftekhari et al. 2019 ) and 
ocal (Damian et al. 2021 ) environment. There is also no correlation
ith present-day stellar mass or central velocity dispersion, both 

ncreasing from FCC 177 to FCC 170. Local ξ clearly does not 
orrelate with the local orbital circularity, leading to the non-linear 
elation between the dynamical components of each galaxy in Fig. 7 .

We finally e xplicitly e xplore the relationship between local metal-
icity and local IMF in Fig. 8 . There does indeed exist a mild
orrelation between the local metallicity and local IMF, as found 
re viously (e.g. Mart ́ın-Nav arro et al. 2021 ), such that more dwarf-
ich populations are fa v oured for higher mean stellar metallicity [as a
MNRAS 514, 3660–3669 (2022) 
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Figure 8. As Fig. 7 , but for luminosity-weighted average metallicity. 
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roxy for the interstellar medium (ISM) metallicity at the time of star
ormation]. It cannot, ho we ver, account for all of the IMF variations
een even in these few galactic components. For instance, the disc
nd inner hot component of FCC 177 exhibit the same average
MF, but different metallicities. Conversely, the inner and outer
ot components of FCC 170 exhibit similar average metallicities
ut different IMFs. This is unsurprising, given the large scatter in
he metallicity–IMF correlations, especially at low metallicity (e.g.

art ́ın-Navarro et al. 2015c ; La Barbera et al. 2019 ). 

 DISCUSSION  

.1 The local variations of the galactic IMF 

s seen from the results in Section 4 , there appears to be no single
alactic property which can account for the local variations of
he IMF parameter. Instead, such variations are tied to the orbital
tructure of the host. This is unexpected from literature studies of
MF variations. There, the interpretation is usually that the ‘extreme’
onditions present in the central regions of massive elliptical galaxies
often highly pressure-supported) is what gives rise to these IMF
ariations (e.g. Sonnenfeld et al. 2012 ; Wegner et al. 2012 ; Dutton
t al. 2013b ; Spiniello et al. 2014 ; Mart ́ın-Navarro et al. 2015c ;
mith et al. 2015 ). Moreo v er, there hav e only been a small number
f studies in which the IMF is explored across galactic components.
utton et al. ( 2013a ) and Brewer et al. ( 2014 ) use strong lensing and
as dynamics to constrain the IMF of bulges and discs separately.
hey find that the bulges favour dwarf-rich IMF such as Salpeter
 1955 ), and while the disc IMF are degenerate with the dark matter
alo, they are more consistent with less dwarf-rich, Milky Way-like
MF such as Chabrier ( 2003 ). 

We instead look to properties defining the conditions in which the
tars are actually formed, since present-day structural components
o not necessarily capture evolutionary changes experienced by
he galaxy. In P21 , one tentative conclusion was that FCC 170
nd FCC 153 have accreted a similar amount of stellar mass,
og 10 ( M acc /M �) ∼ 9, while for FCC 177 it is approximately 1 dex
ower. Specifically, for FCC 170 it is claimed to have been brought
n by a higher number of lower mass satellites in order to explain
he lower metallicity of the warm orbital families, compared to fewer
igher mass satellites for FCC 153. These accreted populations would
eside predominately in the outer hot components (e.g. Monachesi
t al. 2019 ; Davison et al. 2021 ). If that is indeed the case, we may
NRAS 514, 3660–3669 (2022) 
osit that the galaxy mass and/or ISM metallicity at the time of star
ormation could be the driver of these unco v ered IMF trends, such
hat stars formed in the lower mass/lower metallicity progenitors
ontribute relatively dwarf-deficient populations to the present-day
osts. For FCC 177, being overall lower mass, this explains the global
hift to less dwarf-rich populations in both the in situ (cold and inner
ot) and ex situ (outer hot) components. Additionally, the offset of the
uter hot component of FCC 170 towards less dwarf-rich populations
ith respect to that of FCC 153 in Fig. 7 would be explained by the

uspected lower mass satellites accreted on to the former. 
While investigating the role of turbulence in setting the slope of

he IMF, Nam, Federrath & Krumholz ( 2021 ) find that more shallow
ower spectra of turbulence result in more shallow high-mass IMF
lopes. That is, they find that relatively lo wer po wer in large-scale
urbulence correlates with relatively higher contributions from high-

ass stars. Chabrier, Hennebelle & Charlot ( 2014 ) similarly find
hat in highly dense and turbulent environments, the peak of the IMF
s shifted towards lower stellar masses, implying relatively higher
ontributions from low-mass stars. Should lower mass galaxies have
o wer po wer in large-scale turbulence, this result would imply that
he y should hav e more shallow IMF slopes compared to higher

ass galaxies with relatively larger power in large-scale turbulence,
upporting the results of our models. Interestingly, Dutta et al. ( 2013 )
nd only a weak relation between the dynamical mass (and H I mass)
f spiral galaxies and the index of the power spectrum of turbulence,
or dynamical masses between ∼10 11 and 10 12 M �. Ho we ver, that
ample co v ers a relativ ely small range of dynamical masses, so may
ot be conclusive. Potentially a more comprehensive sample would
ev eal an y correlations between the dynamical mass of galaxies, the
esulting turbulence of their ISM, and the subsequent impact on the
warf-richness of the stars formed there. 
Related, or perhaps alternatively, to turbulence, metallicity has

een seen to clearly correlate with the IMF, both globally (e.g.
art ́ın-Navarro et al. 2015c ) and locally (e.g. Feldmeier-Krause,

onoce & Freedman 2021 ). Our results in Fig. 8 are qualitatively
onsistent with those of Marks et al. ( 2012 ) and the galaxy-wide IMF
f Yan, Je ̌r ́abkov ́a & Kroupa ( 2021 ), though we find that metallicity
lone cannot fully explain the IMF variations. It is well-known that
etallicity (both gaseous and stellar) correlates with mass (e.g.
remonti et al. 2004 ; Gallazzi et al. 2005 ; Gao et al. 2018 ; Curti
t al. 2020 ). Ho we ver, recent e vidence suggests that it is actually the
 verage gra vitational potential which drives these correlations rather
han mass (Barone et al. 2018 ; D’Eugenio et al. 2018 , using M � / R e as
n observational proxy to the gravitational potential), corroborated
y correlations between average metallicity and central velocity
ispersion (e.g. McDermid et al. 2015 ). The connection between
he dwarf-richness of a population and the present-day gravitational
otential of its host has already been proposed (van Dokkum &
onroy 2012 ). Ho we ver, this observ ational correlation would be

polluted’ by the varying (and unknown) contributions from ex situ
opulations in observed galaxies. An ideal test would require distinct
ccretion events to be identified and separated in both their IMF and
etallicity distributions. Conversely, Nipoti et al. ( 2020 ) find that

ry minor mergers in massive ETG flatten existing gradients of αIMF ,
ut they claim this is predominantly due to mixing of populations,
ather than differences in the original populations of each progenitor
alaxy. 

The results of the literature works on massive elliptical galaxies are
sually interpreted as being facilitated specifically by the conditions
n the centres of galaxies, supporting the o v erabundance of low-mass
tars. Ho we ver, by definition, these elliptical galaxies do not have
ny significant disc structure. Owing to their structural symmetry,
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he IMF is therefore studied radially, typical of gradients in other 
roperties of ETG. Those galaxies also have the largest accretion 
ractions on average (Oser et al. 2010 ; Khochfar et al. 2011 ; Lackner
t al. 2012 ; Rodriguez-Gomez et al. 2016 ). Therefore, taken in the
ontext of the results of this work, it is possible that the central
egions of those massive ellipticals are dwarf-rich because they likely 
ormed in situ in a relatively massive halo, while the exteriors are less
warf-rich because their stars were formed in, then accreted from, 
ower mass systems. This leads to a shift in the interpretation of
ocal galactic IMF variations from being caused by the ‘extreme’ 
onditions at the centres of massive elliptical galaxies, to being 
etermined by the origins of the stars themselves, likely depending 
n the mass of the system in which they were formed. In present-day
alaxies, IMF variations are, in this scenario, explained by the mixing 
f in situ and ex situ populations whereby the stars are formed in a
ariety of host masses. 

In absolute terms, the cold components measured here are sig- 
ificantly dwarf-rich, being consistent with a Salpter-like IMF for 
CC 153 and FCC 170. This is comparable to the central regions
f the massive ETG studied previously (e.g. Sonnenfeld et al. 2012 ;
egner et al. 2012 ; Dutton et al. 2013a ; Shetty & Cappellari 2014 ;
ldham & Auger 2018 ), as well as the centres of a handful of
ther galaxies in the Fornax cluster (Mart ́ın-Navarro et al. 2021 ),
espite the significant physical differences in the galaxy types, 
ensities, and internal kinematics. Ho we ver, IMFs with ‘super- 
alpeter’ concentrations of dwarf stars have been seen in some of

he most massive galaxies (e.g. Tortora, Romanowsky & Napolitano 
013 ; Spiniello et al. 2014 ; Smith et al. 2015 ; Conroy et al. 2017 ),
onsistent with the idea that the gravitational potential in which the 
tars form is at least partially responsible for the level of dwarf-
ichness. Conv ersely, FCC 177 e xhibits mark edly less dw arf-rich
opulations globally, and especially in its outer hot region. FCC 177 
as, ho we ver, had a significantly more extended and delayed star-
ormation history, and it is also the lowest mass, compared to the
ther two Fornax galaxies ( P21 ). 
In reality, the gravitational potential at birth is not likely the sole

river of observed IMF variations. There are, for instance, varia- 
ions observed in galaxies expected to have experienced ef fecti vely 
o accretion (Ferr ́e-Mateu et al. 2017 ). More lik ely, dw arf-rich
opulations could be fa v oured in a more metal-rich ISM at fixed
ravitational potential (explaining the observed metallicity – IMF 

orrelations and its large scatter), or deeper gravitational potentials 
t fixed ISM metallicity (explaining the deficiency of low-mass stars 
n the outer hot components in Fig. 7 ), at the time of star formation.
ut directly measuring such a correlation from observations would 

equire both a detailed str-formation history in order to measure the 
istoric mass and metallicity of the host galaxy during each episode 
f star formation, as well as timing every accretion event which has
ccurred in its assembly history. 

.2 IMF parametrizations 

here are a number of functional forms for the IMF presented in
he literature. In addition to that of Vazdekis et al. ( 1996 ), other
mooth functions have been proposed (e.g. Miller & Scalo 1979 ; 
habrier 2003 ), while many studies utilize generic power laws with 
 arying le v els of fle xibility in the slopes (e.g. Kroupa 2002 ; Conroy
t al. 2017 ; Conroy et al. 2018 ; van Dokkum et al. 2017 ; Vaughan
t al. 2018 ; Lonoce, Feldmeier-Krause & Freedman 2021 ). Moreo v er,
or a given functional form, the IMF may be parametrized in any
umber of ways, with dwarf-to-giant ratios being frequently used 
e.g. La Barbera et al. 2013 ; Lyubenova et al. 2016 ). In this work,
e have used a single parametrization ( ξ ) of a single functional form
Vazdekis et al. 1996 ). 

Although � b is measured directly from the spectra via FIF, we
o not use it in the orbital fitting. � b describes the slope of an
bstract mass distribution, and therefore does not satisfy the linearity 
equirements of equation ( 4 ). That is, for an integrated population
hrough the LOS consisting of k sub-populations with � 

k 
b , the slope

f the integrated IMF is not given simply by the weighted average
 v er all � 

k 
b , because � b responds non-linearly to changes in the

ass function. Since equation ( 4 ) is set up to compute the average
hrough the LOS, � b is unsuitable for this fitting process. Conversely,

represents a physical mass fraction, and thus the mass fraction of
he total population is indeed given by the weighted average over its
ub-populations. It is for this reason that ξ is used throughout this
ork. 
F or a giv en functional form of the IMF, � b and ξ uniquely map to

ne another. Ho we ver, dif ferent functional forms could produce the
ame ξ value with different characteristic slopes. This means that the 
recise translation from ξ to � b (or indeed from ξ to specific spectral
esponses) is sensitive to the assumed form of the IMF. The main
esults of this work focus on the relative abundance of low-mass stars
etween dynamical components within galaxies for a given form of 
he IMF. Ho we ver, comparisons to other results and literature IMF
re subject to the assumption that the response of a spectrum for a
i ven ξ v alue is the same for dif ferent IMF functions. 

.3 Further developments 

ne implication of Fig. 7 is that the greatest internal variations of
MF are in the ‘warm’ components. These components reside in the
iffuse outer regions, where there is limited co v erage by the IFU
ata. Larger radial co v erage of these galaxies will strengthen the
esults of this work, as the fraction of accreted material is expected
o be higher at larger radius (for instance, Karademir et al. 2019 ).
urther extending the IFU mosaic with additional (though necessarily 
eeper) observations, in particular along the minor axis, would also 
mpro v e co v erage of this important ex situ material. 

Broadly, our results indicate that both local and global galactic 
roperties influence the IMF. In addition to those presented in P21 ,
e have found further independent evidence that the present-day 
rbits of stars retain information about their respective star formation 
onditions, in this case encoded in their IMF. Larger samples of
alaxies are certainly needed for more robust conclusions. If indeed 
he gravitational potential at the time of star formation is what
etermines the IMF, a targeted sample of so-called relic galaxies 
Beasley et al. 2018 ) spanning a range of stellar mass to which we
pply our methodology could in principle provide the necessary test 
f this hypothesis. This is because relic galaxies are suspected to
ave had little-to-no accretion to the present day, which remo v es
he uncertainty of measuring and timing the accretion events in a
alaxy’s assembly history . Incidentally , such a sample is currently
eing compiled (Spiniello et al. 2021 ), ho we ver, without suf ficient
patial resolution to conduct the orbital analysis developed here. 
ndependently, a sample in field environments mass-matched to 
he Fornax galaxies studied here would also be ideal to probe any
otential effects from the cluster environment which may be present 
n the current results. 

This implementation has enabled the direct comparison between 
he local orbital structure and stellar IMF for external galaxies. Our
evelopments in fact pre-date the means to strictly verify them, 
s no current cosmological simulations can model the complexity 
f variable IMF – though this is beginning to change with one
MNRAS 514, 3660–3669 (2022) 
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ecent instance which includes preliminary IMF treatments (Barber,
rain & Schaye 2018 ). While isolated simulations have been per-

ormed incorporating non-universal IMF (Bekki 2013 ), testing our
ethodology on these simulations would only assess its accuracy in

umerically reco v ering known input quantities – which has already
een shown in Zhu et al. ( 2020 ) and P21 . Thus, a more physically
oti v ated investigation of how accurately genuine IMF variations

an be reco v ered within this orbital framework will require the
dvent of more sophisticated models for star formation in future
osmological simulations. 

 C O N C L U S I O N S  

his work has presented the first investigation of direct correlations
etween intrinsic local orbital properties and local stellar IMF.
sing an orbit-based dynamical model of the stellar kinematics,
e have reproduced the spatially resolved observed maps of the

tellar IMF. We then investigated how the stellar IMF depends on the
ntrinsic angular momentum λz . We find that the relative abundance
f dwarf stars, parametrized by ξ , is higher in both the high-
ngular momentum (‘disc’) and central pressure-supported (‘bulge’)
rbits, while being markedly lower in the outer pressure-supported
‘accreted inner halo’) orbits. We interpret this relationship as being
riven – at least partially – by the mass of the progenitor systems
n which the stars formed, with lower mass galaxies preferentially
orming with lower relative abundance of low-mass stars. In this
cenario, the variations of the IMF observed in our sample of external
alaxies in the present day is caused by the variations in individual
ssembly histories. This subsequently leads to a variety of in situ -to-
x situ population mixtures, where different populations were formed
n progenitor systems of different mass and contribute different IMF
o the galaxy observed in the present day. 

This analysis has presented an alternative interpretation of existing
MF results, which had inferred that significant IMF variations
re only the result of extreme conditions in the most massive
alaxies. We instead propose a scenario in which the IMF of a
iven population is determined by the level of turbulence supported
y the gravitational potential of its host galaxy at the time of star
ormation, and that accretion/assembly processes can impose internal
tructure in the distribution of IMF properties within galaxies. Testing
his hypothesis will require a dedicated sample of galaxies, likely
acilitated by next-generation observational facilities, and/or highly
etailed simulations resolving the hydrodynamical effects on roughly
arsec scales. 
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